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A human Na*/H™ antiporter sharing evolutionary
origins with bacterial NhaA may be a candidate
gene for essential hypertension
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Phylogenetic analysis of the cation/proton antiporter superfamily
has uncovered a previously unknown clade of genes in metazoan
genomes, including two previously uncharacterized human iso-
forms, NHA1 and NHA2, found in tandem on human chromosome
4. The NHA (sodium hydrogen antiporter) family members share
significant sequence similarity with Escherichia coli NhaA, includ-
ing a conserved double aspartate motif in predicted transmem-
brane 5. We show that HsNHA2 (Homo sapiens NHA2) resides on
the plasma membrane and, in polarized MDCK cells, localizes to the
apical domain. Analysis of mouse tissues indicates that NHA2 is
ubiquitous. When expressed in the yeast Saccharomyces cerevisiae
lacking endogenous cation/proton antiporters and pumps,
HsNHA2 can confer tolerance to Li* and Na* ions but not to K*.
HsNHA2 transformants accumulated less Li* than the salt-sensitive
host; however, mutagenic replacement of the conserved aspar-
tates abolished all observed phenotypes. Functional complemen-
tation by HsNHA2 was insensitive to amiloride, a characteristic
inhibitor of plasma membrane sodium hydrogen exchanger iso-
forms, but was inhibited by phloretin. These are hallmarks of
sodium-lithium countertransport activity, a highly heritable trait
correlating with hypertension. Our findings raise the possibility
that NHA genes may contribute to sodium-lithium countertrans-
port activity and salt homeostasis in humans.

sodium-lithium countertransport | yeast expression | red blood cell |
pancreas

he regulation of salt, pH, and volume is prerequisite to all

forms of life, and central to these homeostatic mechanisms
is the transmembrane exchange of H* for cations (Na* or K*).
In bacteria, an array of Na*/H* antiporters convert the proton
motive force (established by the respiratory chain or the FF,-
ATPase) into sodium gradients that drive other energy-requiring
processes (solute transport or flagellar motors), transduce en-
vironmental signals into cell responses, and even function in drug
efflux (TetL and MdfA) (1-3). In plants, newly discovered
members of the NHE (sodium hydrogen exchanger) family of
Na*/H™* exchangers sequester Na* and K* within vacuoles as a
principal means of salt tolerance, regulate vacuolar pH to control
flower color, and are essential for development (4, 5). In
metazoans, the role of NHE in cytosolic and compartmental pH
regulation has been implicated in the control of cell cycle and cell
proliferation, vesicle trafficking, and compartmental biogenesis
(6-8). Specific isoforms of NHE localize distinctly to basolateral
or apical membranes to control transepithelial sodium fluxes (4,
9). In mammals, NHE dysfunction leads to a host of pathophys-
iological conditions that include hypertension, epilepsy, post-
ischemic myocardial arrhythmias, gastric and kidney disease,
diarrhea, and glaucoma.

The last decade witnessed an explosion in the number of
genomic sequences deposited in databases worldwide, and these
are now awaiting functional analysis. Automated annotation
programs have identified >550 sequence entries as putative
Na*/H™* exchangers. In an effort to understand the evolutionary
origins and distribution of Na*/H* exchangers, we undertook a
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comprehensive phylogenetic analysis of the superfamily of
monovalent cation/proton antiporters (CPA) that have in com-
mon a transmembrane organization of 12 predicted hydropathic
helices with detectable sequence similarity (10). This superfam-
ily has two main subdivisions, named CPA1 and CPA?2, accord-
ing to the nomenclature of Transport Classification Database
established by Milton Saier (http://www.tcdb.org/). Members of
the CPAL1 group include the well characterized NHE family of
electroneutral Na*(K*)/H* exchangers represented by nine
paralogs in human (NHE1-9). In contrast, we found that virtu-
ally all eukaryotic members of the CPA2 group were previously
unknown or poorly characterized. Among these was a new family
of related genes in animals that we named NHA on the basis of
their similarity to fungal NHA genes and bacterial NhaA genes
(10). There are two paralogs, NHA1 and NHA2, in all com-
pletely sequenced metazoan genomes, including nematodes, fly,
puffer fish, mouse, and human.

