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Summary
The epithelial brush border Na/H exchanger NHE3 is active under basal conditions and functions as part of neutral NaCl
absorption in the intestine and renal proximal tubule, where it accounts for the majority of total Na absorbed. NHE3 is highly
regulated. Both stimulation and inhibition occur post-prandially. This digestion related regulation of NHE3 is mimicked by
multiple extracellular agonists and intracellular second messengers. The regulation of NHE3 depends on its C-terminal
cytoplasmic domain, which acts as a scaffold to bind multiple regulatory proteins and links NHE3 to the cytoskeleton. The
cytoskeletal association occurs by both direct binding to ezrin and by indirect binding via ezrin binding to the C-terminus of the
multi-PDZ domain containing proteins NHERF1 and NHERF2. This is a review of the domain structure of NHE3 and of the
scaffolding function and role in the regulation of NHE3 of the NHE3 C-terminal domain.
Key words: Na/H exchange; protein complexes; signal transduction.
NHE gene family

Physiological roles of NHE3

The mammalian NHE (Na/H exchanger) gene family (SLC9
family) consists of nine isoforms which fall into two major
subdivisions (Brett et al., 2005a): isoforms that function primarily
on the plasma membrane (NHEs 1, 2, 3, 4 and 5) and those that are
present primarily on intracellular organelles (NHEs 6, 7 and 9). The
plasma membrane NHEs, NHE3 and 5, continually cycle between
an intracellular juxtanuclear location which includes the recycling
system and the plasma membrane (D’Souza et al., 1998). NHEs 1,
2 and 4 are static on the plasma membrane, although data for NHE4
are not thorough. Of the intraorganellar NHEs, NHE 6, 7 and 9
have been localized primarily to the recycling system (NHE6),
trans-Golgi network (NHE7) and late endosomes (NHE9),
respectively; although it is possible that these NHEs all move
among intracellular organelles (Brett et al., 2002; Numata and
Orlowski, 2001; Nakamura et al., 2005; Orlowski and Grinstein,
2007). The two classes of NHEs can be separated by the amino
acids which make up their transport domains (Mukherjee et al.,
2006). NHE8 seems to resemble organellar NHEs by its amino acid
composition, but it has been suggested that it resides on the plasma
membrane as well (Goyal et al., 2003; Xu et al., 2005; Becker et
al., 2007; Xu et al., 2008). Progress has been made in understanding
structure/function relationships and regulation of the plasma
membrane NHEs. A major limitation to progress in the study of the
organellar NHEs and NHE8 has been the failure to be able to detect
organellar NHE activity in simple cell systems. Evidence from
yeast studies of the endosomal (vacuolar) exchanger Nhx1 (the first
organellar NHE identified) suggests that this NHE class functions
as K–Na/H exchangers. These appear to act to remove
intraorganellar H pumped in via the V-ATPase and serve to
regulate organellar H by acting as a ‘leak pathway’ (Xu et al., 2008;
Brett et al., 2005b).

NHE3, the major focus of this review, is an epithelial brush border
Na/H exchanger (Zachos et al., 2005; Donowitz and Li, 2007;
Orlowski and Grinstein, 2004). NHE3 is present most abundantly
in epithelial cells in the GI tract and kidney where it is responsible
for the majority of Na absorption in these two organ systems that
are responsible for most of the water and Na homeostasis of the
body (Zachos et al., 2005). In addition, NHE3 is present in the
epidydimus, ovary, thymus, prostate, and in some respiratory
neurons in the ventrolateral medulla (Zachos et al., 2005). At a
subcellular level in epithelial cells, NHE3 is found in the brush
border/apical membrane of duodenum, jejunum, ileum, proximal
colon, gall bladder, proximal tubule and thick ascending limb as
well as the proximal portion of the long descending thin limb of
Henle (Zachos et al., 2005). However, in parietal cells of some
species, NHE3 localizes to the basolateral membrane (Zachos et al.,
2005). In the intestine and proximal tubule, NHE3 functions on the
apical membrane to allow absorption of large amounts of Na by a
high capacity, low efficiency process called neutral NaCl
absorption (Brett et al., 2005b). In the intestine, NHE3 is linked
functionally with SLC26A family members DRA (SLC26A3) and
PAT-1 (SLC26A6), predominantly through small changes in
intracellular pH; although it remains possible that there is an
additional physical linkage (Lamprecht et al., 2002; Seidler et al.,
2008; Petrovic et al., 2008; Walker et al., 2008; Musch et al., 2008)
(Fig. 1). Which SLC26A member(s) is coupled to NHE3 in the
small intestine remains in question, although in the colon it appears
to be DRA (Lamprecht et al., 2002). In the small intestine, some
functional data suggest linkage primarily with DRA; however,
other results suggest a link to PAT-1. In addition, the amount and
localization of small intestinal DRA does not appear to correlate
with NHE3 localization along the crypt/villus axis (Seidler et al.,
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Fig. 1. Cartoon of mammalian small intestinal Na absorptive processes.
Neutral NaCl absorption is made up of NHE3 linked to either DRA or
PAT-1.

