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The crystal structure of Escherichia coli NhaA determined
at pH 4 has provided insights into the mechanism of activity
of a pH-regulated Na�/H� antiporter. However, because
NhaA is activated at physiological pH (pH 5.5–8.5), many
questions related to the active state of NhaA have remained
elusive. Our experimental results at physiological pH and
computational analyses reveal that amino acid residues in trans-
membrane segment II contribute to the cation pathway ofNhaA
and its pH regulation: 1) transmembrane segment II is a highly
conserved helix and the conserved amino acid residues are
located on one side of the helix facing either the cytoplasmic or
periplasmic funnels of NhaA structure. 2) Cys replacements of
the conserved residues and measuring their antiporter activity
in everted membrane vesicles showed that D65C, L67C, E78C,
and E82C increased the apparent Km to Na� and Li� and
changed the pH response of the antiporter. 3) Introduced Cys
replacements, L60C, N64C, F71C, F72C, and E78C, were signif-
icantly alkylated by [14C]N-ethylmaleimide implying the pres-
ence of water-filled cavities in NhaA. 4) Several Cys replace-
ments were modified by MTSES and/or MTSET, membrane
impermeant, negatively andpositively charged reagents, respec-
tively, that could reach Cys replacements from the periplasm
only via water-filled funnel(s). Remarkably, the reactivity of
D65C to MTSES increased with increasing pH and chemical
modification by MTSES but not by MTSET, decreased the
apparent Km of the antiporter at pH 7.5 (10-fold) but not at pH
8.5, implying the importance of Asp65 negative charge for pH
activation of the antiporter.

Sodium proton antiporters are ubiquitous membrane pro-
teins found in the cytoplasmic and organelle membranes of
cells of many different origins, including plants, animals, and
microorganisms. They are involved in cell energetics and play
primary roles in the regulation of intracellular pH, cellular Na�

content, and cell volume (see reviews in Refs. 1–3).

Ec-NhaA,2 the main Na�/H� antiporter of Escherichia coli
(henceforth NhaA), is indispensable for adaptation to high
salinity, for challenging Li� toxicity, and for growth at alkaline
pH (in the presence of Na� (2, 4)). It is widely spread in entero-
bacteria (1) and has orthologs throughout the biological king-
doms including humans (5).
NhaA is an electrogenic antiporter with a stoichiometry of

2H�/Na� (2, 6). Similar to many other prokaryotic (2) and
eukaryotic (7–11) Na�/H� antiporters, the activity of NhaA is
strongly dependent on pH; it changes over 3 orders of magni-
tude between pH 7.0 and 8.5 (2, 12, 13). This pH activation is
accompanied by a conformational change as probed by amono-
clonal antibody (monoclonal antibody 1F6 (14)) and by acces-
sibility of NhaA to trypsin (15) or 2-(4�-maleimidylanilino)-
naphthalene-6-sulfonic acid, a fluorescent probe (13).
The recently determined crystal structure of the acid pH

down-regulated NhaA (16) has provided the first structural
insight into the mechanism of antiport and pH regulation of a
Na�/H� antiporter (3). The structure shows that NhaA con-
sists of 12 TMS with the N and C termini pointing into the
cytoplasm, in line with previous biochemical and genetic
results (17, 18). NhaA contains two negatively charged ion fun-
nels; a cytoplasmic funnel, lined by TMSs II, IX, IVc, and V,
opens to the cytoplasmand ends in themiddle of themembrane
at the putative ion binding site, where Asp164 of helix V is
located (see Ref. 16 and Fig. 1a); a periplasmic funnel, lined by
TMSs II, VIII, and XIp, opens to the periplasm and is separated
from the cytoplasmic funnel by a group of densely packed
hydrophobic residues.
Hence, based on the crystal structure obtained at pH 4,

TMS II is the only TMS that lines both the cytoplasmic and
the periplasmic funnels of the protein (Fig. 1a), suggesting an
important role in the ion translocation by NhaA. However,
because the three-dimensional crystals were obtained at
pH 4, at which NhaA is down-regulated, the structure of the
active conformation(s) and the process(es) leading to it have
remained open questions. To answer these questions, it is
important to conduct experiments, both structurally and func-
tionally oriented, at physiological pH when NhaA is active.* This work was supported by USA-Israel Binational Science Foundation
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The present work explores the structural and functional
role of TMS II in NhaA at physiological pH. Our results
reveal that amino acid residues in TMS II participate in the
cation passage of NhaA and its pH regulation. Furthermore,
Asp65, which is located at the rim of the periplasmic funnel
(16) changes its conformation upon increasing the pH and its
negative charge is critical for the activation of the antiporter
at alkaline pH.

EXPERIMENTAL PROCEDURES

Bacterial Strains andCulture Conditions—EP432 is anE. coli
K-12 derivative, which is melBLid, �nhaA1::kan, �nhaB1::cat,
�lacZY, thr1 (4). TA16 is nhaA�nhaB�lacIQ (TA15lacIQ) and
otherwise isogenic to EP432 (12). Cells were grown either in L
broth (LB) or inmodified L broth (LBK (19)) in whichNaCl was
replaced by 87mMKCl.Where indicated, themediumwas buff-
ered with 60 mM 1,3-bis-[tris(hydroxymethyl)-methylamino]-
propane. Cells were also grown in minimal medium A without
sodium citrate (20) with 0.5% glycerol, 0.01% MgSO4�7H2O,
and thiamine (2.5 �g/ml). For plates, 1.5% agar was used. Anti-
biotics were 100 �g/ml of ampicillin and/or 50 �g/ml of kana-
mycin. To test resistance to Li� and Na�, EP432 cells trans-
formed with the respective plasmids were grown on LBK to
A600 of 0.5. Samples (2 �l) of serial 10-fold dilutions of the
cultures were spotted onto agar plates containing the indicated
concentrations of NaCl or LiCl at the various pH values and
incubated for 2 days.
Plasmids—Plasmid pGM36 encodes NhaA (21). pCL-

