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The small intestinal BB Na*/H* antiporter NHE3 accounts
for the majority of intestinal sodium and water absorption. It is
highly regulated with both postprandial inhibition and stimula-
tion sequentially occurring. Phosphatidylinositide 4,5-bisphos-
phate (PI(4,5)P,) and phosphatidylinositide 3,4,5-trisphosphate
(P1(3,4,5)P;) binding is involved with regulation of multiple
transporters. We tested the hypothesis that phosphoinositides
bind NHE3 under basal conditions and are necessary for its
acute regulation. Hisg proteins were made from the NHE3
C-terminal region divided into four parts as follows: F1 (amino
acids 475-589), F2 (amino acids 590-667), F3 (amino acids
668-747), and F4 (amino acids 748 -832) and purified by a
nickel column. Mutations were made in the F1 region of NHE3
and cloned in pet30a and pcDNA3.1 vectors. PI(4,5)P, and
PI1(3,4,5)P; bound only to the NHE3 F1 fusion protein (amino
acids 475-589) on liposomal pulldown assays. Mutations were
made in the putative lipid binding region of the F1 domain and
studied for alterations in lipid binding and Na*/H* exchange as
follows: Y501A/R503A/K505A; F509A/R511A/R512A; R511L/
R512L; R520/FR527F; and R551L/R552L. Our results indicate
the following. 1) The F1 domain of the NHE3 C terminus has phos-
phoinositide binding regions. 2) Mutations of these regions alter
PI(4,5)P, and PI(3,4,5)P; binding and basal NHE3 activity. 3) The
magnitude of serum stimulation of NHE3 correlates with PI(4,5)P,,
and PI(3,4,5)P; binding of NHE3. 4) Wortmannin inhibition of
PI3K did not correlate with PI(4,5)P, or PI(3,4,5)P; binding of
NHE3. Two functionally distinct phosphoinositide binding re-
gions (Tyr**'-Arg>'? and Arg®*°~Arg®>?) are present in the NHE3
F1 domain; both regions are important for serum stimulation, but
they display differences in phosphoinositide binding, and the latter
but not the former alters NHE3 surface expression.

Many transport proteins, including pumps, channels, and
transporters, are regulated by phosphoinositides. This rapidly
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expanding list includes voltage-gated K™ channels, inwardly
rectifying K* channels, and members of the TRP channel fam-
ily, ENaC, NHE1, and NBCel (1-8). This regulation has been
explained on the basis of two contrasting mechanisms. (i) There
is direct phosphoinositide interaction with specific amino acids
in the transport protein, explained either on the basis of charge
(8—13) or presence of canonical lipid binding domains such as
pleckstrin homology domains (1, 8, 14). Common to these
direct interaction studies has been the demonstration that
mutagenesis of specific amino acids leads to changes in molec-
ular interactions with phosphoinositides that lead to subse-
quent changes in physiologic channel or transporter activity.
(ii) An indirect mechanism involves an additional intermediate,
either protein or lipids, that binds via a phosphoinositide-de-
pendent mechanism (5, 11).

Sodium/hydrogen exchangers (SLC9a family) are ubiquitous
transporters serving many functions in the cell, including reg-
ulation of intracellular pH, cell volume, and sodium absorption
(15, 16). Grinstein and co-workers (17) have demonstrated that
NHE]1, the ubiquitous member of the sodium hydrogen
exchanger gene family, is regulated by PI(4,5)P,, which binds to
its C terminus. Using a unique whole cell patch pipette tech-
nique, Fuster et al. (18) showed that NHE3 is rapidly stimulated
in opossum kidney cells by intracellular application of
PI(3,4,5)P3.2 However, the mechanism of this stimulation is
unknown. We hypothesized that the epithelial brush border
Na™/H™ antiporter NHE3 binds phosphoinositides based on
the recognition that gene families have similar structural/func-
tional organization (19). The aim of this study was to under-
stand the mechanism of NHE3 regulation by phosphoinositides
by the following: (i) investigating whether NHE3 can directly
bind phosphoinositides; (ii) identifying regions and amino acids
that are necessary for this interaction, and (iii) studying the
physiologic relevance of this interaction.

EXPERIMENTAL PROCEDURES

Materials—Lipids, phosphatidylcholine, phosphatidyleth-
anolamine, phosphatidylserine, PI1(3,4,5)P5, and PI(4,5)P, were
from Avanti Polar Lipids. QuikChange site-directed mutagen-
esis kit was from Stratagene (La Jolla, CA). EZ-link sulfo-NHS-

