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Introduction

Na*/H™* exchangers or antiporters are plasma mem-
brane transport proteins, which in eukaryotes ex-
change extracellular Na* for intracellular H* with a
stoichiometry of 1: 1[31, 56]. Inintact cells, Nat en-
tersdownthe Na-K-ATPase generated electrochemi-
cal Na* gradient. All eukaryotic cells studied have
plasma membrane Na®/H™* exchangers, including
yeast, Caenorhabditis elegans and crustaceans [1,
37, 49]. Prokaryotes have functionally similar
Na*/H™* exchanger proteins whichregulate the intra-
cellular Na* ion concentration and pH [38, 60]. In
contrast to eukaryotic Na*/H* exchangers, pro-
karyotic Na*/H* exchangers are electrogenic, ex-
changing two intracellular Na™* for 1 H*; usually uti-
lizing the intracellular H* ion electromotive force.

In eukaryotic cells, the plasma membrane
Na*/H* exchangers have multiple functions, in-
cluding pH homeostasis, volume regulation, cell
proliferation, and transcellular Na* absorption [re-
viewed in 31]. In no cell is it the only mechanism
for any one of these functions. For instance, multiple
mechanisms of pH homeostasis are present in most
eukaryotic cells including a C1-/HCO; exchanger,
a NaHCO; co-transporter, a Na™-dependent
ClI7/HCOj3 exchanger and multiple mechanisms of
H™ extrusion [reviewed in 41], including the H-K-
ATPase pump.

In this review, we will focus on recent advances
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in identification and in understanding the structure/
function relationships and regulation of the mamma-
lian Na*/H™* exchanger gene family. The existence
of multiple isoforms of mammalian Na*/H"* ex-
changers had been predicted on the basis of: (i)
While all Na*/H* exchangers are inhibited by the
diuretic amiloride, they have widely different sensi-
tivities to inhibition by amiloride from cell type to
cell type and even between Na*/H™ exchangers on
different plasma membrane domains (apical vs. ba-
solateral in polarized epithelial cells) in the same
cell. This has been recently reviewed by Clark and
Limbird [16]. (ii) Protein kinases have different ef-
fects in regulating Na*/H™ exchangers depending
not only on cell type, but also on different plasma
membrane domains in the same cell [2, 16, 18, 20,
21, 35, 79]. With regard to the latter, Table 1 summa-
rizes the effects of hormones, growth factors and
protein kinases on intestinal and renal epithelial cells
in which Na*/H* exchangers are found on apical
and/or basolateral surfaces. In most cases, apical
membrane Na*/H* exchangers are inhibited by C
kinase [16], which stimulates the basolateral mem-
brane Na*/H™* exchanger; cAMP inhibits both api-
cal and basolateral membrane Na*/H™* exchangers.
However, there are multiple exceptions to these gen-
eralizations. (iii) While it has been documented that
regulation of Na*/H™* exchangers can occur by a
mechanism that shifts the pK value for the intracellu-
lar H* of the exchangers, protein kinase regulation
of some Na*/H* exchanger isoforms involves a
mechanism that changes the V,_,, of Na*/H* ex-
change. Such a change in V,,, may or may not be
accompanied by a change in pH dependence of intra-
cellular H* [35, 48, 51, 66, 76]. (iv) Na*/H™* ex-
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Table 1. Short-term kinase regulation of apical and basolateral Na*/H* exchange in cultured intestinal or renal cell lines or intact
intestinal or renal tissue

Cells/tissues Apical Na*/H* Regulators Basolateral Na*/H* Regulators
exchangers exchangers
Hormones/growth Protein kinase Hormones/growth Protein kinase
factors factors
LLC-PK/PE20 Yes Calcitonin | A-Kinase l Yes 8-Br-cAMP ¢ A-Kinase |
[11-13] Vasopressin | C-Kinase l Forskolin l C-Kinase 1
Phorbol Ester 1 Phorbol Ester 1
Forskolin i Vasopressin 1
8-Br-cAMP {
A6 Cells [10] No Yes Vasopressin l A-Kinase |
Phorbol Ester | C-Kinase |
Forskolin |
OK Cells [35, 53] Yes PTH } A-Kinase } No
Ca?* ? C-Kinase b
Forskolin l
8-Br-cAMP |
Phorbo! Ester |
MCT Cells [54] Yes PTH | A-Kinase 1 Yes PTH 1
Forskolin } C-Kinase 1 Phorbol Ester 1 A-Kinase |
8-Br-cAMP | 8-Br-cAMP A C-Kinase ¢
Phorbol Ester l
RKPC-2 Cells [55] Yes PTH ) A-Kinase | Yes PTH N A-Kinase |
8-Br-cAMP ! C-Kinase 4 Phorbol Ester 1 C-Kipase 1
Phorbol Ester 1
Caco-2 Cells [79] No Yes Phorbol Ester 0
Forskolin 0
8-Br-cAMP 0
Rabbit Kidney Yes 8-Br-cAMP | A-Kinase | Yes
34, 53, 81-831 Phorbol Ester 1 C-Kinase 1
Rabbit Small Intestine Yes Ca?* /Calmodulin | A-Kinase | Yes Serotonin ?
[17, 22-24, 58] Phorbo] Ester | C-Kinase |
Carbachol | CaM-Kinase |
EGF 1 Tyrosine Kinase 1
Rat Small Intestine or Yes EGF 1
Colon [22, 64] cAMP !
Caz+ l

changers have been shown to have multiple physio-
logic roles, making it difficult to understand how a
single transport protein could carry out so many
functions. (v) By genomic Southern blot analysis,
we demonstrated that the housekeeping Na*/H*
exchanger (NHE1) cDNA can hybridize to other
closely related but not identical genes under low
stringency hybridization and washing conditions
{751.