GMAR100, a derivative of pGM36 encodesCys-lessNhaA (CL-
NhaA (17)). pECO, a derivative of pGMAR100 (with an EcoRI
site at position 5319) encodes NhaA (22). Plasmid pAXH (pre-
viously called pYG10), a pET20b (Novagen) derivative encodes
His-tagged NhaA (17). pCL-AXH, a derivative of pAXH
encodes a His-tagged CL-NhaA (17). pCL-AXH2, a derivative
of pCL-AXH lacks the BglII site at position 3382 (23). pCL-
AXH3, a derivative of pCL-AXH2 contains the BstXI silent site
at position 248 in nhaA. pCL-HAH4, a derivative of pCL-
HAH3 bears the silent BstXI mutation at codon 248 in nhaA
and encodes His-tagged CL-NhaA (22). All plasmids carrying
mutations are designated by the name of the plasmid followed
by the mutation.
Site-directed Mutagenesis—Site-directed mutagenesis was

conducted following a polymerase chain reaction-based proto-
col (24) or DpnI-mediated site-directed mutagenesis (25). For
Cys replacements W62C, F71C, F72C, and G76C, pCL-HAH4
was used as a template. For Cys replacements L60C, N64C,
L67C, and M68C, pCL-AXH3 was used as a template. For Cys
replacement E82C, pECO was used as a template. E78C was
constructed as described in Ref. 26.
Mutation D65C was constructed on plasmid pAXH. pCL-

HAH4D65C was obtained by ligating the EcoRI-BglII frag-
ment (465 bp) from pAXHD65C with an EcoRI-BglII frag-
ment (4.28 kb) of the plasmid pCL-HAH4. Mutants W62C,
D65C F71C, F72C, G76C, and E82C on pCL-AXH3 back-
ground were obtained by ligating the EcoRI-BglII fragment
(465 bp) with the EcoRI-BglII fragment (4.3 kb) of the plas-
mid pCL-AXH3. Mutants A118C and S246C were con-
structed as described in Ref. 22 and mutant H225C was pre-

viously described (27). All mutations were verified by DNA
sequencing of the entire gene, through the ligation junction
with the vector plasmid.
Isolation of Membrane Vesicles, Assay of Na�/H� Antiporter

Activity—EP432 cells transformedwith the respective plasmids
were grown and everted vesicles were prepared and used to
determine the Na�/H� or Li�/H� antiporter activity as
described (28, 29). The assay of antiporter activity was based
upon the measurement of Na�- or Li�-induced changes in the
�pH as measured by acridine orange, a fluorescent probe of
�pH. The fluorescence assay was performed with 2.5 ml of
reaction mixture containing 50–100 �g of membrane protein,
0.5 �M acridine orange, 150 mM KCl, 50 mM 1,3-bis-[tris(hy-
droxymethyl)-methylamino]propane, 5 mM MgCl2, and the
pHwas titrated with HCl. After energization with either ATP
(2 mM) or D-lactate (2 mM), quenching of the fluorescence
was allowed to achieve a steady state, and then either Na� or
Li� was added. A reversal of the fluorescence level (dequench-
ing) indicates that protons are exiting the vesicles in antiport
with either Na� or Li�. As shown previously the end level of
dequenching is a good estimate of the antiporter activity (30)
and the concentration of the ion that gives half-maximal
dequenching is a good estimate of the apparent Km of the anti-
porter (30, 31). The concentration range of the cations tested
was 0.01–100 mM at the indicated pH values and the apparent
Km values were calculated by linear regression of a Lineweaver-
Burk plot.
Detection and Quantitation of NhaA and Its Mutated Deriv-

atives in the Membrane—Total membrane protein was deter-
mined according to Ref. 32. The expression level of His-tagged
NhaA mutants was determined by resolving the Ni-NTA puri-
fied proteins on SDS-PAGE, staining the gels by Coomassie
Blue, and quantification of the band densities by Image Gauge
(Fuji) software (17).
Determination of Accessibility to NEM—TA16 cells were

transformed with nhaA mutant-expressing plasmids. Prepara-
tion of membrane vesicles was carried out as described above,
but with no dithiothreitol in the resuspension medium. The
membrane vesicles (200 �g) were resuspended in 500 �l of
buffer containing 100 mM potassium phosphate, pH 7.5, and 5
mM MgSO4. Membranes were treated with 0.5 mM [14C]NEM
(specific activity of 4 �Ci/�mol) and the NEM-alkylated resi-
dues were quantified as a percentage of the control after nor-
malization by the amount of the protein, as described (17). The
standard deviation was between 5 and 10%.
Accessibility to Membrane Impermeant Sulfhydryl Reagent

MTSES/MTSET—The accessibility test in intact cells was per-
formed as described (33) but theTris bufferwas replaced by 100
mM potassium phosphate and 5 mM MgSO4 at different pH
values as indicated, and the incubation time with the SH
reagents was 20 min at room temperature. The reaction was
stopped by dilution into 40 ml of potassium Pi buffer at the
respective pH values and centrifuged (10,000 � g). The cells
werewashed twice, resuspended in 1ml of the respective potas-
sium Pi buffer and sonicated (three times for 20 s at 4 °C, Vebra
Cell Model VCX 750). Unbroken cells were removed by centri-
fugation (10,000 � g) and the membranes collected by centri-
fugation (Beckman, TLA 100.4, 265,000 � g for 30 min at 4 °C)
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were resuspended in 0.5 ml of TSC buffer (10 mM Tris, pH 7.5,
250mMsucrose, and 140mMcholine chloride). The proteinwas
extracted and affinity purified on Ni2�-NTA (Qiagen) and left
bound on the beads. The beads were washed twice in binding
buffer (17) at pH 7.4, washed in 500 �l of SDS-urea buffer (con-
taining 6 M urea, 20 mM Tris, pH 7.5, 2% SDS, and 500 mM

NaCl), and resuspended in 100 �l of the SDS-urea buffer con-
taining 0.5 mM fluorescein 5-maleimide (Molecular Probes)
and further incubated for 30 min at 23 °C to determine the free
Cys following MTSES/MTSET treatment. Then, the beads were
washed with 500 �l of the SDS-urea buffer, and the protein was
eluted in a sample buffer containing 300 mM imidazole and
separated on SDS-PAGE. For evaluation of the fluorescence
intensity, the gels were photographed under UV light (260 nm)
as described (22). For quantifying the amount of the protein, the
gels were Coomassie Blue-stained and the density of the bands
was determined. After normalization of the fluorescence inten-
sity to the amount of protein in the band, the accessibility to
MTSES/MTSET was determined from the difference in the
fluorescence of the reagent-treated and untreated samples
(100% fluorescence� 0% accessibility (22)). The standard devi-
ation was between 5 and 10%.
The Effect of SH Reagents on the Antiporter Activity—Everted

membrane vesicles were isolated from EP432 cells transformed
with the indicated plasmids. Membranes (0.5 mg of membrane
protein) were resuspended in a reaction mixture (0.5 ml) con-
taining 5 mM MgSO4, 100 mM potassium Pi, pH 7.5, and one of
the following reagents: 10 mM MTSES (Anatrace) or 10 mM

