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Abstract. Intracellular pH (pH;) is a major regulator of
various and critical cellular functions. A close regulation
of pH; is thus mandatory to maintain normal cellular
activity. To this end, all cells express ion transporters
that carry across their plasma membrane H™ or equiv-
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Introduction

Intracellular pH (pH;) regulates many cellular processes,
including cell metabolism, Ca?* homeostasis [1], gene
expression [2], cell motility and contractility, cell-cell
coupling [3], cell adhesion [4] and cell death [5, 6].

Most mammalian cells feature a steady-state cytosolic
pH (pH;) of 7.1-7.2. Taking into account the metabolic
activity, and the thermodynamic and resting membrane
potential of a cell, and protons passively distributed
across the plasma membrane according to the electro-
chemical gradient, pH; should be much more acidic
(around 1 unit pH lower than extracellular pH, which is
roughly 7.3). For example, assuming a resting mem-
brane potential of — 80 mV for a cardiac cell, calcula-
tion using the Nernst equation gives an intracellular pH
of 6.1 for a cell that would be bathed in an extracellular
medium of pH 7.4. A pH, of 6.1 would be incompatible
with cellular processes such as metabolic pathways
catalysed by pH-sensitive enzymes. Furthermore, the
constancy of pH; may at first glance be striking, as
pointed out by Needham as early as 1926 [7]. To regu-

alent H™" into and out of the cell. Besides pH;, these ion
transporters are under the regulation of neurohormonal
stimuli. This review summarises the molecular identity,
regulation and function of the main membrane pH-reg-
ulatory ion transporters.

exchanger; NBC.

late and to maintain the constant value of cytosolic pH,
the eukaryotic cells express at their plasma membrane
protons pumps (H* ATPases) [8], proton channels [9]
and ion transporters that drive H* or equivalent H™*
and HCO; ions into and out of the cell. The latter
include an Na*/H* antiport [10], Na*-dependent
HCO; transporters [11], an Na™*-independent Cl—/
HCO; exchanger [12, 13] and the recently described
Cl—/OH~ exchanger (CHE) [14] (fig. 1). Other mem-
brane transporters such as the lactate-proton cotrans-
porter may also participate in cell pH regulation [15,
16].

The following review summarises the molecular identity,
multiple regulation and functions of these pH;-regula-
tory ion carriers and the forthcoming challenging issues
of cell pH regulation.

Cell measurement of intracellular pH

Years ago, pH-sensitive electrodes built with H* ex-
change resins and impaled into tissues or cells were first
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used to measure pH;. Then, around 20 years ago, inves-
tigators used ['“C] 5,5-dimethyl-2,4-oxazolidione
(DMO) that partitions across the membrane according
to the pH gradient to monitor pH; in suspensions of
cells [17]. More recently, pH-sensitive fluorochromes,
4-methylumbelliferone ~ (4MU),  2,3-dicyanohydro-
quinone (DCH), and 2',7-bis(carboxyethyl)-5,6-car-
boxyfluorescein (BCECF) and the most recent
indicators carboxyseminaphthorhodafluor-1 (SNARF1)
[18] and 5(and 6')-carboxyseminaphthofluorescein
(SNAFL) [19] have been widely employed to monitor
pH; in single cells. These probes, synthesized as ace-
toxymethylester derivatives, are cell-permeant and have
the property that they shift their light emission or
excitation spectrum as a function of pH. Moreover, the
excitation wavelengths of SNARF and SNAFL
(around 500 nm) enable use of an argon/krypton laser
to record pH using confocal microscopy [20]. Very
recently, the pH sensitivity of green fluorescent protein
(GFP), further enhanced by mutagenesis, was used ad-
vantageously to measure cytosolic pH. It further allows
monitoring of pH of intracellular compartments, in-
cluding the mitochondria and the Golgi apparatus,
when GFP is targeted to the intracellular compartment
of choice with a specific protein of the organite [21].
Combined with confocal microscopy, this technical ap-
proach is one of the most promising to understand the
regulation of intracellular pH, taking into account not
only plasma membrane ion transporters but also ion
transporter of organites.

Figure 1. The pH regulatory ionic transporters. NBC, Na ™ -de-
pendent HCO5 cotransport; NHE, Na*-H™ antiport; AE, an-
ion exchanger; CHE, Cl~/H™ exchanger.
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Figure 2. Functional pH regulatory ion transporters in cardiomy-
ocytes. Cardiac cells loaded with Snarf-1 are bathed in an extra-
cellular HCO; -containing medium. pH; is monitored on a single
cell [I11]. After an acidic challenge triggered by removal of
NH,CI, the pH recovery is mediated by a HCO; -dependent
transporter in the presence of EIPA, an inhibitor of the Na-H
antiport. The pH recovery is greatly accelerated when the Na-H
antiport is functional after washout of EIPA. The Na * -indepen-
dent C1~ /HCO; (AE) is reversed in the absence of extracellular
Cl—, leading to an alkalinization, and works in its physiological
acidifying direction when Cl~ ions are added back to the extra-
cellular medium.

