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The Na-H exchanger NHE1 contributes to intracellular pH
(pHi) homeostasis in normal cells and the constitutively
increased pHi in cancer. NHE1 activity is allosterically regulated
by intracellular protons, with greater activity at lower pHi. How-
ever, the molecular mechanism for pH-dependent NHE1 activ-
ity remains incompletely resolved. We report that an evolution-
arily conserved cluster of histidine residues located in the
C-terminal cytoplasmic domain between two phosphatidyl-
inositol 4,5-bisphosphate binding sites (PI(4,5)P2) of NHE1 con-
fers pH-dependent PI(4,5)P2 binding and regulates NHE1 activ-
ity. A GST fusion of the wild type C-terminal cytoplasmic
domain of NHE1 showed increased maximum PI(4,5)P2 binding
at pH 7.0 compared with pH 7.5. However, pH-sensitive binding
is abolished by substitutions of the His-rich cluster to arginine
(RXXR3) or alanine (AXXA3), mimicking protonated and neu-
tral histidine residues, respectively, and the RXXR3 mutant had
significantly greater PI(4,5)P2 binding than AXXA3. When
expressed in cells, NHE1 activity and pHi were significantly
increased with NHE1-RXXR3 and decreased with NHE1-
AXXA3 compared with wild type NHE1. Additionally, fibro-
blasts expressing NHE1-RXXR3 had significantly more
contractile actin filaments and focal adhesions compared with
fibroblasts expressing wild type NHE1, consistent with in-
creased pHi enabling cytoskeletal remodeling. These data iden-
tify a molecular mechanism for pH-sensitive PI(4,5)P2 binding
regulating NHE1 activity and suggest that the evolutionarily
conserved cluster of four histidines in the proximal cytoplasmic
domain of NHE1 may constitute a proton modifier site. More-
over, a constitutively activated NHE1-RXXR3 mutant is a new

tool that will be useful for studying how increased pHi contrib-
utes to cell behaviors, most notably the biology of cancer cells.

Intracellular pH (pHi) homeostasis is generally maintained
near neutral to compensate for metabolic changes and environ-
mental stresses (1). However, dysregulated pHi is seen in a
number of diseases. Most cancers have constitutively increased
pHi of �0.4 units, which enables proliferation and metastasis
(2– 4). Conversely, neurodegenerative disorders, including Par-
kinson’s and Alzheimer’s diseases, are associated with consti-
tutively decreased pHi, which is predicted to enable tau and
�-amyloid aggregation as well as cell death (5, 6). Finely tuned
pHi homeostasis is maintained by dynamic changes in ion
transporter activity that is sensitive to intracellular proton con-
centrations. However, the molecular mechanisms that mediate
pH sensing by ion transporters remain poorly understood.

The ubiquitously expressed Na-H exchanger isoform NHE14

contributes to maintaining pHi homeostasis by generating an
electroneutral influx of extracellular Na� and efflux of intracel-
lular H� at the plasma membrane. To maintain pHi homeosta-
sis, NHE1 activity increases with acidic pHi and becomes nearly
quiescent at neutral pHi. However, NHE1 activity can be
increased at neutral pHi in response to growth factor signaling
or activated oncogenes by direct phosphorylation of serine res-
idues in the distal C-terminal cytoplasmic domain by kinases
such as p90RSK (7), Akt (8), the Rho kinase ROCK (9), and the
Nck-interacting kinase NIK (also called MAP4K4) (10). In
response to oncogenes, phosphorylation-dependent increases
in NHE1 activity override pH-dependent regulation, resulting
in the higher pHi in cancer (3). In contrast to how NHE1 activity
is regulated by kinases, how it is regulated by acidic pHi remains
unclear. More than 30 years ago Aronson and co-workers (11)
first proposed a pH-dependent proton modifier site in the
C-terminal cytoplasmic domain, but to date this site remains
incompletely defined.

Since the first prediction of a proton modifier site regulating
NHE1 activity (11), binding to the negatively charged plasma
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membrane phospholipid phosphatidylinositol 4,5-bisphos-
phate PI(4,5)P2 emerged as a mechanism for increasing
activity of different classes of ion transport proteins (12).
Aharonovitz et al. (13) showed the importance of PI(4,5)P2
binding for increased activity for NHE1 that is dependent on
two positively charged regions in the membrane-proximal
C-terminal cytoplasmic domain (509KKKQETKR515 and
552RFNKKYVKK560 for human NHE1) and subsequently
identified electrostatic interactions between PI(4,5)P2 and
homologous basic residues in the NHE3 isoform (14). Schell-
ing and co-workers (15) showed that electrostatic interac-
tions between NHE1 and PI(4,5)P2 are dependent on argi-
nine and lysine residues in these two positively charged
regions in the C-terminal cytoplasmic domain of NHE1 and
also that PI(4,5)P2 binding is pH-dependent, with higher
binding affinity at lower pH. However, arginine and lysine
with pKa values of 12 and 10.5 in solution, respectively, likely
do not titrate with physiological changes in pH to confer
pH-dependent binding to PI(4,5)P2.