The identification of an entire family of phylogenetically
distinct antiporters that are conserved from bacteria to humans
opens up a new line of investigation. In this study, we describe
Homo sapiens NHA2 (HsNHA2) as a prototypic metazoan
example of the NHA family. Sequence similarity with Esche-
richia coli NhaA (EcNhaA) served to guide functional charac-
terization by heterologous expression in yeast. Patterns of tissue
distribution, chromosomal location, and inhibitor sensitivity
point to this gene as a likely candidate for the sodium-lithium
countertransport (SLC) activity reported in red blood cells (11),
lymphoblasts, and fibroblasts (12-14), and suggest an important
potential physiological role in hypertension.

Results

The presence of two paralogous NHA genes in the metazoan
genomes of nematodes, insects, fish, and mammals is indicative
of an early gene duplication event. Indeed, NHA1 and NHA2
appear in tandem on human chromosome 4, and the syntenic
mouse chromosome 3 (Fig. 14), and share amino acid identity
of 55% over 515 aa [69% similarity; supporting information (SI)
Fig. 5]. An alignment of human NHA?2 sequence with that of
EcNhaA reveals a significant conservation of residues (18%
identity and 33% similarity over 388 aa) extending over 12
predicted transmembrane domains (Fig. 1B). Of note, two
aspartic acid residues in TM5 of EcNhaA that have previously
been shown to be critical for ion transport (15) are conserved in
the metazoan NHA. Other residues of interest include H356
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Fig. 1. Gene location and sequence similarity of NHA. (A) Tandem arrange-
ment of NHAT and NHA2 on human chromosome 4 and the syntenic mouse
chromosome 3 showing relative locations of genes. (B) Sequence alignment of
human NHA2 (HsNHA2) with EcNhaA, showing locations of transmembrane
domains (TM1-TM12), based on the structure of EcNhaA (22). Asterisks mark
the conserved aspartate motif in TM5. Black and gray boxes highlight se-
quences of identity and similarity, respectively. The N-terminal peptide of
HsNHA2 used for antibody generation is underlined.

(TMS8) and R432 (TM10) in NHA2, which may be equivalent to
functionally important residues H225 and K300, respectively, in
EcNhaA (16). Compared with the related NHE family of CPA1
antiporters that have long, hydrophilic C-terminal domains
(150-300 aa) (10), the NHA proteins are distinguished by much
shorter C-terminal tails following predicted TM12.

Antibodies raised against a unique N-terminal peptide of
HsNHAZ2 (Fig. 1B, underlined) identified a band of the expected
size in membranes from yeast heterologously expressing Hiso-
tagged HSNHA?2 (55 kDa), or GFP-HsNHA?2 (90 kDa), whereas

no cross-reactivity was seen in membranes from yeast trans-
formed with Hiso-HSNHAI1 (Fig. 24). The partial conservation
of residues (7 of 15) within the antigenic peptide between mouse
and human NHA?2 allowed us to test expression in mouse: A
strongly reacting band of ~50 kDa was observed in pancreatic
lysates, and preincubation of antibody with the antigenic peptide
greatly attenuated the band intensity (Fig. 24, lanes 13-14).
Expression of NHA2 appeared to be ubiquitous in all mouse
tissues examined (Fig. 2B), with high levels in pancreas. Indirect
immunofluorescence of pancreatic B cells derived from rat
indicated plasma membrane distribution of the endogenous
protein (Fig. 2C). In the polarized, kidney-derived MDCK cell
line transfected with GFP-HsNHAZ2, confocal microscopy
showed that fluorescence was restricted to the apical domain, as
seen by colocalization with fluorescent lectin (Rhodamine-
wheat germ agglutinin) (Fig. 2D). Similarly, yeast cells express-
ing GFP-HsNHA?2 showed predominant plasma membrane
localization, albeit with some retention within intracellular
compartments (Fig. 2E).