The proteins of the NHE family mediate Na+ /H*
exchange

The Na-H antiport is an electroneutral ion exchanger
that pumps H* ions out of the cell when it is turned on
by acidic challenge imposed on a cell (fig. 2). The H*
efflux is driven by the inwardly directed Na* electro-
chemical gradient. First discovered in kidney and intes-
tine [10], the antiport has now been found in most
tissues of eukaryotic cells. The diuretic amiloride and
its chemical derivatives (dimethyl- or ethylsisopropyl-
amiloride) are some of the most potent inhibitors of
Na*/H™* exchange. The differential amiloride sensitiv-
ity of the Nat/H* exchange [22] in various tissues
predicted the existence of several isoforms of the
protein that mediates this ion exchange. Indeed, Na*/
H™* exchange is performed by different proteins that
belong to the multigenic NHE (Na-H exchanger) fam-
ily. So far, six members of the NHE family sharing 30%
to 60% homology have been cloned. The first NHE
gene (NHE1) was cloned by Sardet et al. [23] by gene
complementation of an antiporter-devoid fibroblast cell
line. NHEI, which displays the greatest sensitivity for
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amiloride (ECs,: 3 uM for amiloride, 80 nM for methyl-
propylamiloride) or for the new Na-H inhibitor
HOEG694 (3-methylsulphonyl-4-piperidinobenzoyl) gua-
nidine methanesulphonate; ECs,: 0.16 pM) [22] is a
housekeeping gene. It is expressed in virtually all tis-
sues. This is an N- and O-glycosylated protein [24] of
815 amino acids that migrate in SDS-polyacrylamide
gel electrophoresis (PAGE) with an apparent molecular
mass of 110 kDa. The NHE1 and NHE3 proteins
expressed in the antiport-deficient cell line form stable
dimers. However, individual subunits of NHEI func-
tion independently within the oligomeric state [25]. Gly-
cosylation of the protein does not affect the rate of ion
transport [24, 26] but rather may play a role in antiport
sorting. The antiport contains 10 or 12 transmembrane
domains (fig. 3). The glyscosylation sites are located in
a long external loop between transmembrane domains 1
and 2. The amino-terminal domain is sufficient to
transport the ions in an amiloride-sensitive manner [27].
The C-terminal region features an adenosine triphos-
phate (ATP) binding site, two calmodulin binding sites
and a calcineurin homolog protein (CHP) binding re-
gion that all confer Ca®* sensitivity to NHE1. The
C-terminal tail of the antiport also contains many phos-
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phorylation sites and is thus involved in neurohor-
monal regulation of the ion-exchange activity [28].
The Na*/H* antiport is regulated by cell volume [29,
30]. NHE-1 is stimulated by hypertonicity. Under simi-
lar conditions, NHE-2 activity is also increased. In cells
incubated in hypotonic media, both isoforms are inhib-
ited. In contrast, NHE-3 is markedly inhibited by hy-
pertonic cell shrinking but is unaffected by hypotonicity
[31]. A volume-sensitive domain has been mapped in
NHEI1 [32, 33]. The volume- or osmolarity-sensitive
site(s) exist between the NH,-terminal domain and
residue 566 of NHE1 (fig. 3) [34]. A phosphorylation-
independent mechanism likely underlies the volume reg-
ulation of the antiport [32]. This volume-sensitive site is
therefore different from the site(s) postulated to medi-
ate the stimulatory effects of calcium and growth fac-
tors.

The pH sensitivity of NHE1 is a complex mechanism.
It is regulated by an autoinhibitory domain (AA 636-—
656) that prevents protonation of the pH sensor [35]
and another domain that is more directly responsible
for the maintenance of pH sensitivity (AA 567-635)
[28]. Amino acids 515-595 in the C-terminal domain
are particularly critical for the pH sensitivity of the
antiport [36].
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Figure 3. Structure of an Na*-H™ antiport: NHEIL. vol, volume-regulatory domain; CHP-R, calcineurin homolog protein binding
domain. Amino acid numbers are indicated by an arrow. (Modified from [42].)
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Besides NHE1, NHE2, NHE3 and NHE4 [37-40] have
been cloned. These isoforms have a more restricted
tissue distribution. They are expressed in the gas-
trointestinal tract and in the kidney. NHE2 and NHE4
are also poorly expressed in brain, testis, lung, skeletal
muscle and heart. In epithelial polarized cells, NHEI
was found mainly at the basolateral membrane. Like
NHEI1, NHE2, NHE3 and NHE4 are likely to display
12 transmembrane domains. NHE1 is inhibited by
amiloride, and its derivatives such as ethylisopropyl-
amiloride (EIPA) or dimethylamiloride (DMA). NHE3
is resistant to these drugs (ECs,: 100 pM for amiloride,
650 uM for HOE694), suggesting that the amino acid
sequence that binds amiloride is not conserved in the
NHE family. Indeed, a critical amino acid (Phe 167)
was found to be responsible for the amiloride sensitivity
of NHEI1 [41]. While the amino-terminal domain is
quite conserved, the C-terminal region features much
less homology among the NHE isoforms. NHE2 and
NHE3 lack the multiple phosphorylation sites of
NHEI1. NHE2 displays two proline-rich domains that
bind SH3 domains [42]. The volume regulatory domain
is missing in NHE3. NHES5 was found in nonepithelial
tissus, including brain, spleen, testis and skeletal muscle
[43]. It is amiloride-insensitive. NHEG6 is expressed in
numerous tissues with the highest messenger RNA
(mRNA) level in brain and skeletal muscle. It may
mediate mitochondrial Na* /H* exchange [42].