We report that a cluster of histidine residues between the two
positively charged regions in the C-terminal cytoplasmic
domain (540HYGHHH545 for human NHE1) regulate pH-de-
pendent PI(4,5)P2 binding and transporter activity. We gener-
ated protonated and neutral mimetics by substituting these his-
tidine residues with arginine (NHE1-RXXR3) and alanine
(NHE1-AXXA3), respectively, which abolished pH-sensitive
PI(4,5)P2 binding in vitro. When expressed in fibroblasts,
NHE1-RXXR3 was constitutively active, with greater quiescent
activity than wild type NHE1, and conferred higher quiescent
pHi as well as increased abundance of contractile actin fila-
ments and cell-substrate adhesions. In contrast, NHE1-AXXA3
had lower quiescent activity than wild type NHE1, and unlike
wild type NHE1, its activity did not increase in response to
platelet-derived growth factor. Our findings show that an evo-
lutionarily conserved cluster of four His residues in NHE1 reg-
ulate transporter activity and suggest that this cluster may con-
stitute an NHE1 proton modifier site first proposed more than
30 years ago.

Results

Cluster of Histidine Residues in Proximal C-terminal Cyto-
plasmic Domain Confer pH-dependent PI(4,5)P2 Binding—
Based on previous findings that the proximal C terminus of
NHE1 has pHi-dependent PI(4,5)P2 binding (15), we reasoned
that this may be mediated by histidine residues, which can
titrate within the physiological pH range and function as a pH
sensor site (16). We identified a series of histidine residues
located between the arginine- and lysine-rich regions that bind
PI(4,5)P2 (Fig. 1A), which are invariant in vertebrate NHE1
orthologs (Fig. 1B). Histidines flanked by arginine/lysine-rich
regions in the proximal C terminus are also conserved in other
plasma membrane NHE isoforms, although the number of his-
tidine residues varies with isoforms having between one and
four (Fig. 1C).

We used an ELISA assay to measure pH-dependent PI(4,5)P2
binding by GST fusion proteins of the C-terminal cytoplasmic
domain of human NHE1 (amino acids 503– 815; Fig. 2). The
assay used PI(4,5)P2-coated multiwell plates and showed that
wild type NHE1503– 815 (NHE1-WT) had decreased binding at
pH 7.5 compared with 7.0, as previously described (15). Maxi-
mal binding (Bmax) was 0.87 � 0.04 arbitrary units (a.u.) at pH
7.5 and 1.0 � 0.04 a.u. at pH 7.0 (p � 0.05; mean � S.D.; Fig. 2A
and Table 1). Additionally, binding affinity was lower at pH 7.5
compared with pH 7.0, with dissociation constants (kd) of 65 �
10 nM and 38 � 6 nM, respectively (p � 0.05; Table 1).

We next asked whether the cluster of histidines between the
arginineandlysine-richregions(Fig.1B) is important forpH-de-
pendent PI(4,5)P2 binding. We generated mutant GST fusions
of the C-terminal cytoplasmic domain by substituting the four
histidines in the cluster with arginines for a protonated mimetic
(NHE1-RXXR3) or with alanines for a neutral mimetic (NHE1-
AXXA3). Although both mutants bound PI(4,5)P2, pH-depen-
dent binding was abolished, with no significant differences in
Bmax or kd for each mutant at pH 7.5 compared with pH 7.0 (Fig.
2, B and C; Table 1). However, Bmax for RXXR3 was significantly
greater than AXXA3 at pH 7.5 and pH 7.0 (p � 0.05), and Bmax
for AXXA3 at both pH values was significantly lower than WT

FIGURE 1. A cluster of histidine residues in the PI(4,5)P2 binding domain of NHE1 is evolutionarily conserved. A, schematic diagram of NHE1 and the
location of the two lysine/arginine-rich PI(4,5)P2 binding site (K/R1, K/R2) surrounding a poly-histidine region (HXXHHH). B, sequence alignment of NHE1
orthologs. The His-rich region is shown in red. C, sequence alignment of membrane binding regions of plasma membrane NHEs. Blue, phospholipid binding
region KR1. Green, phospholipid binding region KR2. Red, histidine cluster located between KR1 and KR2. *, fully conserved residue; :, strongly conserved
residue; ., weakly conserved residue. NCBI accession numbers for sequences: NHE1, NP_003038.2; NHE2, NP_003039.2; NHE3, NP_004165.2; NHE4,
NP_001011552.2; NHE5, NP_004585.1.
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at both pH values. These results are similar to our previous
findings on pH-dependent binding of the focal adhesion pro-
tein talin to actin filaments, with pH-insensitive talin mutants
having changes in Bmax but not kd (17). Moreover, these data
suggest that the protonation state of histidines flanked by the
Arg/Lys regions regulates PI(4,5)P2 binding. Consistent with
this prediction, the binding of an NHE1 peptide in which the
Arg/Lys residues are mutated to alanine (KR/A) had pH-sensi-
tive, but significantly attenuated, PI(4,5)P2 binding (Bmax, Fig.
2D, Table 1).