2008; Petrovic et al., 2008; Walker et al., 2008; Musch et al., 2008).
In the intestine, Na absorption linked to Cl absorption is the major
way neutral NaCl absorption functions, although NHE3 activity can
be uncoupled from Cl/HCO3 exchange, at least in the mouse small
intestine (Walker et al., 2008). An important characteristic of NHE3
activity in all cell types studied is that it is in a partially activated
state under basal conditions (Brett et al., 2005b). As part of normal
digestive physiology, NHE3 is thought to be inhibited early in the
digestive period. This presumably leads to increased luminal water
and serves to spread digestive enzymes secreted by the GI organs
over the intestinal surface to allow increased efficiency of
digestion. Later in digestion, NHE3 activity is stimulated, to
maintain volume homeostasis. In the kidney, NHE3, in addition to
functioning in neutral NaCl absorption, is important for HCO3
absorption and NH4+ secretion (Bobulescu and Moe, 2006).
Besides its function in absorption of Na and water from the
intestinal lumen, NHE3 is also responsible for the absorption of
other nutrients which use an acid outside H+ gradient (acidic
microclimate at the apical surface) (Thwaites and Anderson, 2007;
Anderson and Thwaites, 2005; Anderson et al., 2004). The most
clearly linked substrates include dipeptides and amino acids via the
transporters PepT1 (di/tripeptides) and several L-amino acid
transporters, but might include many other transporters. The
mechanism of coupling has not been established but is likely to
include the apical acidic microclimate generated by NHE3. In
addition to these functions on the apical membrane, NHE3 appears
to cause acidification of an early endosomal compartment, using a
gradient generated by Na engulfed from the apical extracellular
environment to exchange for cytosolic H (Gekle et al., 1999; Gekle
et al., 2001). Why this process is able to acidify an organelle,
apparently in the presence of a V-ATPase, is not clear. Also, the
specific compartment and its constituent transport proteins have not
been defined adequately. NHE3 knockout mice have increased
stool water and, while initially viable, have a shortened life span
and die rapidly when placed on a low Na diet (Schultheis et al.,
1998; Noonan et al., 2005). They have modest diarrhea and
increased fluid in the small intestine and especially the colon,
abnormal acid/base balance (acidemia), low blood pressure and
reduced body fat. Of interest is the observation that these mice have
distal colitis (Laubitz et al., 2008).
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Mimicking NHE3 inhibition and stimulation which occurs as
part of digestive and renal physiology, various neurohumoral
agonists, growth factors, chronically altered states of systemic
acid/base balance, and drugs have been shown to stimulate or
inhibit NHE3 activity. These effects occur within minutes to hours
(Zachos et al., 2005; Bobulescu and Moe, 2006). Short-term
regulation consists largely of changes in the amount of plasma
membrane NHE3 as a result of changes in NHE3 trafficking,
although changes in the complex affinity construct for intracellular
H+ [K⬘(H+)i] occur as well. Abnormal inhibition of NHE3 occurs
in diarrheal diseases and with chronic inflammatory bowel diseases
(IBD) being associated with changes in amount of NHE3 while
acute inflammation is associated with reduced NHE3 activity in the
presence of normal amounts of NHE3 (Sullivan et al., 2008; Hecht
et al., 2004).
As shown in Fig. 1, there are two major types of Na linked
transport processes in the proximal small intestine. In addition to
neutral NaCl absorption, there are transporters which take up end
products of digestion. End products of carbohydrate digestion are
primarily taken up by the Na linked D-glucose or D-galactose
transporter SGLT1 and by GLUT5 (a fructose transporter). There
are also multiple Na linked L-amino acid transporters. These
transporters have been used to stimulate intestinal Na absorption in
patients with diarrhea in preparations called oral rehydration
solutions (ORS). In enterotoxin related diarrheal diseases, such as
cholera, which activates the adenylate cyclase/cAMP system, there
is increased stimulation of electrogenic Cl (apical cystic fibrosis
transmembrane conductance regulator, CFTR) and K (basolateral
channels) secretion as well as inhibition of neutral NaCl absorption.
In contrast, in inflammation related diarrheal diseases there appears
to be inhibition of neutral NaCl absorption without much
stimulation of Cl secretion (Hecht et al., 2004). In spite of inhibition
of neutral NaCl absorption, predominantly due to inhibition of
NHE3 activity, ORS have proven effective in rehydrating patients
because in most diarrheal diseases SGLT1 and the basolateral
membrane Na–K-ATPase function normally as long as there is not
extensive destruction of Na absorptive cells. Still not understood,
however, is why these solutions are so effective in rehydrating
patients and saving lives, with the amount of Na absorption
seeming to exceed the established SGLT1 stoichiometry of 2 Na:1
Glu (Mackenzie et al., 1998). A model to explain this increased
water absorption argued that Na–D-glucose absorption caused a
change in myosin related control of tight junctions leading to
increased permeability and net water absorption (Madara and
Pappenheimer, 1987). This concept, however, was challenged
based on the fact that the luminal concentration of D-glucose needed
to change permeability in the intact intestine seemed to be greater
than occurred physiologically (Ferraris et al., 1990). Another
possible explanation was suggested via the work of Turner and
colleagues (Turner et al., 2000; Turner and Black, 2001; Zhao et
al., 2004; Shiue et al., 2005). They showed in Caco-2 cells, that
luminal D-glucose initiates apical signaling pathways which result
in the translocation of NHE3 from intracellular stores to the apical
membrane. This signaling pathway in Caco-2 cells was shown to
involve p38 MAP kinase, MAP kinase kinase, Akt2 and ezrin. This
linking of increased D-glucose uptake to translocation of
intracellular NHE3 to the plasma membrane would identify NHE3
as the major small intestinal Na absorptive protein and could
partially explain the great effectiveness of ORS, as well as provide
another protein (NHE3) to target in improving ORS solutions. In
this strategy it must be considered that NHE3 is inhibited in many
diarrheal diseases, although increased exocytosis induced by ORS
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might reverse that inhibition. These studies have only been reported
to date in Caco-2 cells, a colon cancer cell line which is a Na
absorptive cell line. However, preliminary studies indicate that the
same linking of D-glucose uptake and increased small intestinal
NHE3 activity under basal conditions appears to exist in mouse
proximal small intestine (R.L., R.M., O. Kovbasnjuk and M.D.,
unpublished). Further studies of this linking of SGLT1 and NHE3
must be carried out in animal diarrheal disease models before any
suggestion of possible relevance to humans should be considered.
NHE3 molecular physiology: transport domain