Identification of Na*/H* Exchanger Gene Family

Molecular identification of the mammalian Na*/H™*
exchanger was pioneered by Pouyssegur, Sardet and
co-workers who used genetic complementation [67,
69] with fibroblast cell lines that they had selected to
lack all endogenous Na*/H* exchangers (the Chi-
nese hamster lung fibroblast derived cell line PS120
and the mouse fibroblast derived cell line LAPI [29,
617). Since then additional members of this gene fam-
ily have been identified, including an isoform that ap-

pears to be predominantly expressed in epithelial tis-
sues [74] and an isoform expressed only in intestine,
kidney, and stomach [59, 73]. Because there is no in-
formation concerning the total number of members
of this gene family, we have named them in order of
their molecular identification as NHE1 (standing for
Na*/H* exchanger), NHE2, etc. NHEI is the iso-
form cloned initially by Pouyssegur et al. [69]; NHE2
is an isoform expressed predominantly in epithelia
[74]; and NHES3 is the isoform expressed only in a
subset of epithelia [59, 72]. The cloning, sequencing,
and expression of several members of this gene family
have been accomplished.

Existence of a gene family of mammalian
Na*/H"' exchangers was demonstrated by our
group and by Orlowski and Shull by cloning—to
date, four mammalian isoform Na*/H™" exchangers
(NHE1, NHE2, NHE3 and NHE4) have been
cloned and sequenced [59, 69,72, 74]. NHE1, NHE2
and NHES3, [69, 72, 74] but as yet not NHE4, have
been shown to function as Na*/H?* exchangers
based on functional complementation in PS120 fi-
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broblasts. Since NHE4 is structurally related, it will
be discussed as if it were a Na*/H* exchanger,
although without having identified function this can-
not be certain. Although NHE1, NHE2 and NHE3
are all inhibited by amiloride and 5'-amino substi-
tuted analogues, they exhibit a wide range of sensi-
tivities to these drugs [16]. Additional members of
the mammalian gene family almost certainly remain
to be identified. At the least, these include a hippo-
campal isoform which is totally amiloride resistant
[63], and perhaps some renal/intestinal forms. For
instance, the OK (Opossum Kidney) cell line has a
brush border Nat/H™* exchanger but appears not to
have message for NHE1, NHE2 or NHE3 ([52]; J.
Pouyssegur, H. Murer unpublished).

NHESs ARE INDEPENDENT GENE PrRODUCTS

NHE:s are separate gene products as predicted from
their primary structure, with differences being pres-
ent throughout the entire amino acid sequence.
There are as yet no examples of alternately spliced
Nat/H* exchanger isoforms. NHE1 and NHE3
have been mapped to separate chromosomes. NHE1
has been localized to human chromosome 1
p35-p36.1 by in situ hybridization of the NHEI1
¢DNA [50]. Genetic polymorphisms to restriction
enzymes Taql and Mspl yielded 2 alleles for each
enzyme with an observed heterozygosity of 47%
each in unrelated individuals [50]. The NHE3 gene
has been physically mapped to the distal portion of
chromosome 5p 15.3 [9]. Probing EcoR1 digested
human genomic DNAs detected three polymorphic
sites containing a total of nine alleles. The observed
heterozygosity for the NHE3 locus in unrelated indi-
viduals was 71%. Genetic mapping placed human
NHE3 at chromosome 5p15.3, making NHE3 the
most telomeric gene yet identified on this chromo-
some [9].

Tissue Distribution of Na*/H* Exchanger
Message and Protein

Based on Northern analysis and ribonuclease pro-
tection assays, NHE1 message is present in nearly
all mammalian cells. The only mammalian cells stud-
ied in which NHE1 message was not identified are
the OK renal proximal tubule cell line and rat proxi-
mal tubule cortical segments S, and S, [42]. All of
these cells are known to lack basolateral Na*/H*
exchangers.

NHE2, NHE3 and NHE4 are more restricted
in message distribution. NHE2 message is present
in kidney, intestine, adrenal gland and much less in
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trachea and skeletal muscle [74] (Fig. 1). The mes-
sage is most expressed in the kidney medulla exceed-
ing that in the kidney cortex. In the gastrointestinal
tract the ascending colon has the most message fol-
lowed by jejunum > ileum > duodenum > descend-
ing colon.

In rabbit, NHE3 message is found exclusively
in kidney, intestine, and stomach [72] (Fig. 1). The
most message is present in the kidney cortex, ex-
ceeding the medulla. The area of second-most mes-
sage is the rabbit ascending colon which is approxi-
mately equal to the ileum > the jejunum. NHE3
message is not present in the duodenum or descend-
ing colon. Orlowski characterized NHE3 message
in rat [59] and found it was most present in the
proximal colon exceeding the proximal small intes-
tine = cecum = distal colon > kidney > stomach
> duodenum > heart and brain. NHE3 message
distribution is found in tissues that have neutral
NaCl absorption, which is present in rat distal colon
but is absent from rabbit descending colon [reviewed
in 22].

NHE4 message is present in largest amount in
the rat stomach (maximum gastric antrum) > proxi-
mal small intestine = cecum = proximal colon with
much smaller amounts in the uterus, brain, kidney,
and skeletal muscle [59].

At the protein level, an antibody has only been
used to localize NHE1. NHEI is found in plasma
membrane of fibroblasts. In the rabbit ileum it is
restricted to the basolateral membrane of both the
villus epithelial cell and the crypt epithelial cell, but
appears to be diffusely present in the plasma mem-
brane of goblet celis [75]. In addition, it is restricted
to the basolateral membrane of the Cl~ secretory
human colon cancer cell line, Caco-2 [79]. It appears
to be restricted to the basolateral membrane of the
porcine renal epithelial cell line, LLC-PK1 as well
[65]. In rabbit kidney, NHEI1 is on the basolateral
membrane of proximal tubule cells, distal convo-
luted tubules, thick ascending limb, and the collect-
ing duct but is absent from glomeruli, and the thin
descending loop of Henle [6].