NHE1-RXXR3 and -AXXA3 Mutants Expressed in Fibro-
blasts Have Increased and Decreased Activity, Respectively—To
determine whether RXXR3 and AXXA3 substitutions affect
NHE1 activity, we generated full-length rat NHE1-WT and his-
tidine mutant constructs tagged at the C terminus with an HA
epitope and stably expressed each construct in NHE1-deficient
PS120 fibroblasts that were previously described (8). Immuno-
blotting cell lysates with HA antibodies showed that NHE1

migrated as a lower molecular weight band corresponding to
the immature, core-glycosylated NHE1 and a higher molecular
weight band representing the fully processed, highly glycosy-
lated protein (Fig. 3A) (18). We quantified the total NHE1
expression in NHE1-wild type, -AXXA3, and -RXXR3 cells by
densitometry (Fig. 3B). Expression of NHE1-AXXA3 was �25%
greater than WT and RXXR3 (p � 0.05), which had similar
levels of expression. We also determined surface expression by
labeling cells with cell-impermeant biotin and HA-immuno-
blotting of enriched biotin-modified surface proteins from a
streptavidin column. This approach revealed a similar abun-
dance of NHE1-WT, -RXXR3, and -AXXA3 at the cell surface,
with the majority of NHE1 at the cell surface corresponding to
the highly glycosylated form (Fig. 3C).

Based on Bmax values for PI(4,5)P2 binding, we tested the
prediction that NHE1-RXXR3 and NHE1-AXXA3 would have
constitutively increased and decreased activity, respectively.
We measured time-dependent pHi recoveries from an NH4Cl-
induced acid load in a nominally HCO3

�-free buffer as previ-
ously described (8) (Fig. 4A). We also determined NHE1 activity
as the pHi-dependent rate of pHi recovery (dpHi/dt) (Fig. 4, B
and C). For NHE1-WT, quiescent activity increased with plate-
let-derived growth factor (PDGF; 50 ng/ml), similar to our pre-
vious findings (8, 10). At pHi 6.7, quiescent activity of 47.99 �
5.78 dpHi/dt � 10�4 pH/s (mean � S.D.) significantly increased
with PDGF to 73.24 � 9.10 dpHi/dt � 10�4 pH/s. For cells
expressing NHE1-RXXR3, quiescent activity at pHi 6.7 was
70.34 � 5.38 dpHi/dt � 10�4 pH/s and significantly greater
than quiescent NHE1-WT but not different than NHE1-WT
activity with PDGF. Additionally, NHE1-RXXR3 activity did
not increase with PDGF, with activity at pH 6.7 of 71.35 � 6.98
dpHi/dt � 10�4 pH/s not significantly different than quiescent.

FIGURE 2. A cluster of histidine residues mediate pH-dependent PI(4,5)P2binding by NHE1. A–D, PI(4,5)P2 binding at pH 7.0 (solid line) and pH 7.5 (dotted
line) for wild type (A, black), AXXA3 (B, blue), RXXR3 (C, red) and Arg/Lys residues mutated to alanine (KR/A; D, orange). a.u., arbitrary units. D� shows the same data
in D with a magnified y axis. Data are the mean � S.D. from six experiments for A–C and three experiments for D. E, Coomassie-stained SDS-PAGE of wild type
(WT), RXXR3 (R), AXXA3 (A), and KR/A GST-NHE1 503– 815 proteins. The size of the molecular weight marker (MW) is shown in kDa.

TABLE 1
Binding parameters from ELISA PI(4,5)P2 experiments
The maximal binding, Bmax, is reported in arbitrary units. The dissociation constant,
kd, is reported in nM. Data are the mean � S.D. from 3 (KR/A) and 6 (WT, AXXA3,
RXXR3) independent experiments. ND, not determined.

Construct
Bmax kd

pH 7.5 pH 7.0 pH 7.5 pH 7.0

Wild type 0.87 � 0.04 1.00 � 0.04a 65 � 10 38 � 6a

AXXA3 0.76 � 0.04b 0.79 � 0.03c 78 � 14 62 � 9c

RXXR3 0.97 � 0.05 0.97 � 0.03 67 � 13 44 � 5
KR/A 0.16 � 0.04d 0.27 � 0.01d,e ND ND

a p � 0.05 compared to pH 7.5.
b p � 0.05 compared to WT and RXXR3 at pH 7.5.
c p � 0.05 compared to WT and RXXR3 at pH 7.0.
d p � 0.01 compared to WT.
e p � 0.001 compared to pH 7.5.
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Moreover, quiescent pHi, determined in the presence of 25 mM

HCO3
�, was 7.39 � 0.04 in cells expressing NHE1-WT and sig-

nificantly increased with PDGF to 7.56 � 0.05. Quiescent pHi
with RXXR3 was 7.61 � 0.08, which was significantly higher
than with NHE1-WT and also did not increase with PDGF (Fig.
4D). These data indicate that NHE1-RXXR3 is constitutively
more active than NHE1-WT, including generating a higher qui-
escent pHi.