A useful strategy to obtain functional insight on a new gene is
by phenotype complementation of the orthologous gene knock-
outs in yeast. We evaluated the ability of heterologously ex-
pressed HsSNHAZ2 to rescue the salt-sensitive growth phenotype
of the yeast strain ABl1c (enal-4AnhxIAnhalA) lacking three
major salt-handling mechanisms. As expected, the host strain
showed dose-dependent growth sensitivity to cationic salts of
Lit, Na*, and K*. We show that HSNHA?2 conferred tolerance
to Li* and Na* but not to K* (Fig. 3 4, C, and E). Mutagenic
replacement of the two aspartate residues, D278 and D279, of
HsNHA?2 that align with residues D163 and D164 of EcNhaA as
shown in Fig. 1B, abolished the ability of HsSNHA?2 to confer
salt-tolerant growth (double mutant DD—CC) (Fig. 3), consis-
tent with a conserved critical role of these acidic residues in
mediating cation transport. The complementation efficacy of
HsNHAZ2 in yeast, for both LiCl and NaCl sensitivity, was
optimal between pH 3.5 and 4.5 (Fig. 3 B and D), whereas there
was no complementation of KClI sensitivity at all tested pH (Fig.
3F). In contrast, heterologous expression of mammalian NHEG6
and NHED9 could confer robust growth at 1 M KCl in yeast strains
lacking endogenous antiporters (17).

Fig. 2. Distribution and subcellular localization
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of NHA2. (A) Western blot of membranes isolated
fromyeast AB11cexpressing HSNHA1 (lanes 1,4, 7,
and 10), HsNHA2 (lanes 2, 5, 8, and 11), or neither
(lanes 3, 6,9, and 12). Antibodies raised against an
N-terminal peptide of HSNHA2 recognizes a ~55
kDa polypeptide in yeast membranes expressing
HsNHA2 only (lanes 2 and 8) and not HsNHA1
(lanes 1 and 7). Control antibodies against epitope
tags recognize both NHA proteins (anti-His, lanes
4 and 5; anti-GFP, lanes 10 and 11). Mouse pancre-
atic lysates were treated with anti-NHA2 antibody
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after preincubation in the absence (—, lane 13) or
presence (+, lane 14) of antigenic peptide for 1 h.
(B) Western blot, generated by using anti-NHA2
antibody, of lysates (100 pg) from the indicated
mouse tissues. A prominent band of ~50 kDa was
observed in all tissues. (C) Immunofluorescence
micrograph of rat pancreatic 8 cells INS-1 (832/13)
generated by using anti-NHA2 antibody (—, Left)
and peptide-blocked anti-NHA2 antibody (+,
Right). (D Upper) Confocal fluorescence image of
polarized MDCK cells treated with Rhodamine-
labeled wheat germ agglutinin (red) and trans-
fected with GFP-HsNHA2 (green). (Lower) Two
cells expressing GFP fluorescence show apical lo-
calization in the z plane. (E) Confocal fluorescence
image of B31 yeast expressing GFP-HsNHA2 at the
cell surface.
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Fig. 3. Functional complementation of salt-sensitive yeast phenotypes by

heterologous expression of HsNHA2. The salt-sensitive yeast strain AB11c
(Host strain) was transformed with Hiso-tagged HsNHA2 (NHAZ2) or the corre-
sponding mutant with both Asp-278 and Asp-279 replaced by Cys [NHA2
(DD—CQ)]. Yeast were grown in APG pH 4 medium supplemented with LiCl (A
and B), NaCl (C and D), or KCl (E and F), as indicated, and growth was
determined by optical density of the culture at 600 nm (ODgqo) after 20 h at
30°C. APG medium was supplemented with salt, as indicated; pH was adjusted
by using phosphoric acid or Tris, as appropriate (B, D, and F); and cultures were
grown to saturation. Data are the average of triplicate determinations.