Na*/H* Exchanger Gene Family—Structure

TorPoLOGY OF THE MAMMALIAN NHE
GENE FAMILY

The primary structure (amino acids) and secondary
structure (hydrophobicity profile) of all four identi-
fied mammalian Na*/H* exchanger gene family
members are similar (Fig. 2). All isoforms appear
to consist of a single type of subunit based on
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N - Terminus

Membrane spanning domains
glycosylation

amiloride binding

Nat/H* transport

Internal H+ modifier site

NHE-1: 815-820
NHE-2: 809
NHE-3: 831, 832
NHE-4: 717

amino acids

complementation of Na*/H™" exchange activity by
a single cDNA in an exchanger deficient cell [59,
69, 72, 74]. At least NHEI appears to exist as a
dimer structurally [26, 78] and dimerization might
require disulfide linkage. It is not yet known
whether the functional unit of NHET1 is a monomer
or an oligomer. NHE1 has been cloned from hu-
man, rabbit, rat, pig (LLC-PK1 cells) and hamster
({19, 27, 36, 59, 65, 69, 71] and D. Pearse, personal
communication); and contains 815-820 amino acids
(species variation). NHE2 has been cloned from
rabbit and has 809 amino acids [74]. NHE3 has
been cloned from rat and rabbit and has 831 and
832 amino acids, respectively [59, 62]. NHE4 has
been cloned from rat and has 717 amino acids
[57]1. The corresponding predicted sizes of NHETI,
2 and 3 based on amino acid composition as
predicted from cDNAs without considering glyco-
sylation are ~91, ~91, and ~93 kD, respectively,
while the predicted size of NHE4 is ~81 kD,
Figure 2 shows the predicted NHE topology.
The molecule has two parts: an approximately 500
amino acid N-terminus and an approximately 300
amino acid C-terminus. As discussed below, these

C - Terminus

Protein kinase consensus sequences
Regulation of Na*/H* exchange rate

Fig. 2. Topology predicted from
hydrophobicity analysis of gene family of
mammalian Na*/H™* exchangers plus that
determined by biochemical studies.

two domains are involved in different functional as-
pects of Na*/H* exchange. Hydropathy analysis
using the method of Engelman et al. [25] or Kyte
and Doolittle [43] suggests that the N-terminus is
made up of 10 or 12 membrane spanning «-helices,
respectively, and contains five extracellular hydro-
philic loops (Fig. 2). Antibody studies indicate that
the C-terminus for NHEL! is intracellular [69], based
on the requirement for membrane permeabilization
to visualize the epitope.

The most highly conserved portions of the mole-
cule among the identified isoforms are the membrane
spanning domains (Figs. 2, 4); and of these, mem-
brane spanning domains SA and 5B are the most
conserved. Each protein is predicted to contain a
signal peptide sequence at the N-terminus and the
first membrane spanning domain may be cleaved off
in the intact protein [28]. A single putative N-linked
glycosylation consensus sequence is present in ex-
tracytoplasmic loop D in all isoforms [59, 69, 72,
74]. There are other putative N-linked glycosylation
consensus sequences present in some isoforms
which are not conserved, including one in the first
extracytoplasmic loop in NHE1 [69]. The areas least
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Fig. 3. Relationship among members of the eukaryotic Nat/H*
exchanger gene family cloned to date based on amino acid identity
using PC gene subprogram Clustal dendogram (R, rabbit; B, trout
red blood cell; rat, rat).

related among the Na*/H™* exchanger isoforms, in-
clude: (i) the first membrane spanning domain and
extracellular loop A; and (ii) the intracytoplasmic
C-terminal domain. There is even less relationship
among the isoforms as the C-terminus is ap-
proached. The C-terminus for all isoforms contains
multiple putative protein kinase consensus se-
quences. The individual putative protein kinase con-
sensus sequences in the C-terminus are extremely
variable among members of the gene family.

Based on comparison of the amino acid makeup
of the individual NHE gene family members, NHE3
is the isoform which is most different from the others
(Fig. 3). NHE2 and NHE4 most resemble each
other. NHEI1 is remarkably conserved across multi-
ple species (human, rabbit, rat, hamster and pig),
having at least 90% amino acid identity.

NHE1 Is a Glycosylated Protein

Deglycosylation by neuraminidase and endoglycos-
idase F but not endoglycosidase H reduced the
size of NHE1 from Mr 110,000 to 90,000 [65].
Thus NHEL is N-glycosylated. NHE1 has two
putative N-linked glycosylation consensus se-
quences in extracytoplasmic loops A and D [67].
It is not known whether both sites are glycosylated
or whether glycosylation always is restricted to
one and not the other. The functional consequences
of deglycosylation of NHEI are not yet described,
although similar deglycosylation of rat renal brush
border membranes with endoglycosidase F reduced
the V., of the Na*/H* exchanger without causing
a change in the apparent K, Na* [86]. It is assumed
but not yet demonstrated that NHE2, NHE3 and
NHE4 are glycosylated.
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PHYLOGENETIC RELATIONSHIPS
ofF EukaryoTtic NHEs

No detailed phylogenetic studies of Nat/H™ ex-
changershavebeen carried out. Inadditionto the four
mammalian isoforms, Na®/H™* exchanger proteins
have been identified at a molecular level in Esche-
richia coli[38,60],the worm C. elegans [49], the yeast
Schizosaccharomyces pombe [37], the trout [7], and
multiple mammalian species including, to date, hu-
man, rat, rabbit, hamster and pig (19, 27, 59, 65, 71].
The E. coli Na*/H* exchanger physiologically acts
to remove intracellular Na* in exchange for external
H™ using an intracellular alkaline pH gradient as the
driving force. At least two E. coli exchangers have
been identified [38, 60]. Neither appears to have sig-
nificant homology with the eukaryotic Na*/H™* ex-
changers at an amino acid level. They have 10-12 pu-
tative membrane spanning domains but a very short
C-terminal domain and carry out electrogenic ex-
change of Na* and H*. The identified yeast Na*/H™*
exchanger has 12 putative membrane spanning do-
mains, with four of the putative membrane domains
having between 27 and 37% identity with the cloned
mammalian exchangers (the most related portions of
the molecule are the membrane spanning domains, 2,
5A, 5B and 10). The yeast exchanger also has some
limited amiloride sensitivity. The yeast exchanger,
however, does not have a long C-terminal domain as
occurs inthe mammalian exchangers. The C. elegans
exchanger is much more closely related to mamma-
lian Na*/H* exchangers in the partial clones so far
obtained (Figs. 3, 4), having a similar hydrophobicity
profile, 52% amino acid identity predominantly in the
membrane spanning domains, and a cytoplasmic 220
amino acid C-terminus which contains several puta-
tive protein kinase consensus sequences. Thus,
whereas the E. coli Na*/H* exchangers do not ap-
pear to be related to the eukaryotic isoforms, the
yeast Na®/H* exchanger is related, although in a
more primitive way, having some similarity in the
transmembrane domains, while the C. elegans ex-
changer is a clearly related predecessor. Trout red
blood cell Na*/H* exchanger has been cloned and
shown to be closely related to NHE1 (it is also called
B-NHE1 because of this similarity), but has differ-
ences in the C-terminus which allow cAMP to regu-
late its transport rate when expressed in PS120 cells