Studies of the molecular physiology of NHE3 have attempted to
relate NHE3 function to specific parts of the N- and C-termini.
NHE3 is thought to consist of two functionally distinct domains,
the N-terminus, which carries out the Na and H exchange (human
NHE3, amino acid L456) and the C-terminus, which regulates the
transport rate (human NHE3 amino acids 457–834). While we
discuss these two domains separately, there are suggestions that
there is more than one physical interaction between the two
domains. The structure of the NHE3 transport domain has not been
solved. The most detailed characterization of the NHE transport
domain has been carried out by the group of S. Wakabayashi, using
Cys mutagenesis (Wakabayashi et al., 2000; Hisamitsu et al., 2007;
Kemp et al., 2008). They have proposed a model for the transport
domain which includes 12 membrane spanning domains (MSD)
and two re-entry loops which dip into the membrane (Wakabayashi
et al., 2000; Hisamitsu et al., 2007). However, the structure has
been solved for a bacterial (E. coli) Na/H exchanger, EcNhaA, by
Padan and co-workers (Hunte et al., 2005; Kozachkov et al., 2007;
Padan, 2008). This protein is <10% identical to the NHEs at an
amino acid level. However, it has been suggested that it is very
similar at a tertiary structural level in the NHE3 N-terminus,
particularly in the area of the transport fold, based on
bioinformatics analyses with fold alignment plus some select
mutagenesis (Landau et al., 2007). This was suggested in spite of
major functional differences between the two families (Nha and
NHE). For instance, NhaA transports Na out of the cell in exchange
for H, has a stoichiometry of 2:1, and a modifier site such that it is
inactive at acidic pH. Please note that these characteristics differ
from those of the NHE family in which the Na:H exchange
stoichiometry is 1:1 or 2:2, Na is generally transported into and H
exported from the cells, transport activity is maximum at acidic pH
and the exchangers are inactive at alkaline pH. The NhaA structure
consists of 12 MSD and is characterized by a unique double funnel
in the middle of the protein that is the site of Na and H exchange
and occurs via two split membrane spanning domains with charged
dipoles being critical for the physical transport (Hunte et al., 2005;
Kozachkov et al., 2007; Padan, 2008). These structural insights into
NhaA have been applied to NHE1 and a homology model for
NHE1 has been proposed (Landau et al., 2007). In this model the
cytoplasmic facing funnel is formed by TM2, TM4, TM5 and TM9
and the extracellular facing funnel is formed by TM8, TM11 and
TM2 (Fig. 2A). In Fig. 2B (left) we show a figure taken from the
Padan model for the structure of NhaA, emphasizing the areas that
transport Na and H with the critical amino acid highlighted (Landau
et al., 2007). Padan and her collaborators Landau, Herz and BenTal (Landau et al., 2007) compared this structure with homologous
amino acids in NHE1 (Fig. 2B, right) (Landau et al., 2007).
Noteworthy are conserved, functionally important amino acids:
NhaA/NHE1: D133/D238; D163/E262; D164/D267; K300/R425.
Fliegel has analyzed the evidence supporting the NhaA and
Wakabayashi models for NHE1 and suggested that most evidence