MTSET, (Anatrace), and incubated for 20min at room temper-
aturewith gentle shaking. The reactionwas stopped by addition
of 3 ml of TSC and then membranes were centrifuged (Beck-
man, TLA 100.4, 265,000 � g, 20 min, 4 °C). For measurement
of Na�/H� antiporter activity, the treated everted membranes
were resuspended in TSC (5–10 mg of membrane protein/ml).
Computational Methods and Coordinates—The initial

atomic model of the wild type enzyme was derived from crys-
tallographic data obtained under cryo-conditions of NhaA
from E. coli at 3.45-Å resolution (Protein Data Bank entry
1ZCD). NhaA consists of 388 amino acid residues withN andC
termini exposed to the cytoplasm.The atomicmodel comprises
residues 9–384, which form 12 TMSs (16).
Continuum Electrostatics—Multiconformation continuum

electrostatic calculations (MCCE version 2.0) have been used to
investigate the pH dependence of the D65C variant electrostat-
ics (34–36). The interior dielectric constant of the protein was
set to 4, and the solvent dielectric constant was set to 80with an
ionic strength of 150 mM. The molecular surface of the protein
as the boundary between high and low dielectric medium was
defined by a solvent probe of radius 1.4 Å (37). The protein
backbone and nonpolar side chainswere fixed.Hydrogenswere
added to the structure after creating side chain rotamers. The
program DELPHI (38) was used with PARSE (parameters of
solvation energies) atomic charges and radii (39). Monte Carlo
sampling yielded the conformer occupancies according to a
Boltzmann distribution of states as a function of pH. Confor-
mation and ionization degrees of freedomwere simultaneously
relaxed to low-energy states.

RESULTS

Cys ReplacementMutations of Conserved Residues in TMS II,
Expression in the Membrane and Growth Phenotypes—The
structure of the acid-locked down-regulated conformation of
NhaA has revealed that TMS II lines both the cytoplasmic and
periplasmic cation funnels; the former funnel ends at the cation
binding site (Asp164) and is separated from the latter funnel by
a hydrophobic barrier (seeRef. 16 andFig. 1a). Alignment of the
NhaA protein sequence with the updated available sequences
of putative prokaryoticNa�/H� antiporters (UniProt/TrEMBL
databases (40)) shows that the residues of TMS II are highly
conserved (Fig. 1a). Furthermore, the conserved amino acid
residues are located on one face of helix II, which according to
the crystal structure lines the cytoplasmic or periplasmic fun-
nels (Fig. 1, a and b). We therefore considered the possibility
that amino acid residues in TMS II line the cation passage of
NhaA at physiological pH, whenNhaA is active, and are impor-
tant for the functionality of NhaA. To test this suggestion, we
constructed Cys-replacementmutations of themost conserved
amino acid residues in TMS II (Fig. 1a) in Cys-less NhaA (CL-
NhaA), a variant expressed and active as the native NhaA (17).
To characterize the mutations with respect to expression,

growth, and antiporter activity (Table 1 and Fig. 2), themutated
plasmids were transformed into EP432, an E. coli strain that
lacks the two Na�-specific antiporters (NhaA and NhaB). This
strain, neither grows on selective medium, (0.6 M NaCl at pH
7 or pH 8.3 or 0.1 M LiCl at pH 7.0) nor exhibits any Na�/H�

antiporter activity in isolated everted membrane vesicles,
unless transformed with a plasmid encoding an active anti-
porter (reviewed in Ref. 2).
Althoughmost variants were significantly (�52%) expressed

as compared with the level of expression of the wild type
(100%), Cys-replacement mutants E78C and E82C were ex-
pressed to about 20% of the control level (Table 1). Notably,
because all variants are expressed from multicopy plasmids,
even the low level of expression is way above the level expressed
from a single chromosomal gene, which confers a Na� resis-
tance phenotype (41).
Except for mutant F71C, all variants grew similar to the wild

type on the selective agar plates. For unknown reasons, mutant
F71C grew slower than the wild type on the NaCl selective
medium at neutral pH and did not grow at all at alkaline pH
(Table 1).
The Effect of Cys-replacement Mutations in TMS II on the

Na�/H� and Li�/H� Antiporter Activity—The Na�/H� and
Li�/H� antiport activity was measured in everted membrane
vesicles isolated fromEP432 transformedwith plasmids encod-
ing the various mutations. The activity was estimated from the
change caused by either Na� or Li� to the �pH maintained
across the membrane, as measured by acridine orange, a fluo-
rescent probe of �pH. After energization (Fig. 2a, down arrow)
with either ATP or D-lactate, quenching of the fluorescence
achieved a steady state level and then Li� (Fig. 2a, up arrow)
or Na� (data not shown) was added (further details under
“Experimental Procedures”). EP432 transformed with plasmid
pCL-AXH3 encodingCL-NhaA or the vector plasmid, pBR322,
served as positive and negative controls, respectively (Fig. 2a
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andTable 1). The apparentKm values forNa� and Li� at pH 8.5
and the extent of activity (maximal dequenching) at pH 8.5
were determined for eachmutant (Table 1 and data not shown).
MutationsD65C, L67C, E78C, andE82C significantly increased
the apparent Km of the antiporter to Na� (6–10-fold) and
mutations D65C, L67C, and E78C caused a similar increase of
the apparent Km of the antiporter to Li� (10-fold for all three

mutants, Table 1). The apparent Km
of the antiporter to Li� of variant
E82C was not determined due to
very low activity (12% in the pres-
ence of 100 mM Li�). The other
mutants did not affect the apparent
Km for either Na� or Li� (Table 1).
We have previously shown (23,