Regulation of the Na* /H™ antiport by intracellular
ATP

A drop in intracellular ATP dramatically decreases the
activity of the Na-H antiport in several cell types. This
effect was observed independently of the NHE isoform
expressed (NHE1, NHE2 or NHE3) [31, 36], demon-
strating that the ATP regulatory site is conserved
among the members of the NHE family. The ATP
dependence of NHEI cannot only be explained by the
requirement of phosphorylation, since mutation of all
known phosphorylation sites [44] does not abolish the
metabolic regulation of the antiport. The dependence of
the antiport upon ATP is thus rather complex; the
cytoskeleton is likely to participate in such a mecha-
nism. A nondiffusible effector that binds ATP is proba-
bly required to activate the antiport in the presence of
ATP [30].

Regulation of the Na+ /H™ antiport by neurohormones
and growth factors

It has been recognized for many years that, besides
protons, the Na*/H™* antiport is regulated by external
agonists including hormones and growth factors. Pro-
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ton affinity or the maximal rate of ion exchange (V,,..)
of NHEs and thus the rate of ionic transport is in-
creased when the cell is stimulated by neurohormones
or growth factors. Phosphorylation of NHE proteins
was first proposed to be responsible for activation of
ion transport, because okadaic acid, a serine threonine
phosphatase inhibitor, alone or together with growth
factors induces activation of the antiport [45].

Protein kinase C (PKC) has been involved in such a
regulation. Human but not rabbit NHE1 [46] displays a
PKC consensus site (Ser 648). However, mutation of
this amino acid does not affect phorbol ester- or
thrombin-induced activation of the ionic exchange [28].
Direct phosphorylation of NHE1 by PKC is probably
not required for activation of the antiport. Further-
more, PKC stimulation has various effects on the rate
of Nat/H* exchange. The phorbol ester PMA inhibits
NHE3 activity but activates NHE1 and NHE2 ex-
pressed in PS120 NHE-deficient cells [47]. Growth fac-
tors and serum that also activate PKC stimulate the
three NHE isoforms in PS120 cells [48]. It should be
noted that NHEI is mainly activated following a rise in
proton affinity [49, 50], whereas the V,,,, of NHE2 and
NHES3 is regulated by external stimuli [47, 48].

NHEI does not feature protein kinase A (PKA) phos-
phorylation sites. The effect of PKA on NHE activity is
quite controversial and depends upon the cell type and
in turn upon the NHE isoform expressed. NHE activity
can thus be either activated or inhibited by agents that
increase intracellular cyclic adenosine monophosphate
(cAMP). The regulation of NHE activity by PKA is
even less simplistic. NHE3 is activated by treatment of
cells with the f-adrenergic agonist isoproterenol but
inhibited by forskolin stimulation that directly activates
adenylyl cyclase [51]. Recently, Lefkowitz’s group eluci-
dated this apparent discrepancy. They showed that the
occupancy of the f, adrenergic receptor with iso-
proterenol triggers the binding to the receptor of the
NHE regulatory factor (NHERF), a factor that inhibits
the Na*-H™* antiport in a PKA-dependent manner.
NHERF contains two distinct protein interaction
PSD95/Dlg/Zo-1 (PDZ) domains: NHE-RF-PDZI1 and
NHE-RF-PDZ2. NHERF binds to NHE3 through one
of these PDZ domains. Binding of NHERF to the
f,-adrenergic receptor displaces NHERF from the an-
tiport and thus relieves the inhibition of NHE3 [52]. A
human homolog of NHERF was recently cloned. This
homolog, the neurofibromatosis 2 tumor suppressor
protein binds to merlin, an ERM (ezrin, radixin,
moesin) family protein that makes the link with the
cytoskeleton actin. The protein complex NHE-NF2 tu-
mor suppressor ERM suggests a potential role of
NHES3 in cytoskeleton rearrangement [53]. Further to
the role of NHEREF, it is interesting to briefly point out
that a novel Na*/H* exchange activity that requires
Cl~ ions was recently found in crypt cells of rat distal
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colon. This activity is fully inhibited by 0.5 mM DIDS,
an anion-exchange inhibitor and by 0.1 mM 5-nitro-2-
(3-phenylpropylamino)benzoic acid, a Cl~ channel
blocker. A polyclonal antibody to the cystic fibrosis
transmembrane conductance regulator (CFTR) par-
tially inhibits CI~-dependent proton gradient-driven
Na* uptake, suggesting that the Cl— dependence of
Na*+/H™* exchange involves a Cl~ channel that may be
the CFTR and/or the outward rectifying Cl~ conduc-
tance [54]. It was recently reported that NHE-RF-PDZ1
binds to the CFTR C-terminus. This protein-protein
interaction further suggests a potential regulatory role
of NHE-RF CFTR function [55].