[71.
Functional Studies
All cloned isoform Na*/H™* exchangers functionally

evaluated when expressed in fibroblasts (NHEI,
NHE?2 and NHE3) demonstrate an intracellular H*
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Fig. 4. Deduced amino acid composition and alignment of amino acid sequences of several members of the eukaryotic Na®/H"*
exchanger gene family. (*) Indicates identically conserved residues among the sequences shown. Residues that are conserved in five
of the isoforms shown are indicated by a dot (-). Sequences shown are rabbit NHE1 (RNHEI, ref 75), rabbit NHE2 (RNHE2, ref
74), rabbit NHE3 (RNHES3, ref 73), rat NHE4 (RATNHEA4, ref 59), trout red blood cell BNHE (BHNE, ref 7), and Na*/H* exchanger
from C. elegans (CELEGAN, ref 49). Note that the entire N-terminus of C. elegans has not been cloned.

modifier site, are regulated by growth factors and
protein kinases, and are inhibited by the diuretic
amiloride. Differences as well as similarities in regu-
lation have been identified.

KINETECS

NHEI1, NHE2, and NHE3 have been studied when
stably transfected [47, 67, 73,75, 77]. The expression
system used for these functional studies has primar-
ily been the PS120 fibroblast cell line. The cloned
exchangers show similar kinetic characteristics
when undergoing Na*-dependent pH recovery fol-
lowing an acid load [3, 8], although the exchangers
differ in their response to growth factors and phorbol
esters. For all three expressed exchangers, Na*/H*
exchange [46] is entirely inhibited by amiloride and/
or 5’-amino substituted amiloride analogues. The
kinetics for external Na* follows a classical Michae-
lis-Menten model with a KN*" ~ 16 mm and with a
Hill coefficient of 1, suggesting that there is a single
binding site for external Na* [46].

The kinetics with respect to internal H* are also
similar for the three exchangers with all three deviat-
ing from the hyperbolic response expected with Mi-
chaelis-Menten kinetics and all having a Hill coeffi-
cient of between 2-3 [46]. The data describing the
effect of intracellular H* best fit an allosteric model

with at least two independent binding sites for H*
[46]. In addition to the internal H* transport site,
there is thought to be an internal modifier site for
intracellular H*, which can regulate the activity of
the exchanger [3]. This modifier site is located in
the N-terminal domain as its effects are still seen in
truncated antiporters in which almost the entire C-
terminal cytoplasmic domain has been deleted (this
has been determined for NHE1, NHE2, and NHE3)
([77]1; S. Levine, C. Yun, M. Donowitz, M. Tse,
unpublished data). Of note is that this contradicts
some plasma membrane vesicle transport studies
which claimed that several intestinal Nat/H™ ex-
changers lacked an internal modifier site, based on
the demonstration of a nonallosteric, Michaelis-
Menten relationship between internal H* and rate
of Na*/H™ exchange in colonic brush border and
ileal brush border and basolateral membranes {39,
62]. While these results may predict the presence
of additional epithelial specific NHE isoforms, they
also may represent an artifact of either the method
of preparing the vesicles or be due to the difficulty
of performing vesicle studies with a sufficient num-
ber of intracellular pHs to adequately define the rela-
tionship between pH and rate of Na™/H* exchange.
Of note is that a modifier site was not demonstrated
in rabbit ileal basolateral membranes which are
known to contain NHEI [39]. This supports the dif-
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ficulty of demonstrating a modifier site using vesi-
cles; and a modifier site has been demonstrated with
slightly different techniques in human small intesti-
nal apical membranes (K. Ramaswamy, privileged
communication,).

FUNCTIONAL DoMaINS: ROLE OF THE N-
TERMINAL DOMAIN AND C-TERMINAL
CyToprLASMIC DOMAIN

To obtain insight into molecular mechanisms of sec-
ond messenger regulation of the Na*/H* ex-
changer, Wakabayashi et al. [77] constructed a set
of deletions within the cytoplasmic carboxyl-termi-
nus of human NHEI and stably expressed the trun-
cated cDNAs in PS120 fibroblasts. A number of con-
clusions can be drawn from their studies: (i) almost
complete deletion of the C-terminus (approximately
15 amino acids from the end of the putative last
membrane spanning domain) retains amiloride-sen-
sitive Na™/H™ exchange activity, indicating that the
cytoplasmic domain is not essential for ion transport
and that the N-terminal portion can be inserted into
the plasma membrane and carry out transport. How-
ever, this truncation transported at a much slower
rate than did the wild type exchangers. Not yet
known is the relative amount of each exchanger ex-
pressed in the plasma membrane. (ii) The H* mod-
ifier site must be located within the N-terminal do-
main since the allosteric activation of the exchanger
by internal H* is preserved after almost complete
removal of the cytoplasmic C-terminus. Of note, the
truncated NHET is turned off at a lower pH than is
the wild type indicating a change in set point of the
exchanger. (iii) Presence of a negative element that
“downregulates” the exchanger at the C-terminal
portion of the long intracytoplasmic-end is sug-
gested. The latter is based on the observation that
a small C-terminal deletion of NHE1 (removing the
last 117 amino acids) exhibited higher activity than
the wild type, whereas further deletions led to a
decrease in activity. However, these measurements
were done using transiently transfected cells and
activity was normalized to the expression of a re-
porter gene and not to the amount of Na*/H* ex-
changer protein expressed. (iv) In NHE1 the cyto-
plasmic region between amino acid 566 and 635 is
required for second messenger regulation since dele-
tion of this region abolished response to growth fac-
tors, thrombin, and second messengers. There are
eight serines in this region. Deletion of each individ-
ually failed to eliminate C kinase regulation of the
Nat/H* exchange rate. Thus, it is likely that multi-
ple serines are phosphorylated [68].