42) that, when measured at saturat-
ing concentrations of Na�, muta-
tions that affect the apparentKm but
not the pH dependence of NhaA,
show a pH dependence very similar
to that of the wild type at saturating
concentration of the substrate. In
contrast, mutations that affect both
the apparent Km and the pH de-
pendence of the antiporter retain
the abnormal pH dependence even
at saturating concentrations of the
ions.
We therefore measured the ef-

fect of Na� concentrations (10
versus 100 mM) on the pH depen-
dence of the activity of the vari-
ants. Variants D65C, L67C, E78C,
and E82C were of the second type;
both at low and saturating concen-
trations of Na� they showed an
alkaline pH shift in their activity
profile (Fig. 2b). Whereas, only a
small shift was caused by Cys
replacement D65C (about 0.5 of a
pH unit), a shift of 1 pH unit was
caused by the other three Cys
replacement mutants. These muta-
tions also caused an alkaline shift of
the pH dependence of the Li�/H�

antiporter activity (data not shown).
Mutation N64C caused an acidic
shift in the pH dependence of the
Na�-dependent antiport and lost
the pH dependence of the Li�/H�

antiporter activity; it was as active
with Li� at pH 6.5 as at 8.5 (Fig. 2c).
The rest of the mutants showed
Na�/H� and Li�/H� antiport ac-
tivity with a pH profile similar to
that of the wild type (for example,
see Fig. 2b shows W62C). Taken
together, our experiments carried

out at physiological pH foundnovelmutants inTMS II thatmark-
edly increase the apparent Km of the antiporter to the respective
ions (D65C, L67C, E78C, and E82C) and change the pH depen-
dence of NhaA (N64C, D65C, L67C, E78C, and E82C).
Accessibility to [14C]NEM of the Cys-replacement Mutations

in TMS II—At the present resolution (3.45 Å), water molecules
cannot be detected in the crystal structure of NhaA (16). We

FIGURE 1. a, TMS II and the cytoplasmic and periplasmic cation funnels of NhaA. The crystal structure of helices
comprising the cytoplasmic (blue) and periplasmic (green) funnels (black lines) of NhaA in addition to TMS II
(maroon) are shown in ribbon representation viewed parallel to the membrane (gray broken lines). The figure
was generated using the PyMOL program. TMS II is colored according to its evolutionary conservation using
Consurf program. The color-coding bar, with turquoise through maroon indicates variable through conserved
residues (the most variable, score 1 and the most conserved, score 9). The Cys-replaced residues on TMS II are
marked in black and shown (ball and stick). For orientation, amino acids Lys57 and Glu252 are shown in yellow.
b, helical wheel presentation of TMS II. A black background indicates conserved residues. Residues of which Cys
replacements were alkylated by NEM are encircled in red (35–100%) or green (20 –35%).

Physiological Roles of NhaA TMS II

2214 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 3 • JANUARY 15, 2010



therefore testedwhether Cys replacements inTMS II are acces-
sible to [14C]NEM, a membrane-permeable SH-reagent. Mod-
ification of Cys by this reagent depends upon the ionization of
the Cys sulfhydryl to its thiolate form, which occurs in the pres-
ence of water. Therefore, chemical modification by [14C]NEM
may reflect the presence of water.
Membrane vesicles, expressing the various Cys-replace-

ment variants, constructed in CL-NhaA were incubated with
[14C]NEM at pH 7.5. Then, the His-tagged antiporters were
affinity purified, separated on SDS-PAGE, and the radioactivity
of the proteins was measured by autoradiography (Fig. 3a) and
normalized to the amount of protein (see Figs. 1b and 3b). As a
positive control (100% labeling), we used H225C, which was
previously shown to be efficiently labeled by [14C]NEM (17). As
a negative control we used CL-NhaA, which is not labeled by
[14C]NEM (0% labeling; data not shown and see Ref. 17). We
also verified that all inserted cysteines can theoretically react
with NEM (supplemental Fig. S1). The standard deviation of
this experiment is between 5 and 10%. Therefore, [14C]NEM
labeling above 20%was considered significant. VariantsW62C,
M68C, and E82C were not accessible to NEM. Variants D65C,
L67C, and G76C were moderately labeled (20–35%) (see Figs.
1b and 3b) and variants L60C, N64C, F71C, F72C, and E78C
were strongly labeled (35–100%) (see Figs. 1b and 3b). The
results highly suggest thatmany of the Cys-replaced residues in
TMS II line a water-filled passage.
Accessibility of the Cys-replacement Mutations in TMS II to

MTSES/MTSET—We next tested whether MTSES and
MTSET, membrane impermeant and water-soluble reagents,
can penetrate the funnels and reach the Cys replacements lin-
ing the funnels. MTSES and MTSET are negatively and posi-
tively charged (43, 44), respectively, with diameters quite simi-
lar to the diameter of hydratedNa� (7.2 Å diameter);MTSET is
about 11.5 Å long and 6 Å wide.
Test of accessibility of the Cys replacements to MTSES (Fig.

4, a and b) andMTSET (Fig. 4b) from the periplasmic side of the
membrane was conducted at physiological pH when NhaA is
active. Intact cells were incubated with MTSES or MTSET at

pH 7.5. Then, NhaA was affinity purified on Ni2�-NTA beads,
left bound on the beads, and treated with fluorescein maleim-
ide, a fluorescent SH-reagent. The latter has previously been
shown to bind any free Cys in purified NhaA protein and not to
bind to CL-NhaA (22). Following separation of the proteins on
SDS-PAGE, the level of fluorescence (Fig. 4a, upper panel) and
the amount of the proteins on the gels (Fig. 4a, lower panel)
were monitored and the fluorescent intensity was normalized
to the amount of the proteins. For each variant, an untreated
control was processed and its fluorescent level was used as
100% (0% accessibility) to express theMTSES/MTSET accessi-
bility in percent. VariantH225C (17), located at the periplasmic
end of TMS VIII and A118C (22), located at loop III-IV, were
previously shown to be exposed to the periplasm and served as
positive controls (Fig. 4, a–c). Variant S246C located on cyto-
plasmic loop VIII–IX (22) served as a negative control (Fig. 4, a
and b).