NHEI! displays two Ca?*-calmodulin binding sites and
a calcineurin homologous protein (CHP) binding do-
main that also binds Ca>*. Binding of phosphorylated
CHP inhibits the antiport [56]. A 24-kDa protein, which
has not been identified, coimmunoprecipitates with
NHEI1 [57]. It is striking that 24 kDa is the size of CHP.
This observation allows for speculation that it may
indeed be CHP. ‘In vivo’, Ca®>* has been reported to
have no effect [50], to decrease [58] or to increase the
antiport activity [59]. Whether a Ca?-calmodulin depen-
dent kinase regulates the activity of NHE has not been
yet proven. A direct effect of Ca®>* or calmodulin on
NHE may also explain the stimulatory effect of Ca® on
NHE activity [60, 61].

Pouyssegur’s group proposed as early as 1991 [45] that
a specific NHE1 kinase may be phosphorylating NHEI
following cell stimulation with growth factors. The
NHE kinase would be downstream of MAPK (mitogen
activated protein kinase), which integrates the signal
from both PKC- and tyrosine kinase-dependent path-
ways. Using a dominant-negative form of p44 MAPK
and inhibitors of MAPK kinase, Bianchini et al. found
that the p42/p44 MAPKs play a predominant role in
NHEI! regulation by neurohormones and growth fac-
tors [62]. Recently, Berk’s group identified p90™* as a
potential NHE kinase. Both inhibition of p42/p44
MAPK and Ca2* chelating agents prevent p90¥ acti-
vation, demonstrating that this NHE kinase is down-
stream of a MAPK signaling pathway. p90™f may
mediate the angiotensin II-induced activation of the
Na*/H™* antiport in vascular smooth cells in hyperten-
sion [63, 64].

Regulation of NHE by G proteins

The G protein-mediated mode of regulation emerged a
few years ago and has opened a new field of investiga-
tion. In 1994, the small oncogenic G protein Ras was
proposed as a long-term regulator of NHE activity [65].
The same year, a constitutively activated form of G,
a member of the G, family, expressed in HEK293 cells
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was reported to activate the Na*/H* exchange medi-
ated by NHE1 [66]. Later on, the same group found
that G,,; activates the antiport through independent
stimulation of Cdc42 and RhoA. Cdc42 effect is medi-
ated by MEKKI1 (MAPK kinase kinase), whereas
RhoA is not [67]. Furthermore, activation of NHE by
RhoA is required for the formation of actinic stress
fibers, a phenotype typical of RhoA activation [68].
This clearly indicates that Na-H antiport stimulation
and thus change in pH; is an event that occurs down-
stream of G,,; and RhoA activation [69]. This signaling
pathway that involves p160 Rho kinase regulates inte-
grin-induced cell adhesion [70, 71]. In contrast, expres-
sion of a constitutively activated form of G, in
HEK?293 and CCLI19 fibroblasts inhibits NHEI1 ion-ex-
change activity but stimulates NHE2 and NHE3 ion
exchange [72]. Both G,,, and G, activate a MAPK-de-
pendent pathway and induce cell transformation. This
specific effect of G,;, and G,,; on NHEI1 activity needs
to be further investigated to understand the role of
Na*/H™* activation in the cell transformation process.

The proteins of the AE family mediate
Na *-independent Cl1— /HCOj; exchange

Cl-/HCO; exchange has been extensively studied in
erythrocytes. The Band3 protein that mediates ery-
throid C1- /HCO; exchange is a glycoprotein that rep-
resents 30% of the membrane proteins in this cell type.
Kopito and Lodish [13] cloned and sequenced the first
gene encoding the 100-kDa Band3 protein and named it
the Anion Exchanger 1 (AEl). Since then, two other
members of a multigenic AE family have been found.
The AEs are ubiquitously distributed in vertebrate tis-
sues and are expressed very early during embryogenesis.
As early as the two-cell stage, embryos are able to
recover from an alkaline load by switching on the
activity of a Cl~/HCO; exchanger [73, 74]. This is
particularly important for the embryo that lives in a
surrounding alkaline uterine environment [75].