supports conclusions based on the solved structure (Kemp et al.,
2008). He argues, however, that the first two NHE MSD may be
more accurately represented by the scanning Cys mutagenesis
model, and that the final understanding of the structure of the NHE
transport domain is incomplete. This model of split membrane
spanning domains with dipoles involved in transport has been
shown to be a widely present transport fold, including that of the
recently crystallized Na–glucose co-transporter (Faham et al.,
2008).
Is there evidence supporting a similar ‘solved structure’ based
model for the NHE3 transport domain? No formal analysis has been
done comparing the secondary structure of NHE3 with that of
NhaA. Of note, while NhaA and NHE1 are thought to have 12
membrane spanning domains, NHE3 and Nhx1 have been shown
to have cleaved signal peptides consistent with them having only
11 membrane spanning domains (Zizak et al., 2000; Wells and Rao,
2001). In Fig. 2C, we show that four amino acids in NhaA and the
homologous amino acids in NHE1 which are critical for Na and H
transport activity are also conserved in NHE3.
A very recent elegant study of steady state function of NHE1 by
an oscillating pH-sensitive microelectrode was used to quantify H
fluxes and characterize transport kinetics (Fuster et al., 2008). This
study challenged the concept that while the NHEs exist as dimers,
they function as monomers with a 1:1 Na/H exchange
stoichiometry. This study concluded that NHE1 (and likely NHE3)
had 2 Na:2 H stoichiometry with function as a dimer dynamically
based on a regulatory function of intracellular pH. At low pH, the
two constituent monomers act independently and the NHE acts as
a monomer, while at alkaline pH they function in a coupled manner
and the NHE functions as a dimer. In addition, it was shown that
Na dependence of exchange activity can be cooperative from both
inside and outside the cells showing a further complexity in the
kinetic function of the exchanger.
NHE3 molecular physiology: regulatory domain