The cysteines of variants L60C,N64C, andD65Cwere acces-
sible both to MTSES and MTSET in intact cells (i.e. from the
periplasmic side), about 90, 60, and 50% of the control for
MTSES, and about 100, 95, and 85% of the control for MTSET,
respectively. Remarkably, the cysteine of variant M68C was
accessible to about 70% toMTSET but not to MTSES (Fig. 4b).
Hence, the accessibility to both reagents decreased with the
depth in the membrane but the positively chargedMTSET was
more reactive than the negatively chargedMTSES and reached
a deeper depth inside the funnel.
The Effect of pH on Accessibility of Cys Replacements to

MTSES from the Periplasmic Side of the Membrane—In the
crystal structure determined at pH 4, Asp65 is located at the rim
of the periplasmic funnel (16), in close proximity to the hydro-
phobic barrier separating the periplasmic and cytoplasmic fun-
nels (Fig. 1a). We therefore, considered the possibility that
D65C changes its conformationwith pH and used intact cells to
test whether D65C and N64C change their accessibility to
MTSES at different pH values (pH 6.5–8.5) as compared with
other residues in TMS II. The rate of the chemical modification
itself is pH sensitive. Therefore, for control we used two vari-

TABLE 1
Single Cys replacements of conserved residues in TMS II of NhaA
For characterization of themutations, EP432 cells transformedwith the plasmids carrying the indicatedmutations were used. The expression level was expressed as percentage of
the control cells (EP432/pCL-AXH3). Na�/H� and Li�/H� antiporter activity at pH 8.5 was determined with 10 mM NaCl or LiCl. The activity is expressed as percentage of
dequenching. EP432/pBR322 served as a negative control. The apparent Km for the ions was determined at pH 8.5, as described under “Experimental Procedures.”

Mutation in TMS II Expression
Growth Activity Apparent

Km

Na� (7) Na� (8.3) Li� (7) Na� Li� Na� Li�

% mM

L60C 165 ��� �� ��� 83 91 0.15 0.02
W62C 100 ��� �� ��� 73 90 1.0 0.02
N64C 190 ��� �� ��� 93 85 0.12 0.02
D65C 52 ��� �� ��� 56 65 2.26 0.7
L67C 100 ��� �� ��� 62 84 1.8 0.67
M68C 150 ��� �� ��� 58 52 0.41 0.02
F71C 100 � – ��� 83 55 0.83 0.14
F72C 76 ��� �� ��� 67 43 0.54 0.02
G76C 82 ��� �� ��� 80 73 0.18 0.02
E78C 22 ��� �� ��� 40 24 1.12 0.68
E82C 17 ��� �� ��� 33 12 2.61 NDa

Controls
pCL-AXH3 100 ��� �� ��� 88 75 0.19 0.07
pBR322 – – – – – – –

aND, not determined.
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ants: A118C, which is located in loop III–IV on the periplasmic
side of the membrane (22) and variant L60C, which is located
onTMS II at the periplasmic side (Fig. 1a). The control variants
were accessible to MTSES to the same level throughout the
tested pH range (80–90% for both mutants, Fig. 4c). As a con-
trol for nonspecific binding of MTSES, we used CL-NhaA and
no labeling was obtained throughout the pH range (data not

shown). Variants D65C and N64C changed their reactivity to
MTSES, with pH; whereas at pH 6.5 they had a very low reac-
tivity, it increased as the pH increased to pH 8.5 (Fig. 4c). The
other Cys replacements in TMS II did not change their MTSES
accessibility with pH (Table 2).
The Effect ofMTSES/MTSET on the Activity and pHProfile of

D65C—To test the effect of chemical modification by MTSES
andMTSET on the Na�/H� antiport activity of D65C, everted
membrane vesicles were treated with the reagents at pH 7.5,
and then theNa�/H� antiporter activity and its dependence on
pH was determined. For a control we used untreated mem-
branes (Fig. 5a). At pH 7.5, the apparent Km for Na� of CL-
NhaA was 5 mM and at pH 8.5 it was 0.2 mM (Fig. 5b). The pH
effect on the apparent Km for Na� was slightly larger than that
of wild type NhaA (15). This result suggests that there are two
steps in pH activation of NhaA between pH 7.5 and 8.5: one
involves a pH effect on the apparent Km; the second involves a
more drastic pH effect on theVmax of NhaA, which increases by
3 orders of magnitude between pH 7.5 and 8.5 (2, 15).
Cys replacement D65C increased by more than 10-fold the

apparent Km for Na� at pH 7.5 and 8.5 as compared with the
CL-NhaA control (see Table 1 and Fig. 5b). Whereas chemical
modification by the positively charged MTSET had no effect
(see Fig. 5 and data not shown) on the apparent Km for Na� of
D65C membranes, the negatively charged MTSES decreased
(by more than 10-fold) the apparent Km for Na� of the variant
at pH 7.5 (Fig. 5b) bringing it almost to that of the CL-NhaA
control. However, at pH 8.5 there was no effect of MTSES on
the apparent Km for Na� of D65C. The chemical modification
had no effect on the pHdependence of D65C; theMTSESmod-
ifiedD65C had a pHdependence (at saturatingNa� concentra-
tion) similar to that of D65C (compare Figs. 2b and 5a). These

FIGURE 2. Li�/H� and Na�/H� antiporter activity in everted membrane
vesicles of NhaA mutants in TMS II. Everted membrane vesicles were pre-
pared from EP432 cells expressing the indicated NhaA mutants and grown in
LBK, pH 7. The Na�/H� antiporter activity was determined using acridine
orange fluorescence to monitor �pH. a, the data of typical experiments are
shown. At the onset of the reaction, ATP or D-lactate (2 mM) were added (2)
and the fluorescence quenching (Q) was recorded until a steady-state level of
�pH (100% quenching) was reached. LiCl (10 mM) was then added (1), and
the new steady state of fluorescence obtained (dequenching) was moni-
tored. b, the Na�/H� antiporter activity was determined at the indicated pH
values in the presence of 10 mM NaCl (closed symbols) or 100 mM NaCl (open
symbols). The results are as the end level of dequenching (%). c, the Na�/H�

and Li�/H� antiporter activity were determined as in b in the presence of 10
mM NaCl (closed symbols) or 10 mM LiCl (open symbols) at the indicated pH
values. All experiments were repeated at least three times with practically
identical results.