Activity of NHE1-AXXA3 was significantly lower than
NHE1-WT (Fig. 4, A–C) and did not increase with PDGF.
Activity was 21.43 � 4.52 dpHi/dt � 10�4 pH/s and 25.09 �
5.15 dpHi/dt � 10�4 pH/s in the absence and presence of
PDGF, respectively. Notably, NHE1-AXXA3 retained pHi-de-

pendent activity that decreased at higher pHi. Despite the lower
activity of NHE1-AXXA3, quiescent pHi in cells expressing this
mutant was 7.40 � 0.06 and not different than that with NHE1-
WT. However, pHi with NHE1-AXXA3 did not increase with
PDGF (Fig. 4D). Decreased NHE1 activity and, in contrast to
our findings, decreased pHi are seen with alanine substitutions
in arginine and lysine residues in the charged 513–520 and
556 –564 regions with the predicted mechanisms of decreased
PI(4,5)P2 binding (13, 15).

In contrast to the lack of response to PDGF, activity of both
NHE1-RXXR3 and -AXXA3 increased with hyperosmolarity
(Fig. 5A), determined in a nominally HCO3

�-free buffer supple-
mented with 100 mM NaCl. Compared with their respective
quiescent activities indicated above, with hyperosmolarity
NHE1-WT activity increased to 86.25 � 11.22 dpHi/dt � 10�4

pH/s, NHE1-RXXR3 increased to 90.36 � 9.56 dpHi/dt � 10�4

pH/s, and NHE1-Axx3 increased to 48.11 � 2.77 dpHi/dt �
10�4 pH/s (Fig. 5, B and C). However, hyperosmolarity only
increased pHi with expression of NHE1-WT but not NHE1-
RXXR3 or NHE1-Axx3 (Fig. 5D). These data suggest that
NHE1 activity with hyperosmolarity is mostly independent of
PI(4,5)P2 binding, unlike growth factor-regulated activity.

Differences in Contractile Actin Filaments and Focal Adhe-
sions with NHE1-RXXR3 and -AXXA3—Increased NHE1 activ-
ity and pHi promote the assembly of actin filaments (8, 19 –21).
Consistent with these findings, we observed more contractile
actin stress fibers in quiescent cells expressing NHE1-RXXR3
compared with NHE1-WT and -AXXA3 (Fig. 6A). Quantifying
the intensity of rhodamine-phalloidin fluorescence confirmed
significant differences between the three cell types (Fig. 6B).
Additionally, immunolabeling for phosphorylated myosin light
chain (pMLC) showed abundant and thick bundled actin fila-
ments traversing the cell length highly decorated by pMLC with
RXXR3. In contrast, actin stress fibers were fewer and appeared
thinner and shorter with NHE1-WT and NHE1-AXXA3. With
NHE1-WT, pMLC predominantly decorated the distal ends of
actin filaments in contrast to the entire length with NHE1-
RXXR3. With NHE1-AXXA3, pMLC labeling was mostly punc-
tate with minimal labeling along actin filaments. Of note, actin
aggregates, likely Hirano bodies, were seen in all three cell lines
and is a feature of the parental PS120 fibroblasts (22).

Increased NHE1 activity and pHi also increase the assembly
and maturation of cell-substrate focal adhesions (9, 23).
Accordingly, immunolabeling of the focal adhesion-associated
protein paxillin showed more and larger peripheral focal adhe-
sions with NHE1-RXXR3 compared with NHE1-WT (Fig. 6,
C–E). With NHE1-RXXR3 there were pronounced clusters of
focal adhesions at cell margins as well as numerous focal con-
tacts along the dorsal cell surface. With NHE1-WT, focal adhe-
sions appeared to be predominantly at cell protrusions, with a
limited number of focal contacts at the dorsal cell surface. With
NHE1-AXXA3, focal adhesions were similar in size and num-
ber to those with NHE1-WT, although punctate paxillin label-
ing at the dorsal surface was more pronounced. Consistent with
differences in focal adhesion abundance, cells were more
spread with NHE1-RXXR3 and more fusiform and elongated
with NHE1-AXXA3, compared with NHE1-WT. Together,
these findings suggest that increased activity with RXXR3 is