The separation of the Na*/H* exchanger into
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a part of the molecule which has multiple membrane
spanning domains and a portion of the molecule
which is cytoplasmic is found in another epithelial
neutral ion exchange protein, the Cl-/HCO; ex-
change gene family, which is related to the red blood
cell Band 3 [40]. The anion exchanger gene family
also has a conserved domain which is hydrophobic
and is thought to be the part of the protein involved
in ion movement and a long intracellular domain.
The order is reversed in comparison with the
Na*/H* exchanger gene family-—in the anion ex-
changer, the C-terminus contains the hydrophobic
domains. Of note, it has not yet been established
that the anion exchanger is a phosphoprotein or is
regulated by phosphorylation and thus it is not clear
if there is also a functional analogy with the parts
of the Nat/H™* exchanger.

FuncTioNAL DOMAINS:
AMILORIDE BINDING SITE

The diuretic amiloride and its 5'-amino substituted
analogues are potent inhibitors of the Na*/H* ex-
changer and block the exchanger by competing with
Na* for the external Na* binding site [reviewed in
4]. There are multiple types of data which support
that amiloride binds to the outside of the Na*/H™*
exchanger, including that amiloride inside red blood
cell plasma membrane (ghosts) does not duplicate
the effect of extracellular amiloride [32]. Extracellu-
lar amiloride is a competitive inhibitor of external
Na™ [4]. Amiloride seems to act by binding to the
N-terminal part of the protein. Almost complete re-
moval of the C-terminal 300 amino acids of NHE1
produces a protein, which is amiloride sensitive and
has similar sensitivity to amiloride and a 5'-amino
substituted amiloride analogue compared to the wild
type Nat/H™ exchanger [19, 77]. Of note is that
deglycosylating NHE1 did not alter sensitivity to
methylpropyl amiloride, indicating an independence
of amiloride binding from glycosylation in NHET.
The cloned NHE isoforms have different sensitivi-
ties fo amiloride and its 5’-amino substituted ana-
logues. NHE] is sensitive to amiloride and to 5'-
amino substituted analogues; NHE3 is resistant to
both; while NHE2 is sensitive to amiloride and resis-
tant to 5'-amino substituted analogues.

The first hints of which part of the Na*™/H*
exchanger contains the amiloride binding site impli-
cate the fourth transmembrane helix (Table 2). The
basis for this conclusion is the result of detection of
amiloride-resistant Na®/H* exchanger clones [28];
sequencing their cDNAs [19]; comparing their amino
acid composition and amiloride and methylpro-
pylamiloride sensitivity with those of several
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Table 2. Comparison of amino acid composition of NHE! and NHE2 in the area of the putative
fourth membrane spanning domain which appears to be involved in determining sensitivity of the
Na*/H™* exchanger isoform to amiloride and 5’-amino substituted amiloride.

cDNA Amino acid ICsp (Amiloride) ICs, (MPA) ICy, (EIPA)
sequence “M uM “M

NHE1 VFFLFL 3 0.05

NHE! — VFFFFL 15 1.5

AR300

NHE! — VFFLYL 3 0.05

NHE2

NHE! — VFFEYL 15 1

NHE3

NHE1 — VYFLYL 100 1

NHE4

NHE2 VFFLYL 1 0.5

NHE2 — VFFFFL 10 S

AR300

NHE2 — VFFLEFL 1 0.3

NHE1

NHE2 — VFFFEFYL 4 10

NHE3

Point mutations were made in NHE1 (top) and NHE2 (bottom) to mimic the amino acid composition
in comparable areas in NHEI, 2, 3, 4, and AR300. Underlined amino acids show which amino acid
was mutated in NHE1 or NHE?2 to the amino acid present in the isoform shown at the tip of the arrow.

Na*/H* exchange isoforms which differ in amilor-
ide sensitivity; and construction of point mutations
in the various isoform Na*/H™* exchangers to test
the significance concerning amiloride sensitivity of
several amino acids which are predicted as being
important for amiloride binding [19, 84]. Franchi et
al. [28, 29] used acid exposure in the presence of
amiloride analogues as a selection criterion and suc-
ceeded in selecting two Chinese hamster lung fibro-
blast mutants, AR40 and AR300, that overexpressed
a mutated Na*/H"* exchanger. AR40 and AR300
were 10- and 30-fold less sensitive, respectively, to
the S5'-amino substituted methylpropylamiloride
(MPA) compared to the wild type (NHE1) control,
but only 2-3.5-fold less sensitive to amiloride. Sub-
sequent cloning and transfection of a cDNA coding
the mutant exchanger from AR300 in PS120 cells
expressed a Na*/H™ exchanger with the same lower
affinity to MPA that AR300 had compared to the
wild type [19]. Identification of the mutation in AR40
and AR300 by complementation showed that the
MPA resistance in both was conferred by a single
basepair mutation at the codon for amino acid 167
(amino acid number refers to NHE1), which con-
verted Leu to Phe (Table 2). The difference in AR40
and AR300 was related to gene amplification with
more copies of the mutant gene expressed in AR300
and the fact that AR40 has co-existence of the mu-
tated and wild type alleles [19]. Amino acid 167 is
located in the fourth putative transmembrane helix.