FIGURE 3. Accessibility of Cys-replacements in TMS II to [14C]NEM. a, mem-
brane vesicles were prepared from cells expressing the Cys-replacement
mutants in TMS II of Cys-less NhaA. Membrane vesicles (200 �g of protein)
were incubated with [14C]NEM as described under “Experimental Proce-
dures.” The membranes were washed, solubilized, and the protein was affin-
ity purified. Equal volumes of the purified protein were resolved on SDS-
PAGE. The dried gel was exposed to a phosphorimager (Fuji Bas 1000). b, for
quantification, the radioactivity was expressed as % of the control after nor-
malization by the amount of the protein and presented graphically. The
standard deviation (5–10%) is indicated (error bars).
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results imply that a negative charge at position Asp65 of TMS II
is critical for the apparentKm forNa� ofD65C at pH7.5 but not
at pH 8.5.
Computational Analysis Predicts a pH-induced Conforma-

tional Change ofMutant D65C—OurMTSES accessibility tests
imply that at physiological pH the conformation of both N64C
and D65C changes with respect to that in the crystal structure
at pH 4. Although, as yet, we do not have the crystal structure of
NhaA at physiological pH, we can use the available crystal
structure at pH 4 to compute the possible conformations that
Asp65 can acquire at physiological pH values. For this purpose
we applied MCCE calculations. In the crystal structure at pH 4
(see Ref. 16 and Fig. 1a), Asp65 is located 3.1 Å away from the
nitrogen atom of Lys57 (in the periplasmic � sheet), 16 Å away
fromAsp164 at the bottomof the cytoplasmic funnel (part of the
putative cation binding site), and about 18 Å away from Glu252
(TMS IX) of the “pH sensor” at the orifice of the cytoplasmic
funnel. Our previous MCCE calculations (45) demonstrated
that the pK of Asp65 is about 6.7 so that at pH 4 of most side
chains of Asp65 are protonated and have a conformation similar
to that in the crystal structure (facing the periplasm) (Fig. 6a).
In contrast, at pH 8, deprotonation of Asp65 triggers a pH-de-
pendent structural change of its side chain (Fig. 6b). At alkaline
pH, according to the results of our calculations 32% of Asp65
side chains adopt a conformation similar to that in the crystal
structure, whereas 61% adopt a conformation in the direction
of the ion binding site/cytoplasm. The carbonyl oxygen faces a
cavity at the rim of the periplasmic funnel and is likely in con-
tact with a water molecule. Indeed, MD simulation at pH 8
confirmed the reorganization of the Asp65 side chain into the
nonpolar barrier associated with penetration of water into the
hydrophobic region (46). The remaining 7% of Asp65 side

TABLE 2
MTSES accessibility of Cys replacements in TMS II at pH 6.5 and pH
8.5 from the periplasm
Accessibility test to MTSES (10 mM) in intact cells was conducted as described in
Fig. 4 at pH 6.5 and pH 8.5.

Residue pH 6.5 pH 8.5

% of control
L60C 94 97
W62C 3 5
N64C 18 50
D65C 14 97
L67C 8 10
M68C 4 6
F71C 3 6
F72C 2 3
G76C 2 2
E78C 2 5
E82C 1 5

FIGURE 4. Accessibility of Cys replacements in TMS II to MTSES/MTSET
from the periplasm. Intact cells expressing the Cys-replacement mutants in
TMS II of Cys-less NhaA were incubated with MTSES or MTSET as described
under “Experimental Procedures” at pH 7.5. Proteins were purified by Ni2�-
NTA affinity chromatography and labeled on the beads with fluorescein
maleimide for estimating the percentage of free cysteines remaining. The
eluted proteins were resolved on SDS-PAGE, and the fluorescence level was
monitored and photographed under UV light. Then, the gel was stained with
Coomassie Blue and photographed under ordinary light to assess the protein
concentration. a, MTSES (top panel, fluorescence of fluorescein-maleimide;
bottom panel, protein level). b, the fluorescence intensity was normalized by
the respective protein concentration and expressed in % of the fluorescence
intensity of the untreated control. Accessibility to MTSES/T � 100% � % fluo-
rescent intensity of the treated sample, and is presented by bars. The stan-
dard deviation was between 5 and 10% as indicated. Black bars, accessibility
to MTSES; gray bars, accessibility to MTSET. c, intact cells expressing the indi-
cated variant were incubated with MTSES at different pH values (pH 6 – 8.5)
and processed as above. The standard deviation was between 5 and 10% as
indicated (error bars).

FIGURE 5. Treatment with MTSES drastically reduces the apparent Km of
the mutant D65C. a, everted membrane vesicles isolated from EP432 cells
expressing D65C or the control CL-NhaA were treated or not with MTSES or
MTSET and tested for antiporter activity at various pH values. Each experi-
ment was repeated at least three times, and the results were essentially iden-
tical. b, the apparent Km for Na� of the MTSES-treated and untreated variants
are shown.
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chains occupy an intermediate conformation. Therefore, con-
formational reorientation ofAsp65 side chains is pH-dependent
and influences the local polarizability of the antiporter. These
calculations support our experimental results implying a pH-
induced conformational change at Asp65 of NhaA. Most prob-
ably due to its vicinity to Asp65, Asn64 behaves similar to Asp65.

To explore the influence of the negative charge of Asp65 on
the electrostatic properties of NhaA, we performedMCCE cal-
culations for mutant D65C. The most significant shift of a pKa
value was observed for residue Lys57. Its pKa decreases from
12.2 (45) in the wild type to 8.0 in variant D65C, indicating that
at pH 8, about 50% of Lys57 side chains are deprotonated and
adopt a conformation very similar to that in the crystal struc-
ture (Fig. 6c). The other 50% of the Lys57 side chains are proto-
nated and show reorientation (Fig. 6c). Therefore, Lys57
becomes pH sensitive at the pH range between pH7.5 and 8.5 in
variant D65C.