FIGURE 3. Expression of NHE1-WT and histidine mutants in fibroblasts. A,
HA and actin immunoblots (IB) of total lysates from NHE1-deficient PS120
cells and cells stably expressing NHE1-WT, -RXXR3, and -AXXA3 tagged with
an HA epitope. B, relative NHE1 expression in AXXA3 and RXXR3 cells was
quantified from Western blots by densitometry. The total NHE1 signal, repre-
senting the immature and processed forms of NHE1, was normalized to actin
and expressed as -fold wild type. Bars represent the mean � S.D., and gray
dots represent relative NHE/actin ratio from five independent preparations of
cells. *, p � 0.05. C, HA immunoblot of enriched biotinylated cell surface pro-
teins. Data are representative of experiments from two separate cell prepara-
tions. The molecular weight marker (MW) is shown in kDa.
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associated with substantial changes in cell morphology with a
contractile phenotype indicated by abundant pMLC-decorated
actin stress fibers and focal adhesions.

Discussion

NHE1 is an acid extruder controlling H� efflux at the plasma
membrane and a major regulator of pHi in many cells. For nor-
mal pHi homeostasis, NHE1 activity increases in response to
acidic pHi and becomes quiescent at neutral pHi. The pHi reg-
ulation of NHE1 activity was proposed over 30 years ago to be
mediated by an internal H� modifier site independent of the
proton binding site used for substrate transport (11); however,
the precise identity of this site remains unclear. Subsequent
studies suggested that a proton modifier site located in the
C-terminal cytoplasmic domain modulates a set point for
NHE1 activity (24, 25) and found that binding PI(4,5)P2 is nec-
essary for maximal NHE1 activity (13, 15), with increased bind-
ing at lower pH. However, studies on PI(4,5)P2 binding focused
on arginines and lysines in a putative modifier site, which likely
do not change charge within the physiological pH range to reg-
ulate binding affinity for anionic phospholipids. We found that
a cluster of four histidines in the putative modifier site confer
pH-dependent PI(4,5)P2 binding. When these histidines are
substituted to arginines, NHE1 has constitutively increased
activity, and pHi is higher, whereas alanine substitutions result
in significantly decreased activity, although quiescent pHi is not
different compared with wild type NHE1. Although RXXR3 and
AXXA3 mutants lack pH-dependent PI(4,5)P2 binding and

their activity in cells is increased and decreased, respectively,
they retain pH sensitivity with greater activity at lower pHi. The
pHi-dependent activity of these mutants could be maintained
by alternative proton modifier sites that have been proposed in
the NHE1 distal C terminus and transmembrane domain (26).

A pH-dependent “His switch” for binding membrane phos-
pholipids is emerging as a regulatory mechanism for many pro-
teins. However, His switches have predominantly been identi-
fied in cytosolic rather than integral membrane proteins. We
previously showed that activation of the actin-binding protein
cofilin at higher pH is mediated by deprotonation of cofilin-
His-133, which decreases affinity for binding PI(4,5)P2 to
release cofilin from its inactive, plasma membrane-bound state
(19). We also showed a similar pH-sensitive His switch for
releasing membrane-associated Dbs, a guanine nucleotide
exchange factor for Cdc42 (27). Additionally, the FYVE domain
that targets many proteins, including endosome antigen 1 and
guanine nucleotide exchange factors, to intracellular vesicle
membranes has two conserved His residues that confer a pH-
sensitive His switch for binding phosphatidylinositol 3-phos-
phate (28, 29). Intracellular membrane targeting of proteins
containing ENTH and ANTH domains is also regulated by His
switches for binding membrane phospholipids (30). However,
for integral membrane ion transport proteins, the role of pH-de-
pendent His switches for phospholipid binding and activity is
less clear. Fliegel and co-workers (31) recognized the histidine
cluster in NHE1 we studied, but did not test PI(4,5)P2 binding,

FIGURE 4. Histidine mutants have distinct quiescent activities that do not increase with PDGF. NHE1 activity was determined as the rate of pHi recovery
from an NH4Cl-induced acid load in cells loaded with the pH-sensitive dye BCECF. A, means of time-dependent pHi recoveries in the absence (quiescent; solid
lines) and presence of PDGF (50 ng/ml; dotted lines) from five independent cell preparations. B, means of pHi-dependent recovery rates (dpHi/dt) in the absence
(quiescent; solid lines) and presence of PDGF (50 ng/ml; dotted lines) from six independent cell preparations. C, dpHi/dt at pHi 6.6 in quiescent and PDGF-treated
cells from data shown in B. Data are the means � S.D. of six independent cell preparations. **, p � 0.001; ***, p � 0.001. D, the pHi of indicated cell types at
quiescence and with PDGF (50 ng/ml PDGF for 5 min). Data are the means � S.D. of six independent cell preparations.
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and found that human NHE1-540HYGAAA and -HYGRRR
mutants have no effect on activity, which compared with our
results suggests the possibility that His-540 may be a critical
residue for pH sensing. In the NHE isoform NHE3, His-499,
which is equivalent to His-543 of NHE1 (Fig. 1C), confers pHi
sensitive activity (32); however, the role of His-499 in PI(4,5)P2
binding was not reported. Additionally, Na-HCO3 exchangers
in the SLC4A family contain multiple histidines within and sur-
rounding a PI(4,5)P2 binding site (33), although to our knowl-
edge the importance of these histidines for PI(4,5)P2 binding
has not been reported. Hence, our findings are significant in
showing a pH-dependent His switch for PI(4,5)P2 binding that
regulates activity of an integral membrane ion transport
protein.