The amino acid residues near Leu 167 are highly
conserved among the Na*/H™ exchanger isoform
gene family (Fig. 4). To further understand the mo-
lecular basis of amiloride resistance among the
known Na*/H™* exchanger isoforms, both the Pou-
yssegur and Donowitz/Tse laboratories introduced
mutational substitutions into either human NHEI
or rabbit NHE2, respectively, to mimic the other
isoforms (19, 84] (Table 2). Using the amino acid
numbering of NHEI1, mutating Leu 167 to Phe in-
creased the K; for MPA/EIPA and amiloride, with
a greater effect on sensitivity to MPA than to amilor-
ide. Also Counillion and Pouyssegur showed that
mutating Phe 165 to Tyr increased the K, for MPA
and amiloride, with a greater effect on sensitivity to
amiloride than to MPA. The ability to affect the
magnitude of the K;s for amiloride or its 5’-amino
substituted analogues suggests that the putative
fourth transmembrane helix is likely to be part of
the amiloride binding domain. In addition, based
on differences in sensitivity to amiloride vs. MPA,
amino acid Leu 167 likely interacts with the 5'-amino
substituted part of amiloride, while the amino acid
Tyr 165 probably interacts with a conserved part of
amiloride, most likely the guanidinium group or the
pyrazine ring [19, 84]. This suggests at least two
attachment points for amiloride in the fourth mem-
brane spanning domain. In addition, failure to repro-
duce amiloride K; values of native Na*/H* ex-
changers by the mutational substitutions,
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particularly in NHE2, suggests the presence of addi-
tional amiloride binding domains elsewhere or addi-
tional parts of the exchanger which affect amiloride
binding. Of interest was the lack of change in
KN" by the point mutations in NHE2 [84]. This
suggested at least a second site of amiloride binding
and/or that Na* and amiloride do not bind at the
identical site, as initially suggested by Pouyssegur
[28].

REGULATION

(1) Short-Term Regulation

Protein kinases regulate the rate of Nat/H* ex-
change, although how that occurs is not yet un-
derstood at a molecular level. In native fibroblasts,
Pouyssegur et al. demonstrated that the Na*/H*
exchanger was stimulated by thrombin and EGF,
with thrombin acting via phosphatidylinositol turn-
over, while EGF acted by affecting tyrosine phos-
phorylation [14, 44-46]. NHEI1 is a phosphoprotein
[67, 68] and the amount of phosphorylation on serine
of the same specific phosphopeptide in NHEIL
changes with exposure to EGF and thrombin in par-
allel with the change in intracellular pH, likely due
to a change in Nat/H™" exchange rate. Also the
phosphatase 1 and 2A inhibitor okadaic acid, which
would be expected to increase phosphorylation on
the assumption that phosphorylation is present un-
der basal conditions, increases phosphorylation of
NHEI1 and increases the basal intracellular pH. It
also adds to the stimulatory effect of EGF and
thrombin [67]. Nonetheless, it is unknown if changes
in the phosphorylation of the Na*/H* exchanger
or in an associated protein lead to changes in the
Na*/H* exchange rate.

Phosphopeptide mapping demonstrated that
NHE1 had changes in phosphorylation in response
to both thrombin and EGF but that these changes
occurred only on serine residues with no tyrosine
phosphorylation identified [67]. This indicated that
an intermediate kinase was involved in EGF regula-
tion. This has been postulated to involve MAP ki-
nase (mitogen activate protein kinase) [67]. In addi-
tion, it has been postulated that NHE1 may be more
directly regulated by a kinase associated with the
exchanger, perhaps similar to the regulation of the
B-adrenergic receptor by a receptor-related kinase
[68, 78].

Concerning mechanisms of regulation, it is hy-
pothesized-that the phosphorylated NHE C-termi-
nus is coupled to the internal H* modifier site and
that phosphorylation is crucial to allow interaction
of the two parts of the exchanger, since depleting
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intracellular ATP alters the H™ modifier site func-
tionally [46, 77].

There are multiple unanswered questions con-
cerning regulation of Na*/H' exchange rate by
phosphorylation including: while nearly all recog-
nized putative protein kinase consensus sequences
are in the C-terminal portion of the NHE, is it only
the C-terminal portion that is phosphorylated? Are
the epithelial isoform NHEs only phosphorylated
on serine or are they also phosphorylated on tyrosine
or threonine? Are the intermediates postulated as
being involved in regulation of NHE1, which in-
cludes MAP kinase, also involved in regulation of
the epithelial isoforms? Does location in the plasma
membrane domain in an epithelial cell change the
mechanism of regulation via phosphorylation? Is a
specific serine residue responsible for regulation by
a specific kinase or is there redundancy in the ser-
ines, as is suggested to occur for regulation of CFTR
by cAMP [5]?

Not all functional changes in Na*/H™ exchange
rate appear to be carried out via phosphorylation.
Specifically, NHE1 involvement in cell swelling fol-
lowing osmotic shrinkage is dependent on ATP, but
is not associated with a change in the amount of
phosphorylation of NHE1 [33]. Thus, Grinstein et
al. proposed dual control mechanisms of NHE1 by
phosphorylation-dependent and phosphorylation-
independent mechanisms [33].

Regulation of the three stably expressed
Na*/H* exchanger isoforms, NHE1, NHE2 and
NHES3, by external signals and second messengers
differs both in mechanism and in direction of regula-
tion. It is thought that second messenger regulation
of NHEI is mediated through reversible phosphory-
lation-dependent coupling of the C-terminal cyto-
plasmic domain with the H™ modifier site [67, 69,
78]1. NHEI activity is stimulated by growth factors,
including, insulin, and also by thrombin and phorbol
esters [46, 67, 69, 73] (Fig. 5). In the presence of
these factors, the exchanger shows increased affinity
for [H*];, with no change in V,,,. It has been hy-
pothesized that this increased affinity occurs at the
H™* modifier site, thus enhancing the allosteric prop-
erties of the exchanger.

NHE2 activity is also stimulated by growth fac-
tors, thrombin and phorbol esters, but with different
kinetic characteristics [46]. These agents induce an
increase in V,,, with no apparent change in affinity
for H* [46]. NHE3 exhibits yet another difference
in regulation, with stimulation by growth factors,
serum and thrombin, but with inhibition by phorbol
esters [46, 73] (Fig. 5). This is similar to the C kinase
regulation seen in the rabbit ileal villus cells and rat
colonic brush border Na*/H* exchangers involved
in electroneutral NaCl absorption [18, 20, 21], and
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Fig. 5. Effect of serum on Na*/H* exchange rate of NHE1 and NHE3, stably expressed in PS120 fibroblasts. FBS stimulated Na™*/
H™ exchange rate in PS120/NHE1 and NHES3 cells when added at the beginning of the Na*-dependent pH recovery. In this figure,
control cells (O) were acidified with an NH,CI prepulse and allowed to recover in Na* medium, while treated cells (A) were similarly
acidified, then perfused with Na* medium containing 10% FBS. (A) For PS120/NHE]! cells, the stimulation in exchanger activity was
not reflected in an elevated Vp,,, rather a decrease in K'H? was seen. In contrast, for PS120/NHES3 (B) cells, there was an increase
in Vi, with addition of FBS. When PS120/NHES3 cells (A) were incubated with the PKC inhibitor H7 (65 um) for 10 min prior to
addition of Na* medium with 10% FBS, there was a greater stimulation of exchanger activity. Incubation with H7 alone did not

change the exchanger activity compared with control cells (data not shown).

also to the C kinase response of the Na*/H*' ex-
changer present on the apical surface of the OK
proximal tubule cell line [35]. The effect of all these
factors on the kinetics of NHE3 activity is similar
to that seen with NHE2; a change in V,,, with no
apparent change in affinity for H*.