DISCUSSION

The three-dimensional crystal structure of the acidic pH
down-regulated NhaA has provided the basis for understand-
ing the mechanism of Na�/H� exchange and its unique regu-
lation by pH (3, 16). Furthermore, it paved the way to conduct
structure-based studies aimed to answer questions that have
remained open. These questions, in particular, are related to
the open active conformation of NhaA at physiological pH. In
contrast to the crystal structure obtained at pH 4, activation of
NhaAoccurs above pH6.5 and the cation exchange rate ismax-
imal at pH 8.5 (2, 12). Here, we conducted a structure-based
biochemical study at physiological pH combined with compu-
tational analysis and show that TMS II of NhaA is functionally
important at physiological pH.
TMS II Bears Conserved Residues of Which Cys Replacement

Change the NhaA Antiport Kinetics—Evolutionary conserva-
tion analysis showed that residues of TMS II are highly con-
served and the conserved amino acid residues are located on
one side of the helix facing either the cytoplasmic or periplas-
mic funnels observed in the crystal structure at pH 4 (Fig. 1, a
and b). Cys scanningmutagenesis of the conserved residues and

measuring the antiporter activity of the Cys replacements at
physiological pH values identified new amino acid residues of
which Cys replacements increased the apparentKm to Na� and
Li�; Mutations D65C, L67C, E78C, and E82C increased the
apparent Km of the antiporter to Na� by 6–10-fold and muta-
tions D65C, L67C, and E78C increased the apparent Km of the
antiporter to Li� by 10-fold (see Table 1 and Fig. 2). Cys
replacementsN64C,D65C, L67C, E78C, and E82C changed the
pH dependence of NhaA (Fig. 2, b and c).
It is apparent that our experimental study presented here has

been conducted on Cys-replacement variants that are normally
expressed and exhibit full or at least a partial antiport activity in
the membrane (see Table 1). Therefore, the results reflect the
wild type NhaA active conformation.
TMS II Participates in the NhaA Cation Passage to the Active

Site at Physiological pH—The crystal structure at pH 4 shows
that TMS II is the only TMS that lines both the cytoplasmic and
periplasmic funnels of NhaA and crosses the hydrophobic bar-
rier separating the funnels (see Ref. 16 and Fig. 1a). This struc-
tural insight has raised the suggestion that at physiological pH,
both funnels exist and TMS II lines the cation passage of NhaA.
Indeed, our experimental results, obtained at physiological pH,
revealed that amino acid residues in TMS II participate in the
cation translocation pathway of NhaA. 1) As described above
and later, Cys replacement of many TMS II conserved residues
increase the apparent Km of NhaA to either Na� or Li� and
change the pH response of the antiporter. 2) Several of the
conservedCys replacements were alkylated significantly (above
20%) by [14C]NEM implying the presence of water needed for
Cys ionization. The Cys replacements that are most strongly
labeled by [14C]NEMcluster on one face of TMS II that accord-
ing to the crystal structure lines the cytoplasmic (F71C, F72C,
and E78C) or the periplasmic (L60C and N64C) funnels (see
Figs. 1b and 3, a and b). A lower but significant level of NEM
accessibility was observed with D65C and L67C, which are
located near the hydrophobic barrier and with G76C that most
probably faces the membrane lipids (Fig. 1). Residues either in
the barrier (M68C) or facing the lipids (W62C and E82C) were

FIGURE 6. Most occupied conformers of Asp65 and Lys57 of NhaA for the wild type and D65C mutant. a, MCCE analysis shows that in the wild type NhaA,
Asp65 has two conformations almost identical to that in the crystal structure at pH 4 and Lys57 side chain adopts two conformations with 69 and 28%
occupancy. b, at pH 8, deprotonation of the Asp65 side chain with occupancy of 61% orients into the direction of the ion binding site; side chain with occupancy
of 32% corresponds to the conformation similar to that of the crystal structure. c, two different conformations of Lys57 side chains in the D65C variant at pH 8
with equal occupancies (50%). Electrostatic potential maps were calculated using GRASP software. Zones of negative and positive potentials are colored red
and blue, respectively.
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not significantly labeled. 3) Many of the Cys residues replacing
the conserved residues were modified by MTSES and/or
MTSET, membrane impermeant water-soluble charged re-
agents that can reach the introduced Cys from the periplasm
only via water-filled funnels.
Notably, other parameters such as stereochemistry can also

affect the reactivity of the Cys replacements to any of the
reagents. Therefore, to test whether each Cys replacement can
theoretically react, we purified and denatured each protein var-
iant and tested its reactivity to fluorescein maleimide, NEM,
MTSES, and MTSET. We found that each denatured protein
fully reacted with each of the reagents (supplemental Fig. S1).
The NhaA Funnels at Physiological pH as Compared with pH

4—Because ionizedMTSES andMTSET reach theCys replace-
ments in TMS II, only via water-filled funnels either from the
cytoplasmor the periplasmcan they be used to trace the funnels
at physiological pH as compared with the funnels observed in
the crystal structure at pH 4. Our results conducted on intact
cells strongly suggest that a periplasmic funnel exists at physi-
ological pH. Thus, in line with the acidic pH crystal structure
(Fig. 1), at pH 7.5, Cys replacements at the cytoplasmic side of
TMS II (F71C, F72C, G76C, E78C, and E82C) were not acces-
sible to MTSES from the periplasm in contrast to L60C, N64C,
and D65C that were labeled by both MTSES and MTSET
(about 90, 60, and 50%of the control forMTSES, and about 100,
95, and 85% of the control for MTSET, respectively) (see Fig. 4
and Table 2). Interestingly, accessibility from the periplasm to
both reagents decreased with depth in the membrane, but the
positively charged MTSET was more reactive than the nega-
tively charged MTSES, and reached a deeper depth; variant
M68C was accessible to about 70% of MTSET but not MTSES
(see Fig. 4b). These results suggest that at physiological pH a
negatively charged periplasmic funnel exists and narrows with
depth in the membrane.
The NhaA Hydrophobic Barrier That Separates the Funnels

at Acidic pH Changes at Physiological pH—In line with our
computational analysis (46), our presented experimental
results imply that, the barrier between the cytoplasmic and
periplasmic funnels change at physiological pH; in the crystal
structure at pH 4, the barrier length (normal to the membrane)
is about 16 Å (see Fig. 1a) and is comprised of many hydropho-
bic residues (including Phe71, Phe72, and Met68). In marked
contrast to the pattern observed at acidic pH, our experimental
results at physiological pH show that both F71C and F72Cwere
NEM alkylated (Fig. 3), a reaction that is dependent on the
presence of water (in the absence of other proton acceptor).
This result suggests a structural change in the barrier andwater
penetration into this area. In further contrast to acidic pH crys-
tal structure, where the periplasmic funnel ends at Asp65 (Fig.
1a), at the physiological pH, the funnel penetratesmuch deeper
into themembrane;M68C is 70% accessible from the periplasm
at least toMTSET, which is similar in charge and dimensions to
hydrated Na� (see above and Fig. 4b). Our previous MTSET
accessibility test of Cys replacements in TMS IX also showed
that the cytoplasmic funnel deepens into the membrane at
physiological pH as compared with acidic pH (48).
TMS II Participates in the pHResponse of NhaA—Our results