Our findings also suggest substantial differences in how
growth factors and hyperosmolarity increase NHE1 activity, as
activity of NHE1-RXXR3 and -AXXA3 increases with hyperos-
molarity but not with PDGF. Hyperosmolarity is proposed to
activate NHE1 through a mechanical, cell-shrinkage-depen-
dent mechanism (34), and a predicted volume-sensitive site on
NHE1 is different than sites required to mediate the stimulatory
effects of growth factors (35). Many growth factors and hor-
mones activate NHE1 by increasing the phosphorylation of dis-
tinct serine residues in the distal C terminus of NHE1, with
direct phosphorylation confirmed by the kinases p90RSK (7),
Akt (8), ROCK (9), and Nck-interacting kinase (NIK)/MAP4K4
(10). Ligand-increased NHE1 activity is inhibited by alanine
substitutions in these serine residues. However, activity of the

NHE1-AXXA3 mutant is significantly lower compared with
wild type and does not increase with PDGF, which suggests that
for wild type NHE1, PI(4,5)P2 binding by the membrane-prox-
imal C terminus and phosphorylation of the distal C terminus
are integrated. If the set point or pH dependence of a proton
modifier site is changed by ligand-dependent NHE1 phosphor-
ylation, it remains to be determined whether the pKa values of
histidine residues regulating PI(4,5)P2 binding might be
upshifted. Wakabayashi et al. (36, 37) proposed that growth
factors and hormones increasing diacylglycerol activate NHE1
through a lipid-interacting domain (LID) encompassing amino
acids 542–598 in human NHE1 that includes the PI(4,5)P2
binding region. They found that the LID domain binds phorbol
esters and used FRET reporters to show increased association
of the NHE1 C terminus with the plasma membrane in cells
treated with phorbol esters. However, phorbol ester and
PI(4,5)P2 binding within the LID may be distinct because ala-
nine substitutions for Leu-573 and Ile-574 were identified as
mediators of phorbol ester binding (36). Recent work from
Schelling and co-workers (38) suggests that decreased NHE1
activity from disrupted PI(4,5)P2 binding contributes to apo-
ptosis in renal tubular atrophy. They found that amphipathic,
long chain acyl-CoA metabolites, which accumulate with glo-
merular injury, decrease NHE1 activity by competing with
PI(4,5)P2 binding. Future studies could address whether a sim-
ilar competitive inhibition of PI(4,5)P2 binding might contrib-
ute to the proposed NHE1-dependent apoptosis in neurode-
generative diseases (5).

FIGURE 5. Histidine mutants retain increased activity with hyperosmolarity. A, means of time-dependent pHi recoveries in the absence (quiescent; solid
line) and presence of excess 100 mM NaCl (dotted lines) from 4 independent cell preparations. B, means of pHi-dependent recoveries (dpHi/dt) in the absence
(quiescent; solid lines) and presence of excess 100 mM NaCl (dotted lines) from 4 independent cell preparations. C, dpHi/dt) at pHi 6.6 for data shown in B. Data
are the means � S.D. of six independent cell preparations. D, the pHi of indicated cell types at quiescence and with 100 mM NaCl (5 min). Data are the means �
S.D. of six independent cell preparations. **, p � 0.01; ***, p � 0.001
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Although we currently lack a unified mechanistic descrip-
tion for the complex interplay of regulated NHE1 activity,
many publications described here indicate the importance of
PI(4,5)P2 binding. Our findings reveal the critical signifi-
cance of a histidine cluster for PI(4,5)P2 binding, which con-
tributes to the established pHi dependence of NHE1 activity.
Beyond insights on mechanisms regulating NHE1 activity,
the constitutively active NHE1-RXXR3 mutant we report has
promise as a new tool for determining functional conse-
quences of increased pHi, particularly in cancer cell biology,
based on increased pHi with activated oncogene and our
recent finding (4) that increased pHi in the absence of acti-
vated oncogenes is sufficient to induce hyperproliferation
and dysplasia.