Because HsNHA?2 was expressed on yeast plasma membrane,
it seemed likely that salt tolerance was achieved by cation
extrusion. Consistent with this hypothesis, HSNHA?2 trans-
formed yeast grown overnight in nontoxic levels of LiCl (2 mM)
accumulated less Li* relative to the DD—CC mutant or host
strain (Fig. 44). Similarly, addition of toxic levels of LiCl (25
mM) to exponentially growing cells resulted in lower rate of Li*
uptake in HSNHA?2 transformants (Fig. 4B). We confirmed that
expression levels of mutant were similar to that of wild-type
HsNHAZ? in yeast membranes (Fig. 44 Inset). Given the ubiq-
uitous tissue distribution of NHA?2 and the robust Li* transport
and tolerance phenotypes, we searched the literature for previ-
ous reports consistent with a physiological role for this trans-
porter. We noted that SLC activity, postulated to be a variation
of Na*(Li*)/H* antiport, has long been linked to essential
hypertension although the gene(s) responsible for this activity
have not yet been identified (11, 14, 18). Defining characteristics
of SLC activity are the absence of inhibition by amiloride, a
diagnostic inhibitor of plasma membrane NHE isoforms, and
inhibition by phloretin (19). We show that HsSNHA2-mediated
tolerance to LiCl (25 mM) was not inhibited by amiloride added
to the growth medium (up to 500 uM) (Fig. 4D). Unexpectedly,
salt-tolerant growth of the DD—CC mutant increased in the
presence of amiloride; this may be due to weak base effects of
the drug or to blocking of a sodium uptake channel. However,
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phloretin elicited a dose-dependent inhibition of the Li*-
tolerant phenotype in HSNHA?2 transformed cells but not in the
corresponding DD—CC mutant (Fig. 4F). Neither amiloride
nor phloretin was toxic to yeast growth in the absence of LiCL
Because phloretin is a relatively nonspecific inhibitor of glucose
uniporters and other transporters, we also tested the effect of
quinidine, previously reported to inhibit SLC activity (19). Like
phloretin, quinidine inhibited the ability of NHA2 to confer
salt-tolerant growth of yeast, without accompanying toxicity (SI
Fig. 6). SLC activity appears to be ubiquitous and has been
extensively characterized in erythrocytes (11, 20, 21). Consistent
with NHA2 as a potential candidate for hypertension-linked
SLC function, we show endogenous expression of NHA?2 in red
blood cells (Fig. 4C).

Discussion

A surprising and particularly useful outcome of our phylogenetic
analysis was the inclusion of the well studied E. coli NhaA
antiporters in the CPA2 subgroup (11). Many years of intensive
biochemical and mutagenic study of EcNhaA recently culmi-
nated in the solution of a crystal structure of this membrane
protein at 3.45 A resolution by Padan and colleagues (22), the
first and only structure of a cation/proton antiporter. Analogous
to bacterial NhaA (23, 24), yeast strains expressing HsSNHA?2
were tolerant to Li* and Na* toxicity but not to K*. The
similarity in sequence with bacterial NhaA suggests that the
newly identified mammalian NHA (and other members of the
CPA2 group) may have transport characteristics distinct from
the ubiquitous NHE antiporters of the CPA1 subgroup, and they
may therefore play a novel role in cell physiology. Unlike
electroneutral NHE that mediate a 1:1 exchange of cations for
protons (25), NhaA antiporters are electrogenic, with a H*/Na*
stoichiometry of 2 (26). Although we have not yet examined
electrogenicity of transport by HSNHA?2, there have been re-
ports of electrogenic transport by fungal NHA antiporters (27,
28). Both NHE and NhaA show steep pH-dependent activation;
however, their specific responses are quite distinct. Although the
NHE are activated by cytosolic acidification (29), bacterial
NhaA are essentially shut off below pH 6.5, with the V. for
transport increasing by three orders of magnitude to maximal
activity at pH 8.5 (30). These characteristics have a profound
influence on the physiological role of the antiporter, allowing the
bacterium to maintain pH homeostasis and survive in hypersa-
line and hyperalkaline environments. When expressed in yeast,
HsNHAZ2 also has a very narrow pH range to complement
salt-sensitive phenotypes (Fig. 3), although the acidic pH opti-
mum is likely a reflection of the H* motive force set up by the
plasma membrane H*-ATPase, PMA1. Given the plasma mem-
brane localization and Na* selectivity of HsNHA2, we expect
that the inwardly directed sodium gradient would provide the
corresponding driving force for antiporter activity in mammalian
cells. Electrogenic (nH*/Na*) exchange in this scenario would
be expected to hyperpolarize the plasma membrane. Testing this
prediction awaits the establishment of a functional assay of
NHAZ2 in mammalian cells.