show that TMS II contains amino acid residues that participate

in the pH regulation of the protein. Cys replacements in TMS II
caused a drastic alkaline shift of one pH unit (L67C, E78C, and
E82C) or one-half a pH unit (D65C) in the pH profile of NhaA
both at low and saturating concentrations of Na� (see Fig. 2b)
and Li�. As compared with the wild type, mutant N64C had an
acidic shift of 0.5 pH unit of the Na�/H� antiporter activity but
lost the pH dependence of the Li�/H� antiporter activity; its
activity with Li� at pH 6.5 and 8.5 was very similar (Fig. 2c). An
effect on the pH dependence of NhaA can occur by mutations of
residues that: (i) are involved in the pH sensor. In line with our
results, Glu78 and Glu82 have previously been suggested most
important in the “pH sensor” of NhaA on the basis of MCCE and
MD simulation (45, 46). (ii) Change their conformation with pH
for transductionof thepHsignal fromthe“pHsensor” to theactive
site. We believe that Leu67, Asn64, and Asp65 belong to this cate-
gory and as described below Asp65 has a unique role.
N64CandD65CChangeTheirConformationwith pH—Most

intriguing results were obtained with N64C and D65C in the
MTSES-accessibility test. Whereas, MTSES accessibility of
most Cys replacements in TMS II was not affected by pH,
MTSES accessibility of D65C was dependent on pH (see Fig. 4c
and Table 2) and N64C showed a more modest similar pattern.
Thus, D65C was not or hardly accessible at pH 6 and 6.5,
whereas above pH 6.5 its accessibility progressively increased
and reached a maximum at about pH 8.5 (Fig. 4c). This result
suggests that Asp65 changes its conformation with pH and this
change might be involved in the pH activation of NhaA.
Our experimental results are in line with our previous (45)

and present MCCE computation analysis. Thus, at pH 8, de-
protonation of Asp65 triggers a pH-dependent structural change
affecting the charge pair Asp65–Lys57 (compare Fig. 6, a and b).
MD simulation at pH 8 confirmed the reorganization of

Asp65 side chains into the non-polar barrier associated with
penetration of water (46). Therefore, conformational reorien-
tation of Asp65 side chains is pH-dependent and influences the
local polarizability of the antiporter. In particular, a change in
one of the partners of the charge pair Asp65–Lys57 is expected
to affect the other partner and cause a change that may also
affect antiporter functionality.
Our MCCE calculations for variant D65C indeed show that

the pKa value of Lys57 is drastically changed in the mutant;
whereas, the pKa of Lys57 in the wild type is 12.2, it is reduced to
8 in the variant. It can be argued that in the absence of a titrat-
able residue at positionD65C, Lys57mediates an almost normal
pH response of NhaA as shown here experimentally. The pH
profile of D65C is alkaline shifted by only one-half a pH unit as
compared with the pH profile of the wild type (Fig. 2b).
Lys57 is located in the �-sheet in the loop connecting TMS I

and II of NhaA (Fig. 1a). The growth phenotype and exchange
activity of K57C have recently been described (51). Its growth
phenotype is normal and apparent Km for Li� is very similar to
that of the wild type, whereas the apparentKm for Na� is 4-fold
higher than that of the wild type. Whereas, the pH profile of
K57C was drastically changed by an acidic shift of one pH unit,
the pH profile of the other Cys replacements in the �-sheet
exhibited normal pH profile. In contrast to the wild type, which
is inactive at pH 6.5 and 7 inNa�/H� exchange, K57C shows 30
or 50% dequenching in the respective pH values. Taken
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together, the charge pair Asp65–Lys57 is important for the func-
tionality and pH response of NhaA.
The Negative Charge on Asp65 Is Critical for a pH-induced

Conformational Change of Asp65—Strikingly, the negative
charge of Asp65 was found critical for pH activation of NhaA.
Thus, the impaired Na�/H� antiporter activity of D65C,
reflected in a very high Km, was dramatically improved after
treatmentwithMTSES, the negatively charged SH-reagent, but
not by the positively charged SH-reagent,MTSET (Fig. 5, a and
b). Furthermore, the repair effect of MTSES was most pro-
nounced around pH 7.5 and vanished at pH 8.5 (see Fig. 5b).
These results reveal that a negative charge at position Asp65 is
crucial for the activation of the antiporter at pH 7.5, whereas it
has no influence when the antiporter is already active, pH 8.5.
MTSES treatment did not completely cure the impaired phe-
notype of D65C; the apparent Km for Na� of the MTSES-
treated D65C at pH 8.5 was still 10-fold higher than that of the
control (Fig. 5b). Hence, following the conformational change
at pH 7.5, an additional conformational changemust take place
during the pH-induced activation of NhaA. In this respect it is
remarkable that cryo-electron microscopy of two-dimensional
crystals has recently identified a pH-induced conformational
change of NhaA between pH 4 and 7 and a second conforma-
tional change at alkaline pH (49).
The importance of TMS II has recently been highlighted in a

studymodeling the humanNHE1on the basis ofNhaA.Although
NhaA and NHE1 share very low sequence identity (about 10%),
they share a similar fold, and similar cation and inhibitor bind-
ing sites. As shown computationally and validated experimen-
tally, the binding site of the inhibitor 2-aminoperimidine of
Ec-NhaA involves N64C and F71C of TMS II (50).
It is clear that crystal structure(s) of the open active confor-

mation(s) of NhaA at alkaline pH is required to answer how the
barrier between the cytoplasmic and periplasmic funnels
change during activation of the protein, and how residues of
TMS II become exposed to either sides of the membrane in the
open state of the protein. Nevertheless, our biochemical results
presented here reveal that TMS II is most important in the
activity of NhaA and its regulation by pH.
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