Studies of the effect of cAMP on the cloned
Na*/H* exchangers are difficult to interpret, as
variable results have been reported for the different
isoforms when expressed in various cell types. Of
note, there is no consensus sequence for cAMP in
the cytoplasmic C-terminus of NHE! suggesting in-
direct regulation, if it occurs [69]. In the OK cell
line, the apical Na*/H™ exchanger is inhibited by
cAMP [35]. OK cells lack basolateral Na*/H™ ex-
change and also lack NHE1 normally. However,
when NHEI is transfected into OK cells a basolat-
eral Na*/H* exchanger appears and it is inhibited
by cAMP (H. Murer, J. Pouyssegur, unpublished
observations). In a SV-40 transformed rabbit kidney
proximal tubule cell line (RKPC-2), NHE2 appears
to be present on the apical surface and NHEI on
the basolateral membrane, with both exchangers in-
hibited in the presence of cAMP [55]. In the PS120
transfected fibroblasts, there was no effect of cAMP
on the activity of any of the exchangers [46], and in
the Caco-2 cell line there is no effect of cAMP on

the activity of the endogenous NHEI1 antiporter,
which is present only on the basolateral membrane
[79]. Only one antiporter expressed in PS120 cells
(B-NHEI1 cloned from trout red blood cells) is regu-
lated cAMP; this exchanger is stimulated by cAMP,
but only under conditions of high external pH (7.8)
[7]. This isoform has two cAMP-dependent protein
kinase consensus sequences in the cytoplasmic
C-terminus which are separated by only four amino
acids [6]. Thus, cAMP effects are widely variable,
which is explained partially but not entirely by the
putative protein kinase consensus sequences in the
individual Na*/H* exchanger isoform C-terminus,
and at least partially seems to be dependent on the
cell type which contains the NHE. '

C kinase is involved in regulation of NHEs. The
amino acid composition of the NHE appears to de-
termine the C kinase regulation. C kinase stimulates
NHE1 and NHE2 and inhibits NHE3 all expressed
in PS120 cells. Ckinase increases Na*/H™* exchange
by NHEI expressed in fibroblasts and in the basolat-
eral membranes of the SV-40 transfected cell line of
rabbit S2 proximal tubules (RKPT-2) as well as in
that normally occurring in the proximal tubule cell
line LLC-PK,. The only exception is Caco-2 cells
in which C kinase has no effect on NHE1 in the
basolateral membrane.
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Another way to study the role of phosphoryla-
tion in regulation of Na*/H™ exchange is via study-
ing the effects of ATP depletion. ATP-depletion
studies of NHE1 have shown that depleting ATP
eliminates regulation of Na*/H* exchange rate by
growth factors and protein kinases [77]. In addition,
while the ATP-depleted exchanger maintains almost
full activity at low pH and there is still evidence of
a H™ modifier site, the affinity for H* is reduced
and the exchanger is inactivated at a lower pH than
in ATP-replete cells [77]. Not all studies support
that NHEL1 is affected by ATP depletion with a de-
crease only in H* affinity and not in V_,,. In rat
aortic smooth muscle, which is thought to contain
NHE!1, ATP depletion altered the affinity but also
decreased the V,,,, [48]. It must be emphasized that
it is not known if aortic smooth muscle contains
other Na*/H™* exchanger isoforms. In ATP-deple-
tion studies of NHE2 and NHE3, there are similar
findings relating to the modifier site, with persistence
of the modifier site and with a reduced H* affinity;
in addition, ATP depletion reduces V., of the ex-
changers, even at high intracellular H* concentra-
tions (low pH) [46]. This implies that although in
NHE2 and NHE3 the H* modifier site does not
appear to be influenced by changes in second mes-
sengers above conditions of basal phosphorylation,
the basal level of phosphorylation influences the in-
ternal modifier site function, as it does for NHE1.
In addition, these studies show that the internal mod-
ifier site functions in the dephosphorylated ex-
changer and in the absence of ATP. Also consistent
with the observations that regulation of NHE?2 and
NHES3 involves changes in V,,,, is the demonstration
that reducing ATP lowers their V.

(2) Long-Term Regulation—Effects of
Glucocorticoids on Ileal Brush Border
Na*t/H* Exchange

It had been previously shown that glucocorticoids
stimulate intestinal water and NaCl absorption [15],
which in the rabbit takes approximately 18 hr
to reach a maximum effect. Methylprednisolone
stimulates rabbit ileal neutral NaCl absorption,
whereas induction of glucocorticoid deficiency with
aminoglutethimide inhibits NaCl absorption [70].
Studies were done to determine whether the mech-
anism of these longer term effects involved stimula-
tion of ileal villus cell brush border Na*/H™ ex-
change and if glucocorticoid regulation potentially
involves a change in transcription of any NHE
isoform [85]. Rabbits treated with methylpredniso-
lone for 24 and 72 hr had increased ileal brush
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border Na*/H™ exchange ~100%, whereas amino-
gluthethimide treatment led to a 50% decrease in
Na*/H* exchange (Fig. 6A4). The effects on
Na*/H* exchange were specific to the extent that
diffusive Na™ uptake (no pH gradient), glucose-
dependent Na* uptake and Na® equilibrium vol-
umes were not affected. Quantitation of message
of NHE1, NHE2 and NHE3 showed that methyl-
prednisolone stimulated NHE3 mRNA level by
4-6 fold (Fig. 6B). In contrast, messages for NHE1
and NHE2 were not affected by methylpredniso-
lone. These results demonstrate that glucocorti-
coids regulate ileal Nat uptake by an effect on
the brush border Na*/H* exchanger. They are
analogous to the carlier findings of Freiberg et al.
[30] that the glucocorticoid dexamethasone, but
not the mineralocorticoid aldosterone, increased
rat proximal tubule brush border Na*/H* ex-
change, but had no effect on Na*-dependent glu-
cose uptake or Na* uptake without a pH gradient.
More importantly, this study suggests, although it
does not prove, that NHE3 is the Na*/H* ex-
changer isoform involved in ileal NaCl absorption
and in brush border Na*/H™* exchange; that it is
under basal control of glucocorticoids; and proba-
bly can be stimulated at the level of transcription
by glucocorticoids (regulation by changes in mRNA
stability is also possible).