In fact, the AE family comprises three genes, AE1, AE2
and AE3 [76], localized to separate chromosomes (17, 7
and 2, respectively) [77]. These genes encode three dif-
ferent proteins. AE1 is expressed in spleen and encodes
the erythroid Band3 protein [78]. AE2 (130 to 180 kDa)
is a housekeeping gene that is expressed in most tissues
at least at the level of mRNA [79]. The AE2 protein is
mainly found in stomach, kidney [80, 81] and brain (G.
Bosman, personal communication). We also found AE2
immunoreactivity in whole heart but not in isolated
cardiac cells, suggesting an expression restricted to vas-
cular smooth muscle cells, fibroblasts and/or endothelial
cells. AE3 is expressed strongly in brain as a 160-kDa
protein [82] and in heart as a 120-kDa protein [77,
83-85].
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N-glycosylation
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Figure 4. Structure of an Na*-independent Cl~ /HCOj5; exchanger: AEl. TK, tyrosine kinase phosphorylation site. Amino acid

numbers are indicated by an arrow. (Modified from [86].)

The three AE isoforms share 65% amino acid sequence
homology in the membrane-associated transport do-
mains, diverging to a greater extent in the N-terminal,
cytoplasmic portion [76]. The AE proteins exhibit 12
transmembrane domains (fig. 4). The most recent pro-
posed topologies of the protein [86, 87] show a large
extracellular loop between domains 7 and 8 that is
N-glycosylated. The AE1 and AE3 proteins are strongly
inhibited by 4,4'-diisothiocyanatodihydrostilbene-2,2'-
disulphonate DIDS (ECs,: 1-10 uM), whereas AE2 is
poorly sensitive to the inhibitor (ECs,: 1 mM) [88].
DIDS binding sites have been localized to lysines 539
and 851 in the 5th and 11th transmembrane domain of
AEIl [86, 87]. The sequence KL(X)K (where X =1, V or
Y) can be proposed as a consensus sequence of amino
acids for DIDS binding from the alignment of AEI,
AE2 and AE3 as well as from the knowledge of DIDS
reactive lysines.

Further sequence diversity in the cytoplasmic domain
results from alternative splicing of each gene product.
Two isoforms of AEl, eAEl and kAEIl, have been
cloned, and represent the major isoforms present in
erythrocytes and kidney, respectively. The kAEI iso-
form represents a truncation of the eAE1 protein start-
ing at Met-79 of eAEl [89, 90] and thus encoding an
80-kDa polypeptide. We have also identified by poly-
merase chain reaction (PCR) mapping a new AEI
spliceoform in heart that encodes an 80—90 kDa protein
different from kAE1l [91]. AE2 transcription can be
initiated at three different points, generating alterna-
tively spliced mRNAs and three proteins (AE2a, AE2b
and AE2c¢) N-terminally truncated at different points

within the first 200 amino acids, and migrating in SDS-
PAGE with apparent molecular masses of 115 to 180
kDa [79]. AE3 transcripts comprise two isoforms
present at highest concentrations in brain (bAE3) [82]
or in cardiac tissue (CAE3). The 269 N-terminal amino
acids of bAE3 are replaced by 73 alternate residues in
cAE3. However, these isoforms are not strictly specific
to tissues; cardiac cells express both cAE3 and bAE3
[92], and brain expresses both AE3 variants [91]. The
specific expression of AE isoforms and spliceoform
proteins in different tissues is still poorly documented.
We have shown that a single cell type such as a car-
diomyocyte can express as many as four AE proteins
[91].

The most striking characteristic of the AE family is the
diversity of functions fulfilled by its members. Indeed,
besides pH; regulation, the AEs modulate chloride and
bicarbonate homeostasis in tissues such as stomach and
kidney [76]. AE1 also contributes to the flexibility of the
erythrocyte cytoskeleton and in turn to cell shape [93].
AEI regulates glycolysis in erythrocytes by binding and
inhibiting aldolase, glyceraldehyde 3-phosphate dehy-
drogenase and phosphofructokinase [94]. Moreover,
AEl generates a senescent antigen, a marker for cell
removal by the immune system [95]. In response to
swelling, cells recover their initial volume by releasing
intracellular ions or small molecules such as amino
acids via volume-regulated pathways. Like many other
ion channels and transporters [96], AE1 as well as AE2
participate in the regulation of cell volume [97]. For
example, trout AE1 (tAE1) has been shown to work as
a bifunctional protein with both anion exchange and
Cl~ /taurine channel functions [97].
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Although slightly beyond the scope of this review, it is
interesting to briefly point out that the association of
some AE functions with particular domains in the
protein emphasizes the power of alternative splicing in
increasing the diversity of AE functions. For example,
AE2 and AE3 contain an insertion in the ‘Z-loop’ (the
extracellular peptide loop between membrane spans 5
and 6) that confers cell volume regulatory ability to the
AE protein and that is absent from AE1 [97]. Only the
eAEl protein, however, contains regions in its cytoplas-
mic portion responsible for binding ankyrin or aldolase,
which is absent from the kAE1 isoform [98, 99]. Alter-
natively, kanadaptin, a recently identified protein binds
to kAEl but not eAEl [100]. Similarly, it has been
postulated that the addition of 17 N-terminal residues
in AE2a is responsible for a switch in targeting of the
protein, from basal membranes in ileal enterocytes to
apical membranes in gastric parietal cells [79]. A better
knowledge of the structure of the AE proteins is ex-
pected to provide a better understanding of the function
and regulation of these proteins.