While the relationship between the transport domain of NhaA and
the NHEs appears to be an example of convergent evolution, the
same is not true for their C-termini. The NhaA C-terminus is very
small, consisting of only a few amino acids (Hunte et al., 2005)
while that of human NHE3 is large, being 378 amino acids in
length. This appears to be where evolution has separated the two
classes of transporters, allowing regulation at a more complex
manner in eukaryotic cells. While the amino acid make up of the
transport domains is highly homologous among the NHE isoforms,
there is far greater divergence among the NHEs in the C-terminus
(Table 1: based on secondary structure predictions, the cytoplasmic
region of NHE3 has significant structure, in particular being
predicted to be α-helical in the domains closest to the transport
domain, and far less so in the downstream C-terminal area; Fig. 3)
(Chou and Fasman, 1974). To date only one domain of the NHE
C-terminus has been solved structurally. NHE1 between amino
acids 516 and 540 has been shown to be α-helical and to include
intimate binding with CHP (calcineurin homologous protein) as
part of the structure (Chou and Fasman, 1974; Pang et al., 2001;
Ben Ammar et al., 2005). NHE3 amino acids 473–497 are highly
homologous to the CHP binding domain of NHE1. As
immunoprecipitating NHE3 co-precipitates CHP (R.L. and M.D.,
unpublished), we assume the secondary structure prediction of an
α-helical domain in this area of NHE3 is accurate (NHE3 amino
acids 483–494). This is an important area for future study as it
should be easier to obtain structural information about the
cytoplasmic than the membrane domains of NHE3.
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Fig. 2. (A) Model of the transport domain of NHE1
showing the area of exchange as two opposing funnel
structures facing the intracellular and extracellular
surfaces with membrane spanning domains indicated by
roman numerals with critical amino acids shown. With
permission from Landau et al. (Landau et al., 2007).
(B) Comparison of NhaA and NHE1 transport domains,
modeled from the crystal structure of NhaA. The
homologus amino acids crucial to exchange of NhaA and
NHE1 are shown. With permission from Landau et al.
(Landau et al., 2007). (C) Amino acid alignment of human
NHE1 (SLC9A1) and human NHE3 (SLC9A3) with arrows
designating the amino acids shown in Fig. 2B,
demonstrating identity. *, identical amino acids;
:, conserved amino acids; ·, semi-conserved amino acids.

C

The NHE3 C-terminus is required for all NHE3 regulation
described (Zachos et al., 2005; Donowitz and Li, 2007). If rabbit
NHE3 is truncated at amino acid 454, the protein transports Na and
H, although with much reduced activity compared with the intact
protein; however, it is not regulated (Levine et al., 1995).
Truncation studies of the NHE3 C-terminal domain have identified
distinct regions which are required for specific aspects of acute
regulation of NHE3 activity (Fig. 4). In addition, the C-terminus of
NHE3 acts as a scaffold by binding multiple proteins that are
involved in its regulation, some of which are scaffolds in their own
right (Donowitz and Li, 2007). Fig. 4 illustrates two aspects of this
scaffolding function of the NHE3 C-terminus. (1) NHE3 is linked
to the cytoskeleton by binding at two areas, via direct ezrin binding

at amino acids 509–529 (Cha et al., 2006a; Cha and Donowitz,
2008) and via indirect ezrin binding to the NHERF family of multiPDZ domain proteins at amino acids 586–605 (Yun et al., 1998).
(2) The C-terminus binds multiple proteins which take part in
NHE3 regulation. Fig. 4 illustrates the proteins shown to directly
bind to the NHE3 C-terminus. These include CHP, NHERF1, 2, 3,
4, CaM kinase II (CaM KII), CaM, CK2, phospholipase Cγ (PLCγ),
ezrin, megalin, IRBIT (IP3 receptor binding protein), Shank2, and
perhaps PP2A (Pang et al., 2001; Ben Ammar et al., 2005; Ammar
et al., 2006; Di Sole et al., 2004; Yun et al., 1997; Thompson et al.,
2005; Sarker et al., 2008; Biemesderfer et al., 1999; Girardi et al.,
2004; Girardi et al., 2001; Girardi et al., 2008; He et al., 2008; Han
et al., 2006). NHE3 additionally interacts with DPPIV, although it
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Table 1. Comparsion of NHE3 with other human NHEs (1–9)
N-terminal region (% amino acids)

C-terminal region (% amino acids)

Identical with HsNHE3

Positive with HsNHE3

Identical with HsNHE3

Positive with HsNHE3

47
49
43
59
27
24
27
25

65
65
62
70
42
38
46
40

21
18
16
28
n.s.
n.s.
n.s.
n.s.

36
29
26
38
n.s.
n.s.
n.s.
n.s.