The ubiquitous tissue distribution and plasma membrane
localization of NHA2 prompted us to search the literature for
reports of Na* and Li* antiporter activity that might point to a
physiological role. Increased SLC is a highly heritable trait and
well known marker of essential hypertension commonly moni-
tored in erythrocytes, although the gene(s) responsible have
been sought after for more than two decades (11). SLC is
considered to represent an alternative mode of Na*(Li*)/H*
antiport, and the ubiquitous NHE1 antiporter was initially an
attractive candidate for this activity. Indeed, one study demon-
strated that an alternatively spliced variant of NHEI, lacking the
first three predicted transmembrane domains and the putative
amiloride binding site, could mediate amiloride-insensitive SLC,
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NHA2 has hallmarks of SLC activity. (A) Li* accumulation was measured in yeast strain AB11c (Host) expressing Hiso-HsNHA2 (NHAZ2) or the corresponding

mutant [NHA2 (DD— CC)] after overnight incubation in low levels of LiCl (2 mM). (Inset) Both WT (lane 1) and mutant NHA2 (lane 2) are expressed at similar levels
in host strain AB11c (lane 3). (B) Li* uptake was monitored in yeast strains expressing Hisg-HsNHA2 (NHA2) or mutant [NHA2 (DD— CC)]. Cultures were incubated
in APG pH 4 medium supplemented with 25 mM LiCl for up to 1 h, as indicated. (C) Western blot of human erythrocyte lysate with anti-NHA2 antibody, showing
a prominent band at =52 kDa (arrow). Amiloride (D) or phloretin (E) was added to yeast cultures, at the concentrations indicated. Yeast strains expressing NHA2
or DD—CC mutant were grown in APG pH 4 medium in the absence or presence of 25 mM LiCl as indicated by the line above the graphs. Dose-dependent
inhibition of salt-tolerant growth (NHA2 transformed cells) was seen with phloretin (E) but not amiloride (D). Neither drug inhibited growth in the absence of

LiCl (500 pM; last bar).

although this truncated form of the transporter is devoid of
Na*/H™" exchange function and may not have a physiological role
(31). However, a comprehensive genetic analysis appears to have
ruled out linkage between the NHE1 gene locus and SLC
activity, pointing instead to the possibility of an unknown gene
mediating SLC (32). Given the expression of HSNHA?2 in red
blood cells (Fig. 4C), we considered the possibility that this
previously uncharacterized antiporter contributed to SLC activ-
ity. We showed that inhibitor characteristics of NHA?2 expressed
in yeast matched those of SLC activity, including insensitivity to
amiloride (a hallmark of plasma membrane NHE), and sensi-
tivity to phloretin and quinidine. In addition to genetic predis-
position to hypertension and cardiovascular disease, elevated
SLC has also been reported in subjects with diabetic and IgA
nephropathy (33, 34). There is evidence that renal Li* clearance,
which is inversely related with proximal tubule Na™ reabsorb-
tion, is reduced in patients with high SLC (35). In this regard, the
apical localization of NHA?2 in the kidney-derived MDCK cell
line is consistent with a role in Na™ reabsorption. Finally, we
note that the gene loci of HSNHA1 and HsNHA?2 (4q24) lie
within a chromosomal region associated with hypertension in
numerous linkage studies, including a sib-pair study linking SLC
activity to MN blood group (4q28-q31) on chromosome 4 (36).
In particular, one study in baboon mapped quantitative trait loci
associated with SLC activity to chromosome 5, which is syntenic
to human chromosome 4, with a maximum multipoint LOD
score of 9.3 near microsatellite marker D4S1645 (37). Taken
together, these findings raise the possibility that the previously
uncharacterized NHA antiporters contribute to SLC activity and
are candidate genes for essential hypertension.

Materials and Methods

Chemicals. Amiloride hydrochloride hydrate (catalog no. A7410-
5G), phloretin (catalog no. P7912-250MG), and quinidine (cat-
alog no. Q3625-5G) were all purchased from Sigma.