pH dependence of the AE proteins

The pH dependence of AEIl follows a characteristic
pattern. The anion exchange rate increases up to pH 7,
then reached a plateau in the pH range 7—11 and shows
a sharp decrease [101]. In contrast, AE2 and AE3
expressed in HEK?293 cells or in Xenopus oocytes ex-
hibit a pH regulation within a more physiological range
of pH (pH 7-9) [88, 102]. Using chimeric and truncated
AE expressed in oocytes, Zhang et al. [102] proposed
that the pH sensor resides in a transmembrane domain
of AE2 whose affinity for protons is regulated by a
domain located between amino acids 99 and 510 in the
N-terminal domain of AE2. Using site-directed mutage-
nesis, Miiller-Berger et al. found that a hydrogen bond
between histidine 752 and glutamate 699 is essential in
the pH dependence of AEl below pH 8.3 [103, 104].
The role of glutamate 699 in the sensitivity of AE to
protonation was confirmed for both AEl and AE2
[105].

Neurohormonal regulation of the AE proteins

Many agonists activate the Cl~/HCO; exchanger in
various cell types. Ganz et al. [106] observed in mesan-
gial cells that vasopressin activates Cl—/HCO; ex-
change. Prostaglandin facilitates C1 - /HCO; exchange
in amphibian oxynticopeptic cells [107]. The cAMP-
dependent pathway has often been involved in the regu-
lation of AE activity. A cell-permeant cAMP analog
dibutyryl cAMP and forskolin activate the C1~ /HCO;
exchanger in renal epithelial cells [108]. In hepatocytes,
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glucagon that increases intracellular cCAMP accelerates
anionic exchange [109]. We also observed in cardiac
cells that f-adrenergic stimulation and in turn an in-
crease in cAMP accelerate the rate of C1- /HCO; ex-
change [110].

Besides PKA, other signal transduction pathways regu-
late the activity of AE. We found in 1991 that the
purinergic agonist stimulates the Cl - /HCO;  exchanger
in cardiac cells. The DIDS-sensitive stimulation of the
Cl—/HCO; exchanger leads to a cytosolic acidification
up to 0.4 unit pH [111]. The purinergic agonist ATP has
been more recently reported to activate the Cl~ /HCO;~
exchanger in osteoclasts [112] and in neurons [113].
These data prompted us to investigate which isoform
mediates the purinergic activation of the Cl—/HCO;
exchanger and the signal transduction pathway that
underlies the activation of the anionic exchanger.

The purinergic activation of AE is observed in cells in
which AE3 expression was blocked by antisense
oligonucleotide but not in cells microinjected with neu-
tralizing anti-AE1 [92] antibodies. Erythroid AE1 fea-
tures several potential tyrosine phosphorylation sites
[114, 115] and has been shown to be an in vitro sub-
strate for several tyrosine kinases, including Src, Abl,
the EGF receptor, Syk [116] and ZAP-70 [117]. ATP
stimulation of cardiomyocytes also induces tyrosine
phosphorylation of AEl. The purinergic agonist in-
creases the activity of the tyrosine kinases pp60°* (Src)
and pp59F¥® (Fyn) and induces association of both Fyn
and FAK (focal adhesion kinase) with AE1. Inhibition
of Src-family kinases in vivo by genistein, herbimycin A
or ST638 prevents purinergic activation of AEl. Mi-
croinjection of either anti-Cst.l antibody or recombi-
nant CSK, both of which prevent activation of
Src-family kinases, significantly decreases ATP-induced
activation of AE. Microinjection of an anti-FAK anti-
body as well as expression in cardiomyocytes of Phe397
FAK dominant-negative mutant also prevents puriner-
gic activation of AE. We have thus proposed that
ATP-induced phosphorylation of FAK leads to recruit-
ment of Fyn close to the AEI protein and that phos-
phorylation of the AE protein by Fyn accelerates its
rate of ionic transport [92]. Tyrosine kinases turn out to
be major regulators of AE activity in numerous cell
types.

The role of PKC in regulating AE proteins has not been
extensively studied. It is still a much more controversial
issue than the participation of tyrosine kinase in AE
regulation. In vero cells, the phorbol ester TPA acti-
vates the Cl-/HCO; exchanger [118]. Although an-
giotensin Il-induced increase in AE activity was
reported to be mediated by PKC in cardiac papillary
muscle [119], we did not observe any effects of phorbol
ester on the activity of the anionic exchanger in isolated
ventricular cells (M. Puceat, unpublished data).
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Na *-dependent bicarbonate transporters

Several Na*-HCO; transporters have been identified
in most cell types. They mediate both a cell influx and a
cell efflux of HCO;™ ions. They are thus either alkaliniz-
ing or acidifying transporters. In 1990, Liu et al. [120]
identified in embryonic chicken heart cells an Na " -de-
pendent C1—/HCO; exchanger. This electroneutral ex-
changer extrudes Cl- and H* in exchange for Na™*
and HCOj; ions and thus regulates pH after an acid
load. Such an exchanger has also been described in the
kidney [121].