Experimental Procedures

Sequence Alignment of NHE1 C-terminal Juxtamembrane
Region—The sequence surrounding the His-rich region of
human NHE1 was aligned to NHE1 orthologs from other spe-
cies and to other human plasma membrane NHE family mem-
bers (NHE2–5) using Clustal Omega (39). NCBI accession
numbers used for alignment were: Homo sapiens NHE1,
NP_003038.2; H. sapiens NHE2, NP_003039.2; H. sapiens
NHE3, NP_004165.2; H. sapiens NHE4, NP_001011552.2;
H. sapiens NHE5, NP_004585.1; Mus musculus NHE1,
NP_058677.1; Rattus norvegicus NHE1, NP_036784.1; Gal-
lus gallus NHE1, NP_001038108.1; Xenopus laevis NHE1,
NP_001081553.1; Danio rerio NHE1, NP_001106952.1.

Expression and Purification of GST-NHE1 503– 815—The
C-terminal cytoplasmic domain of human NHE1 (amino acids
503– 815) in the pGEX vector was previously described (10).
Site-directed mutagenesis was used to mutate His-540, -543,
-544, and -545 to alanines or arginines (QuikChange Lightning,
Agilent, Santa Clara, CA). DNA primers were designed using an
online primer design tool (QuikChange� Primer Design Pro-
gram) and purchased from Elim Biopharmaceuticals (Hayward,
CA). DNA sequencing was performed to verify mutations.
Expression and affinity purification of wild type and mutant
GST-NHE1 was performed as previously described (22). Pro-
tein was concentrated using an Amicon Ultracel-20K Centrif-
ugal Filter Unit and stored at �80 °C. Protein integrity and
purity were determined by Coomassie Blue-stained SDS-PAGE
gels.

ELISA PI(4,5)P2 Binding Assay—Pre-blocked Cova PI(4,5)P2
screening plates (Echelon Biosciences, Salt Lake City, UT, cat-
alogue number 1278H-6) were used for binding assays. Wild
type and mutant GST-NHE1 were incubated at concentrations
from 0 to 1 �M in binding buffer (10 mM HEPES, 150 mM NaCl,
1% mouse serum) of pH 7.5 or 7.0 for 1 h at room temperature.
Wells were washed 3 times (3 min each) with wash buffer (bind-
ing buffer � 0.05% Tween 20) and incubated for 1 h at room
temperature with peroxidase-conjugated anti-GST antibody
(Abcam, Cambridge, MA, catalogue number ab137840, lot
number GR169731–2) diluted 1:5000 in binding buffer. After
washing 3 times, 100 �l of 3,3�,5,5�-tetramethylbenzidine
(Sigma, catalogue number T8665, lot number SLBM6117V)
was added to each well for 15 min, and the optical density was
read at 370 nm on a SpectraMax M5 plate reader (Molecular
Dynamics, Sunnyvale, CA). Statistical analyses were performed
using GraphPad software.

Cell Expression of Recombinant NHE1—The mammalian
expression construct, pCMV-NHE1, containing the full-length
rat NHE1 sequence and a 3� HA epitope tag was previously
described (22, 40, 41). Site-directed mutagenesis was used to
mutate His-544, -547, -548, and -549 to alanines or arginines as
described above. Wild type and mutant NHE1-HA were stably
expressed in NHE1-deficient PS120 cells, derived from CCL39
hamster lung fibroblasts as described (22). Cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 5% FBS and penicillin/streptomycin (complete
media). The expression of wild type and mutant NHE1 was
determined by immunoblotting of cell lysates, whereas the cell

FIGURE 6. Histidine mutants have differences in abundance of contractile
actin filaments and focal adhesions. A, representative confocal images of
the indicated cell types at quiescence labeled with pMLC (green) and rhod-
amine-phalloidin (magenta). B, mean fluorescence intensities of rhodamine-
phalloidin for WT (53 cells), RXXR3 (42 cells), and AXXA3 (58 cells) in three
separate cell preparations. C, representative confocal images of the indicated
cell types at quiescence labeled with paxillin (green) and rhodamine-phalloi-
din (magenta). Paxillin labeling is also shown in monochromatic LUT. D and E,
quantification of the peripheral focal adhesion area per cell (D) and total num-
ber per cell (E). Shown are WT (43 cells), RXXR3 (41 cells), and AXXA3 (49 cells)
in three independent cell preparations. **, p � 0.01; *** p � 0.001.
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surface expression was determined by the selective biotinyla-
tion and isolation of cell surface proteins using a commercially
available kit (Pierce Cell Surface Protein Isolation kit, Thermo
Fisher Scientific, catalogue number 89881). Proteins were sep-
arated by SDS-PAGE and transferred to polyvinylidene difluo-
ride membranes for immunoblotting. The membranes were
probed with mouse anti-HA (12CA5) epitope tag (1:1000,
ThermoFisher Scientific, catalogue number MA1–12429) for
NHE1-HA or mouse anti-actin clone C4 (1:5,000, ED Millipore
MAB1501) as a loading control. Peroxidase-conjugated goat
anti-mouse (Bio-Rad, catalogue number 172-6516, lot number
350003069) and goat anti-rabbit secondary antibodies (Bio-
Rad, catalogue number 172-1019, lot number 350003011) were
used at a 1:10,000 dilution. Bound antibodies were detected by
enhanced chemiluminescence.