HsNHE 1
HsNHE 2
HsNHE 4
HsNHE 5
HsNHE 6
HsNHE 7
HsNHE 8
HsNHE 9

Comparison was done for N-terminal and C-terminal regions using Blast P (BLOSUM 62 Matrix) from http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi.
Percentage scores were calculated by dividing the number of identical and positive (conserved) amino acids by the total number of subject amino acids in
HsNHE3. Sequence for all isoforms was obtained from Uniprot database http://www.uniprot.org/uniprot/.
n.s., not significant.

appears that this is not a direct association. In particular, in one area
(amino acids 586–605), multiple proteins associate with NHE3,
suggesting that the involved complex consists of proteins
interacting not only with NHE3 but also with each other (Fig. 5).
This is discussed later in this review.
If NHE3 associates with at least the number of proteins shown
in Fig. 4, it might be predicted to exist as a large complex or series
of complexes. In fact this is true for all cases in which the size of
NHE3 has been analyzed, from intact small intestinal Na absorptive
cells that express NHE3 endogenously to cultured cells expressing
NHE3 endogenously or exogenously to fibroblasts expressing
NHE3 exogenously (Li et al., 2001; Akhter et al., 2002) (Fig. 5).
However, as we reported, NHE3 is found in very small amounts in
its predicted size as a monomer or as a dimer, but, rather, in
OptiPrep or sucrose density gradients (solubilized in Triton X-100
1% initially) NHE3 occurs as trains of complexes up to 1200 kDa
in size (Donowitz and Li, 2007; Li et al., 2001; Akhter et al., 2002;
Li et al., 2004). Assuming that NHE3 exists as a homodimer and
that an average sized protein is 50–70 kDa, we predict that under
basal conditions NHE3 associates with ~20 proteins of 50 kDa or
15 proteins of 70 kDa. We do not know the meaning of the trains
of NHE3 complexes identified in a single cell type at one point in
time. However, this observation would suggest that NHE3 exists in
many sized complexes at one time in a single cell, or that, as
proteins bind to NHE3 with differing affinities, some proteins may
come off differentially during the long centrifugation steps in
separating the proteins on the density gradients. What is clear,
however, is that the NHE3 complexes are dynamic upon signaling,
as conditions that acutely stimulate or inhibit NHE3 activity have
been associated with changes in the sizes of the NHE3 complexes.
As an example, Fig. 5B shows that when rabbit ileal mucosa was
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Fig. 3. Secondary structure prediction for human NHE3 C-terminus (amino
acids 457–834) based on Chou-Fasman modeling (Chou and Fasman,
1974).

exposed to carbachol (10 μmol l–1, 10 min), NHE3 complexes
enlarged significantly compared with untreated controls (Li et al.,
2004). That NHE3 complexes increase in size with changes in
signaling is consistent with the proteins associating with NHE3
changing as part of signaling, an observation confirmed by coprecipitation studies. For instance, with elevation of Ca2+,
NHE3/NHERF2 is joined by α-actinin-4 and PKCα (Kim et al.,
2002; Lee-Kwon et al., 2003). It must be emphasized that not all
changes in protein association with NHE3 are discernible as changes
in NHE3 complex size. Additions and subtractions of similarly sized
proteins or low affinity associations which dissociate during
gradient preparation would be predicted to obscure changes in
associating proteins. Of note, when the size of NHE3 complexes
was examined in a single cell type, comparing the size of complexes
at the plasma membrane with intracellular complexes (using cell
surface biotinylation), the plasma membrane complexes were larger
than the intracellular complexes (Donowitz and Li, 2007). This was
interpreted to indicate that the NHE3 complexes changed with basal
trafficking to different subcellular locations, with new binding
proteins being added as NHE3 approached or left the plasma
membrane. This result is a strong indication that not all NHE3
complexes are formed in the endoplasmic reticulum/Golgi.
Demonstrated dynamic changes in NHE3 complexes with
regulation of NHE3 activity include conditions in which the NHE3
complexes enlarge [carbachol inhibition, lysophosphatidic acid
(LPA) stimulation of NHE3 activity] and get smaller (elevated Ca2+
in cells expressing NHERF4 which is associated with the
stimulation of NHE3 activity).
Recent studies have suggested that the dynamic NHE3 regulatory
complexes formed on the NHE3 C-terminus do not just consist of
isolated proteins scaffolded to the C-terminus or brought to the Cterminus via binding to other scaffolds on the C-terminus, such as
the NHERF proteins. Rather it appears that the regulatory proteins
associating with the NHE3 C-terminus may be arranged in larger,
more organized complexes which regulate NHE3 by changing their
association with NHE3 and perhaps with each other. We illustrate
this concept by describing the multiple proteins which bind to a
small, putative α-helical domain of NHE3, between amino acids 586
and 605. The proteins which associate with NHE3 in this domain
both stimulate and inhibit NHE3 activity. The interactions of many
of these proteins are dynamic, often changing with signal
transduction that affects NHE3 activity. Because the up and down
regulation of NHE3 is so characteristic of NHE3 function, we
hypothesize that this domain of NHE3 is involved in this
characteristic of NHE3 function and suggest that this domain may