Besides this exchanger, Na™-HCO; cotransporters
have been shown to play an important role in pH;
regulation of various tissues [121-125]. These trans-
porters belong to a broad family of Na-bicarbonate
cotransporters (NBCs). Functional studies support the
existence of NBCs that work in both directions; Na ™
and HCOj; ions are extruded from the proximal tubule
of kidney in which the NBCs play a major role in the
filtering of HCO; ions. Using an expression cloning
strategy, the kidney NBC was the first NBC cloned
from a kidney salamander complementary DNA
(cDNA) library and named NBC3 because of its sto-
chiometry [126]. This DIDS-sensitive cotransport car-
ries 1 Na* and 3 HCOj; ions out of the cell and is thus
the most electrogenic transporter known. The sequence
of NBC3 predicts a protein of 1035 amino acids featur-
ing 10 transmembrane domains (fig. 5). It is highly
expressed in kidney, and the 4.2-kb mRNA transcript
was also found in bladder, intestine, eye and brain. The
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brain and eye transcripts suggest that it may be the
cotransporter found in retinal glial cells [127-129].
Other proteins related to NBC with stochiometry Na*:
HCO; 1:2 are likely to be expressed in glial [130],
hepatic [131], colon [124] and pancreatic cells [132].
Romero et al. recently cloned from a rat cortex kidney
cDNA library a mammalian homolog of NBC3 named
rNBC [133]. rfNBC encodes a protein of 1035 amino
acids with a predicted molecular mass of 116 kDa. This
N-glycosylated protein mediates an efflux of both Na*
and HCOj; ions. It has one PKA and tyrosine kinase
and several PKC and casein kinase II phosphorylation
sites, suggesting numerous ways of regulation. Like
NBC3, rNBC has a poor homology with the AE family
(30% identity in the amino acid sequence). Northern
blot analysis of RNA from various tissues reveals that
the 7.5-kb rNBC transcript is strongly detected in kid-
ney, brain and liver; a weak signal appears in lung and
heart.

A novel member of the NBC family that carries Na ™
and HCOj; ions into the cell was cloned from a human
kidney cDNA library called NBC1 [134]. The electro-
genic transporter is unable to work in the efflux mode.
The 7.6-kb cDNA predicts a 116-kDa protein with 1035
amino acids. NBCI has 29% homology with AE3. Ex-
pressed in HEK 293 cells, NBCI facilitates the recovery
of pH; from an acid load in the presence of amiloride.
The Na*-HCO; cotransport can function as an Na " -
OH ~ cotransport at high external pH; the physiological
significance of this cotransport may be found in the

membrane

Figure 5. Structure of an Na*-HCOj; cotransporter: NBC3. TK, tyrosine kinase phosphorylation site; PKC, protein kinase C
phosphorylation site; PKA, protein kinase A phosphorylation site. (Modified from [137].)
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colon. NBCl is inhibited by 300 pM DIDS and 200 pM
harmaline [135].

A rat kidney NBC1 cDNA with a high homology with
human NBCI1 also strongly expressed in brain and
colon was recently reported by the same group [136] but
turns out to be identical to rNBC [137].

A pancreatic NBC 7.7-kb cDNA was recently cloned by
searching the human expressed sequence tag database
[138]. The gene encodes a 1079-amino acid polypeptide
that mediates an uptake of Na* and HCO;™ ions when
expressed in oocytes. The gene is localized to chromo-
some 4, position 4q21. The mRNA was predominantly
found in both acini and ductal cells of pancreas with
less expression in kidney, brain, liver, prostate, colon,
stomach, thyroid and spinal chord.

A major difference in regard to the NBCs between the
kidney and the other tissues is the direction of the ionic
transport. Both ionic composition of intracellular and
extracellular media and cell membrane potential may
explain this difference. Alternatively, different isoforms
of NBC may mediate influx or efflux of Na™ together
with HCO; ions. In this regard, a functional Na™*-
HCO; cotransporter that transports the ions into the
cell was also found in cardiomyocytes. Lagadic Goss-
mann et al. [139] did not find any evidence about
electrogenicity of this cotransport and thus proposed a
stochiometry of 1 Na*:1 HCO; . An electrogenic in-
ward-directed Na*- HCO; cotransport activated by
membrane depolarization was observed in heart [140,
141].