NHE1 Activity—NHE1 activity was determined as the rate of
pHi recovery (dpHi/dt) from an NH4Cl-induced acid load, as
previously described (8). Briefly, cells were plated in triplicate
for each condition and maintained in complete medium for
24 h before incubating with DMEM containing 0.2% FBS for
20 h to induce quiescence. Cells loaded with 1 �M 2,7-biscar-
boxyethyl-5(6)-carboxyfluorescein (BCECF; Invitrogen) in a
nominally HCO3

�-free HEPES buffer were incubated for 10 min
in HEPES buffer containing 40 mM NH4Cl, which was rapidly
aspirated and replaced with HEPES buffer in the absence (con-
trol) or presence of PDGF (50 ng/ml) or NaCl (100 mM). Ratios
of BCECF fluorescence at Ex490/Em530 and Ex440/Em530
were acquired every 15 s for 5 min. Fluorescence ratios were
converted to pHi by calibrating each well with 10 �M nigericin
(Invitrogen) at pH 7.4 and pH 6.6. NHE1 activity was expressed
as dpHi/dt by evaluating the derivative of the slope of the time-
dependent pHi recovery at intervals of 0.05 pH units, and sta-
tistical analyses were performed using GraphPad software.
Steady-state pHi was determined as previously described (8). In
brief, quiescent cells loaded with BCECF in buffer containing 25
mM HCO3

� were washed and incubated in HCO3
� buffer in the

absence or presence of PDGF or NaCl for 5 min before measur-
ing fluorescence ratios and calibrating pHi as described above.

Immunolabeling—Immunocytochemistry was performed as
previously described (8). In brief cells plated at a density of 50 �
104 cells/well of a 6-well plate containing 100-mm glass cover-
slips were maintained in complete medium for 24 h, washed,
and maintained in DMEM containing 0.2% FBS for 20 h. After
washing with 100 mM phosphate buffer (PB), cells were fixed in
4% paraformaldehyde in PB for 10 min, permeabilized in 0.1%
Triton X-100 in PB for 10 min, and incubated in blocking PB
containing 2% BSA for 60 min. Cells were incubated overnight
at 4 °C with primary antibodies to pMLC (T18/S19, rabbit, Cell
Signaling Technologies, catalogue number 3674, lot number 5)
and paxillin (mouse, BD Transduction Laboratories, catalogue
number 610620, lot number 66614) diluted 1:200 in PB con-
taining 0.01% Triton X-100. After washing with PB, cells were
incubated for 1 h with PB containing secondary antibodies
Alexa Fluor 488 goat anti-rabbit (Thermo Fisher Scientific,
catalogue number A11008, lot number 458548) or goat anti-
mouse (Thermo Fisher Scientific, catalogue number A11001,
lot number 455497) (1:200) and rhodamine-phalloidin
(Thermo Fisher Scientific, catalogue number R415, lot num-

ber 1616945) (1:400). Fluorescence images were acquired using
a spinning disk confocal (Yokogawa; CSU-10) on a microscope
(Nikon; TE-2000) with a 60X objective (Plan TIRF 1.49 NA)
equipped with a cooled CCD camera and analyzed using NIS-
Elements software (Nikon). To quantify rhodamine-phalloidin
fluorescence, background subtraction was first performed from
an ROI that did not include cells, and then mean background-
subtracted rhodamine fluorescence was determined as the
average of three uniform regions of interest for each of the
indicated number of cells in three separate preparations. Quan-
titative analysis of focal adhesions was performed on maximum
intensity projections generated from a z-stack. Background
subtraction was performed from an ROI that did not include
cells. Focal adhesions were selected for analysis if they were
located near or touching plasma membrane and had actin fila-
ments terminating within. The “Auto detect ROI” tool with a
graphical user interface tuning parameters setting of 5 was used
to select ROIs. Area and mean intensity of each focal adhesion
was quantified and exported to Microsoft Excel for analysis;
graphs were generated using Prism. Outliers greater than two
standard deviations from the mean were excluded from the
final analysis.

Author Contributions—B. A. W. and A. S. conceived the initial stud-
ies. B. A. W. generated and characterized expression in cell lines,
including surface biotinylation. K. A. W. performed and analyzed
the in vitro PI(4,5)P2 binding assays. B. K. G.-H. performed quantifi-
cation of focal adhesions. A. S. generated GST constructs used in in
vitro binding assays and performed the initial characterization of
lipid binding. C. C. performed the Western blot analysis. D. L. B.
performed the NHE1 activity assays, pHi determinations, and immu-
nolabeling studies. B. A. W., K. A. W., B. K. G.-H., and D. L. B. con-
tributed to the writing of this manuscript.
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