THE JOURNAL OF EXPERIMENTAL BIOLOGY

NHE3 regulatory complexes

Fig. 4. Cartoon of domain structure of rabbit
NHE3. The N-terminus includes amino acids
1–454. The C-terminus is the regulatory
domain and in blue are some of the
extracellular and second messenger
regulators with the parts of the C-terminus
necessary for their effects shown. In green is
the area of attachment of NHE3 to the
cytoskeleton via ezrin/radixin/moesin (ERM)
proteins which associate with NHE3. In
yellow are shown the proteins binding to and
regulating the NHE3 C-terminus.
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act as the ‘switch domain’ involved in setting NHE3 activity (Fig.
6).
NHERF proteins bind to NHE3 predominantly between amino
acids 586 and 605. The C-terminus of NHE3 is a class I PDZ
domain binding sequence. It has been shown that this domain of
NHE3 binds NHERF1 and NHERF2 by yeast two-hybrid and
ubiquitin hybrid studies, and also binds NHERF3 (Thomson et al.,
2005). It is unusual that a single protein associates with NHERF
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proteins at two sites. Of note, no regulatory significance has been
identified yet for the C-terminal association of NHE3 with the
NHERF proteins, while NHERF interactions with amino acids
586–605 have been shown to be involved in multiple aspects of
NHE3 regulation (Donowitz and Li, 2007). This is an area requiring
further study. The role of NHERF family binding to NHE3 in
NHE3 regulation has been reviewed in detail (Donowitz and Li,
2007).
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Fig. 6. Cartoon of ‘switch domain’ of NHE3 which has
been shown to dynamically associate with at least
seven proteins in a short α-helical domain (amino acids
586–605). We draw this as an interacting dimer
although evidence that this is the organization structure
of the C-terminus is lacking. Drawing by Virginia
Ferrante (Ferrante Medical Media).

The NHERFs are involved with anchoring NHE3 to the
cytoskeleton. Under basal conditions, brush border NHE3 has a
limited mobile fraction (~30%) and this requires the presence of
the NHERFs (Cha et al., 2004). Mobile fraction refers to the
percentage of apical domain GFP tagged NHE3 which recovers
after being bleached, as studied by ‘fluorescence recovery after
photobleaching’. A two amino acid point mutation of NHE3
between amino acids 586 and 605 abolishes NHERF association
with NHE3 and increases the mobile fraction to ~75%, a similar
value to glycosylphosphatidylinositol (GPI) which is present only
in the outer leaflet of the plasma membrane and is a control for free
membrane mobility. As part of stimulation (LPA) and inhibition
(elevation of Ca2+) of NHE3, the NHE3 mobility transiently
increases, presumably freeing up the NHE3 initially in the
microvilli to allow endocytosis and to accept further NHE3
trafficking to the brush border free from the NHERFs and
cytoskeleton (Cha et al., 2006b). The dynamic aspects of NHERF
interactions with their substrates were reported by Weinman, who
showed that NHERF1 phosphorylation at S77 led to dissociation
from some of its substrates, including NaPi2a, CFTR, plateletderived growth factor (PDGF) and the β2-adrenergic receptor
(Voltz et al., 2007; Weinman et al., 2007). We have shown that the
NHE3 interaction with NHERF2 and NHERF3 is dynamic,
decreasing with elevation in intracellular Ca2+ (Cha et al., 2006b).
What determines the ligand specificity of the dynamic interaction
of NHERFs with its substrates and how that is regulated for
NHERF2, which has not been shown to be phosphorylated, remains
unknown.
The other proteins shown to directly bind this domain of NHE3
under basal conditions are CK2, CaM KII and PLCγ (Figs 4 and 6),
as discussed below.
CK2 binds NHE3 between amino acids 586 and 605 and
phosphorylates it at another site, S719 (Sarker et al., 2008).
Phosphorylation of S719 accounted for 67–75% of basal NHE3
activity [effect on Vmax and K⬘(H+)i]. Inhibition of CK2 reduces
plasma membrane expression of NHE3 to a similar extent to the
decrease in NHE3 activity, indicating that the majority of the CK2
effect is via regulation of NHE3 trafficking. This has been
evaluated by either mutating S719 to A or to D or exposing NHE3
to a CK2 inhibitor such as DMAT. CK2 phosphorylation of NHE3
increases NHE3 trafficking to the plasma membrane from the
recycling pool of NHE3 and delivery of newly synthesized NHE3.
The CK2 α-subunits, but not the β-subunits, are associated with
NHE3. In addition, the association of CK2 and NHE3 was dynamic
and decreased with elevated Ca2+ (Sarker et al., 2008). Whether and
how much of Ca2+ inhibition of NHE3 is due to removal of the CK2