Kinase/growth factor regulation of NHE2 and
NHE3 is by changes in V. V., changes have
been postulated as being due to changes in turnover
number of a transporter or in the number of active
membrane proteins. Attempts were made to inhibit
protein kinase regulation of NHE1, NHE2 and
NHES3 expressed in PS120 fibroblasts with the mi-
crofilament inhibitor cytochalasin D; the microtu-
bule inhibitor colchicine; and the golgi-golgi golgi-
endoplasmic reticulum vesicle trafficking inhibitor
brefeldin A. None of these agents altered Na®™/H™
exchange.

The only hint of actin involvement in regulation
of Na*/H* exchange has come from studies of
serum regulation of basolateral Na*/H* exchange
(NHE1) in the polarized colon cancer cell line
Caco-2 [80]. Removing serum reduces Na*/H*
exchange rate, an effect which occurs in 2 hr,
reaches a maximum in 4 hr and can be returned
to full activity by adding serum back for 4 hr [80].
The removal and return of Na*/H™ exchange is
temperature dependent with both processes inhib-
ited by reducing temperature to 13°C. The removal
process but not the return process was inhibited
by cytochalasin D, implicating actin in the process
of lowering Nat/H™ exchange following serum
removal. Whether vesicle trafficking of NHE! oc-
curs is unknown.
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Fig. 6. (Left) Methylprednisolone increases ileal brush border Na*/H* exchange. Control animals were injected with saline and killed
24 hr later, whereas methylprednisolone-treated animals were injected once (40 mg daily) and also killed 24 hr later. Brush border
vesicles were prepared from villus cells by magnesium precipitation. Initial rates of Na* uptake were determined in the presence
(pH;, 6.5/pH,,, 8.0) (middle panel) or absence of an acid inside pH gradient (pH, = pH,,, = 6.5) (right panel) and Na*/H* exchange
was determined as the difference (left panel). Final Na* concentration in the transport buffer was 1 mm. Both membrane and transport
buffers contained 60 mM TMA/nitrate as a voltage clamp. Membrane buffer (15 ¢l) and 30 ul of transport buffer were mixed, and
2Na" uptake was studied over 3, 5, and 8 sec at 25°C. Data represent slopes of the rate of uptake over time, and Na*/H"* exchange
rate was determined by subtracting Na* uptake with a pH gradient minus Na* uptake with no pH gradient at each time point and
using those data to determine the rate of Na*/H* exchange in each experiment. Each data point represents the mean of quadruplicate
determinations. Results are mean * SE of the slopes representing Na™ uptake from N separate experiments. P values are a comparison
of slopes from paired individual experiments (paired z-tests). NS, not significant [reprinted from 85). ({J) Control; 7 methylprednisolone,
n = 3. (Right) Methylprednisolone treatment for 24 hr increases expression of Na*/H* exchanger message for NHE3 but not NHE2
or NHEIL. A single representative experiment of ribonuclease protection assay of ileal villus cell RNAs from control and
methylprednisolone-treated animals is shown. Total RNA was isolated, and ribonuclease protection assay was performed; 30 ug of
total RNAs for NHE1 and NHE2 or 15 ug for NHE3 was loaded in each lane and separated on a 6% polyacrylamide gel [reprinted

from 85].

ErrecT OF CELL TYPE
oN NHE PrasMA MEMBRANE LOCATION
AND PROTEIN KINASE REGULATION

There is evidence that the cell type (epithelial or
nonepithelial) can influence second messenger regu-
lation of Na*/H™ exchange, and that the different
exchanger isoforms may be targeted to different
membrane domains in polarized cells. Caco-2, a hu-
man intestinal epithelial cell line derived from a co-
lon carcinoma, when grown in 10% serum normally
expresses only NHE1, which is present only on the
basolateral surface {79, 80]. Under these conditions,
Caco-2 has no brush border Na*/H™* exchanger, at
least in the variant studied in our laboratory [79,
80]. Unlike in the PS120 fibroblasts, the Caco-2 cell
endogenous NHEI is not regulated acutely by se-
rum, phorbol esters or growth factors [79]. How-
ever, the kinetic parameters for Na® and H* are
similar for NHE1 in both PS120 cell and in Caco-2
cells, with evidence of an internal H* modifier site
and Hill coefficient > 2 with respect to H*. Thus,

cell type or location on a specific plasma membrane
domain in a polarized epithelial cell influences pro-
tein kinase regulation of NHE1. Since NHE! in the
basolateral membrane of other epithelial cells is reg-
ulated by second messengers makes it less likely
that it is the membrane location and more likely that
it is cell type specific regulation which is involved.

When Caco-2 cells are transfected with NHE3
they express it predominantly, if not entirely, on
the apical surface, suggesting that there is specific
targeting to the brush border [47, 73]. NHE2 is also
expressed on the Caco-2 apical surface, although it
is not known if it also appears on the basolateral
surface [47, 74]. In addition, second messenger regu-
lation of NH3 in these transfected Caco-2 cells is
similar to the regulation seen in transfected PS120
fibroblasts. PMA inhibits apical NHE3. This implies
that these regulatory pathways are intact in the
Caco-2 cells and that the lack of regulation of the
endogenous NHE] is due to a difference in the iso-
form subtype or to some cell specific aspect of
Caco-2 cells.
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