Neurohormonal regulation of the NBC proteins

As expected from the presence in the NBC proteins of
many protein kinases consensus sites, the activity of the
Na+-HCO; cotransporters is regulated by neurohor-
mones. Arginine vasopressin activates the cotransport
in mesangial cells [106]; the signaling pathways underly-
ing this effect have not been sought. Functional studies
have shown in kidney an inhibition of Na*-HCO;
cotransport by PKC and PKA [142]. A f-adrenergic
agonist that increases intracellular cAMP also decreases
the activity of the Na*-HCO; -cotransport in cardiac
cells [143]. Terzic et al. found that both an «,-adrenergic
agonist and the purinergic agonist that activate PKC
stimulate an amiloride-insensitive and bicarbonate-de-
pendent alkalinizing transporter in rat cardiac cells
[144]. The role of PKC or other kinases has not been
further investigated. In the same cell type, Kohout and
Rogers [145] observed a stimulation of the Na+-HCO;~
cotransport by angiotensin II. This effect was mimicked
by arachidonic acid. Staurosporine, a PKC inhibitor,
prevented both arachidonic acid and angiotensin II
stimulatory effect on the Na*-HCO; cotransport. In
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contrast to data obtained in kidney, PKC activates the
cotransport in cardiac cells. The cardiac Na*-HCO;
cotransporter has not been cloned. An isoform different
from NBC1 or NBC3 may explain a differential protein
kinase regulation. In contrast to kidney cells, cardiomy-
ocytes have an unstable membrane potential. This may
also be of importance for regulation of an electrogenic
Na+-HCO; cotransporter.

pH regulatory ion transporters and pathophysiologies

Numerous pathologies have been associated with muta-
tion or absence of expression of the Band3 protein
[146—150]. A few of them lead to changes in anionic
exchange activity. Inaba et al. [151] reported a defective
Cl-/HCOj; exchange in a bovine anemia associated
with a lack of erythroid Band3. A familial distal renal
tubular acidosis associated with a mutation of the kid-
ney AEIl protein has recently been well documented.
The mutation of Arginine 589 located in the C-terminal
domain of kAEI results in systemic metabolic acidosis
due to failure of appropriate proton secretion in the
distal nephron. Arginine 589 is replaced by a histidine
or a cysteine. A mutation of Serine 613 to a phenylala-
nine was also found in two families [152]. The erythro-
cytes of patients carrying the arginine mutation show a
20% decrease in ion exchange. Expression of mutated
kAE]1 in oocytes also results in 20% to 50% decrease in
Cl-/HCO; exchange [153]. The Serine mutation in-
creases sulphate but not iodide transport of red cells
[152].

NHE proteins have also been involved in the pathogen-
esis of diseases. Microvillus inclusion disease is a con-
genital disorder characterized by secretory diarrhea.
The patients with this disease have defects in apical but
not basolateral duodenal membrane transport systems.
This defect is at the origin of the disease [154]. That
NHE is an important mediator of ischemic-reperfusion
injury of the heart is more and more evident. During
ischemia, the cardiac cell acidifies, activating in turn the
Na*/H™* antiport. This leads to a cellular Na* load.
During reperfusion, the Na* /Ca®* exchanger is turned
on, inducing Ca’?* overload and cell damage [153].
Inhibitors of NHE activity turn out to be potential
beneficial drugs for the prevention of ischemic-reperfu-
sion injury [156].

Cox et al. [157] found a spontaneous mutation of the
NHEI]1 protein in mouse. These mice that are NHE1-
deficient show a neurological syndrome that includes
ataxia and a unique epilepsy phenotype (slow wave
epilepsy). Selective neuronal death was observed in
brain of the mutant. The lack of NHE1 was not com-
pensated for by expression of another NHE isoform.
Surprisingly, besides brain, the function other organs



CMLS, Cell. Mol. Life Sci. Vol. 55, 1999

also missing NHE1 appear not to be affected. We have
investigated the expression of the AE isoforms in the
brain and heart of the mutant mice but did not find any
change when compared with wild-type mice. We are in
the process of looking at pH regulation in cardiac cells
isolated from these mice (M. Pucéat, unpublished data).

Conclusions

In the last decade, many pH regulatory ion transporters
have been cloned and sequenced. The structure and
topology of these ion exchangers, cotransporters or
antiports has yielded much information about the pH
regulatory role and neurohormonal regulation of these
proteins. More isoforms of NHE and AE proteins re-
mains to be discovered. Undoubtedly, many NBC
members are still unkown. Substantial progress is ex-
pected to be made in the near future to identify all these
membrane proteins.

The intracellular localization of NHE, AE and NBC
proteins is still poorly documented. NHE1 expressed in
PS120 cells colocalized with vinculin, actin and F-actin,
components of the focal adhesion when the cells were
attached [158]. AE1 protein is linked to ankyrin in the
red cell and is associated with costameres in cardiac
cells, a structure similar to focal adhesions [84]. Cardiac
AEl is coimmunoprecipitated with FAK [92]. Besides
the plasma membrane, NHE, AE and NBC proteins are
likely to be localized to the nuclear membrane, Golgi
apparatus or mitochondria. Using GFP-fusion proteins,
we should learn more in the future about the sorting
and targeting of pH regulatory ion transporters. The
use of pH-sensitive targeted GFP proteins should
provide us with new concepts of intracellular pH regula-
tion that depend not only on exchange of H* across
the plasma membrane but also across the membrane of
organelles. Similarly to Ca®>* microdomains [159], a
concept of H* microenvironments close to the pH
regulatory ion exchanger or around the intracellular
compartments needs to be elaborated. Finally, as briefly
discussed above, pathologies associated with NHE, AE
or NBC mutations must be sought.
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