stimulation and the subsequent decrease in basal phosphorylation
of NHE3 S719 is unknown.
As CK2 binds to and stimulates basal NHE3 activity, CaM KII
binds to the same α-helical domain but inhibits basal NHE3 activity
(Zizak et al., 2003). The role of CaM KII was examined by study
of the CaM KII inhibitor KN-62. The CaM KII effect is also due
to a decrease in NHE3 Vmax. However, unlike the effect of CK2,
CaM KII regulation was not associated with a change in NHE3
plasma membrane expression but, rather, it exerted its effects by
altering NHE3 turnover number. CaM KII directly bound NHE3
between amino acids 586 and 605 and phosphorylated NHE3
downstream of this site. The association of CaM KII with NHE3
was not dependent on Ca2+. The mechanism by which CaM KII
inhibits NHE3 basal activity at basal Ca2+ is not known.
PLCγ also binds and stimulates NHE3 under basal conditions
(Zachos et al., 2008). Previous studies demonstrated that elevating
Ca2+ with carbachol exposure in ileal Na absorptive cells was
associated with translocation of PLCγ to the apical membrane by a
process in which the translocated PLCγ was active but not tyrosine
phosphorylated (Khurana et al., 1996; Khurana et al., 1997). This
translocation was associated with a carbachol-induced increase in
free intracellular Ca2+, which appeared first at the apical surface,
and seemed to occur via a phosopholipase dependent process. In
addition to this role of PLCγ, this phospholipase appears to play an
additional but separate role in the regulation of NHE3 which occurs
via a phospholipase independent mechanism (Zachos et al., 2008).
Under basal conditions PLCγ co-precipitates with NHE3,
interacting with NHE3 C-terminal amino acids 586–605. This coprecipitation was demonstrated both in fibroblasts and in the
polarized Na absorptive Caco-2 cells. This association with NHE3
was dynamic, decreasing after Ca2+ elevation via carbachol
exposure. The part of PLCγ which associates with NHE3 is the PHc
domain, which is consistent with involvement with a part of PLCγ
that takes part in phospholipase independent effects. Moreover, this
was supported by ability of a peptide that is a competitive inhibitor
of the PLCγ SH2 domains to reverse the contribution of PLCγ to
NHE3 regulation (inhibited basal NHE3 activity and prevented
Ca2+ inhibition of NHE3 activity in fibroblasts).
While at least seven proteins associate with NHE3 in this single
α-helical domain of the NHE3 C-terminus, we assume that the
interactions involve the NHE3 dimeric cytoplasmic domains,
which are likely to interact with each other to accommodate
NHERFs 1, 2, 3 and 4, CK2, CaM KII and PLCγ. This interaction
is dynamic with at least CK2, NHERFs 2 and 3 and PLCγ but not
CaM KII dissociating with elevated Ca2+ (Fig. 6). The physical
nature of these multiple proteins simultaneously interacting with
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the NHE3 C-terminus and whether they interact physically with
each other is not known. Also unknown is whether they exist in
separate NHE3 complexes. Similarly unknown is how their
regulation of NHE3 changes with digestive physiology to switch
NHE3 activity from basally active to inactive as digestion is
initiated and then to a higher state of activity than basal later during
digestion. What appears likely, however, is that study of this small
α-helical area of NHE3, the ‘switch domain’, will provide insights
into the defining aspects of NHE3 function in intestinal Na
absorption.
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