Plasmids, Site-Directed Mutagenesis, Yeast Strains, and Growth Me-

dia. Human NHA1 (HsNHAT1) cDNA clone (accession number
BM908201.1) and human NHA2 (HsNHA2) cDNA clone (ac-
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cession number NM_178833) were purchased from Open Bio-
systems. The gene was amplified by PCR to include an N-
terminal Mlul site immediately before codon 1 (ATG) and a
Notl site following the termination codon, and subsequently
cloned into the equivalent sites of plasmid pSM1052 (a gift from
Susan Michaelis, The Johns Hopkins University, Baltimore).
This placed the ORF behind an N-terminal Hisy or GFP epitope
tag and under control of the constitutive PGKI promoter in the
yeast expression vector, as described earlier for yeast PMR1 (38,
39). Two conserved aspartic acid residues (D278 and D279) in
HsNHA?2 were mutated into cysteine (DD—CC) by using
mutagenic primers in conjunction with the PCR. HsNHA2 was
also subcloned into mammalian expression vector pEGFPC2
(Clontech) by using existing EcoRI and engineered NotI re-
striction sites.

Saccharomyces cerevisiae strains ABllc or B31W lacking
endogenous Na* pumps and antiporters (40) were used as host
for heterologous expression of HSNHAZ2. Yeast cultures were
grown at 30°C in APG, a synthetic minimal medium with
minimal salt (10 mM arginine, 8§ mM phosphoric acid, 2%
glucose, 2 mM MgSOy4, 1 mM KCl, 0.2 mM CacCl,, and trace
minerals and vitamins) (41). Salt-sensitive growth was moni-
tored by inoculating 0.2 ml of APG medium in a 96-well
microplate with 4 ul of a saturated seed culture. After incubation
at 30°C for 20-72 h, cultures were gently resuspended, and the
ODgp was recorded on a FLUOStar Optima plate reader (BMG
Labtechnologies).

Antibody Generation and Purification. Polyclonal antibodies were
raised in rabbit against a 15-aa peptide of HsNHA2
(28SMHQEAQEETVMKLK;35C). HsSNHA?2 peptide (1 mg/ml)
was immobilized on SulfoLink Coupling Gel (Pierce) through
the C-terminal cysteine according to manufacturer’s instruc-
tions. Peptide-specific antibodies were purified from antisera as
described, concentrated by Centricon filtration (YM30; Milli-
pore), and stored in PBS supplemented with 0.02% NaN3; at 4°C.

SDS/PAGE and Biochemical Techniques. Total yeast lysates were
prepared by using glass bead methods (42) from equal numbers

Xiang et al.
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of cells (4 ODggp units). Total lysates from mouse tissues were
extracted by using N* buffer (60 mM Hepes, pH 7.4, 150 mM
NaCl, 3 mM KCI, 5 mM Na3;EDTA, 3 mM EGTA, and 1% Triton
X-100). Samples (50 ug) were subjected to SDS/PAGE and
Western blotting. HSNHA?2 was detected on a Western blot by
anti-Hise antibody (1:5,000 dilution; BD Biosciences), anti-GFP
antibody (1:2,000; Abcam), and anti-HsSNHA?2 antibody (1:2,000
dilution), as described in the figure legends. Where specified,
purified anti-HsNHA2 antibody (1:2,000) was preincubated with
antigenic peptide (5 ug/ul) at 25°C for 1 h. Horseradish perox-
idase-coupled anti-rabbit (1:5,000; GE Healthcare) or anti-
mouse secondary antibody (1:10,000; Amersham Biosciences)
was used in conjunction with ECL reagents (Amersham Bio-
sciences) to visualize protein bands.

Confocal Microscopy. Confocal images were taken on a Zeiss
LSM410 laser confocal microscope equipped with a Zeiss X100
oil immersion lens. Live yeast cells harboring GFP-HsNHA?2
were grown overnight and then visualized and imaged directly
under microscope. MDCK cells were cultured in RPMI medium
(Mediatech) containing 10% FBS (Invitrogen). Cells were
grown on glass slides and transiently transfected with pEGFP-
HsNHA?2 by using LipofectAmine 2000 (Invitrogen) according
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