2 The abbreviations used are: PI(3,4,5)P;, phosphatidylinositide 3,4,5-triphos-
phate; PI(4,5,)P,, phosphatidylinositide 4,5-bisphosphate, Pl, phospha-
tidylinositol; NS, not significant.
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F2 (amino acids 590-667),
(amino acids 668-747), and F4
(amino acids 748 —832). Fragments
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FIGURE 1. Bioinformatic analysis of NHE3. A, NHE3 F1 region (amino acids 475-589) is conserved across
species and shown in the figure is the Scansite prediction for the presence of the lipid binding group (LBG) in
is predicted to be necessary for lipid binding in Scansite analysis and is shown here in a bold
box. Clusters of positively charged and aromatic amino acids are shown as bars, with mutated residues shown
in boxes. Calcineurin homologous protein (CHP) binding area is shown as a jagged bar. Direct Ezrin binding area
is shown as Ez. B, alignment of NHE1 rat, NHE1 human, NHE3 rabbit, and NHE3 rat. Motifs | and Il indicate
clusters of positively charged amino acids, previously shown to be important for phosphoinositides binding in
NHE1 (17). Lipid interaction domain of NHE1 is shown in red. Lipid binding group (LBG) in NHE3 as predicted by
Scansite is shown as a green bar. Lipid binding region in NHE3 as identified by this study is shown in green.
*indicates identical amino acids; : indicates conserved amino acids; and . indicates semiconserved amino acids.

this area. Phe%®

SS-biotin was from Thermo Scientific (Rockford, IL). Nigericin
and 2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein were
from Invitrogen. DNA primers were from Operon Biotechnol-
ogies (Huntsville, AL). Unless specified, all other chemicals and
materials were from Sigma.

Antibodies—Monoclonal mouse antibodies to the hemagglu-
tinin (HA) epitope (MMS 101-R) were from Covance Research
Products (Princeton, NJ). Monoclonal mouse anti-polyhisti-
dine antibodies (H1029) and monoclonal mouse anti-VSV-gly-
coprotein antibodies (A1970) were purchased from Sigma.
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blasts (stably expressing NHERF2
with a hygromycin-resistant select-
able marker) at 70% confluence,
using ~10 ul of Lipofectamine 2000
(Invitrogen) according to the manu-
facturer’s protocol. Similarly, point
mutation R520F/R527F with a
C-terminal VSV-G epitope tag in
pcDNA3.1/hygromycin was trans-
fected into PS120 fibroblasts stably
expressing NHERF2 (21). Cells stably transfected with NHE3
(NHE3 wild type and mutants) were selected by an H™ selection
procedure consisting of exposure to 50 mm NH,Cl/saline solu-
tion for 1 h, followed by an isotonic 2 mm Na™ solution for 1 h,
as described previously (22). Surviving cells were placed in nor-
mal culture medium (Dulbecco’s modified Eagle’s medium with
4.5 g/liter glucose, 584 mg/ml L-glutamine, 110 mg/ml sodium
pyruvate, and 10% FBS) with hygromycin and G418 to maintain
selection pressure and allowed to reach 30-50% confluence.
The H™ selection process was initially repeated every 2—3 days

on current study
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FIGURE 2. F1 region of rabbit NHE3 (amino acids 475-589) binds to liposomes containing PI(3,4,5)P; and PI(4,5)P, but not PI. A, Western blot showing
150 ng of Hisg NHE3 C-terminal fusion proteins F1, F2, F3, and F4. These represent input for all experiments. Arrows indicate major bands detected by anti-Hisg
antibody, 1:5000. B, only F1 but not F2, F3, or F4 bind with PI(3,4,5)P5 in liposomal pulldown assays. Representative Western blots are shown that were repeated
three times with similar results. 150 ng of each NHE3 fusion protein was used in liposomes consisting of 30 mol % phosphatidylcholine, 17 mol % phospha-
tidylserine, 20 mol % phosphatidylethanolamine, 24.75 mol % phosphatidylinositol, and 8.25 mol % PI(3,4,5)P5. C, only F1 but not F2, F3, or F4 binds with
P1(4,5)P,.Liposomes as in Fig. 1B, except 8.25 mol % PI(4,5)P,, were used instead of PI(3,4,5)P5. A representative Western blot is shown, which was repeated four
times with similar results. Right lane is positive control showing F1 fragment binding with PI(3,4,5)P; liposomes. D, no binding to PI. 150 ng of each NHE3 fusion
protein was used with liposomes as in Band C but with 33 mol % phosphatidylinositol. A PI(3,4,5)P; liposomal pulldown with F1 is shown in the right lane as a
positive control. A representative Western blot is shown, which was repeated three times with similar results. £, quantification for binding from B and C was
done by measuring integrated signal intensity of bands by Odyssey system (LI-COR, Lincoln, NE) normalized to 150 ng of fusion protein. Integrated intensity of
bands shown as means = S.E. for PI(3,4,5)P5, n = 3, and PI(4,5)P,, n = 4, is plotted on the y axis. Only the F1 fragment bound PI(3,4,5)P5 and PI(4,5)P,. Arrows in
Fig. 2, B-D indicate F1 fragment in liposomal pulldowns.

until more than 50% of the cells survived and was then repeated umn was washed five times with 50 mm Tris, pH 7.4, and 300
weekly thereafter. mM NaCl and eluted in 50 mm Tris, pH 7.4, 300 mm NaCl and
Expression and Purification of Escherichia coli Fusion 250 mm imidazole (protocol modified from Qiagen, Valencia,
Proteins—Rosetta 2 (DHE-3) cells grown in Luria broth (LB) CA). The proteins were subjected to SDS-PAGE and stained
medium were used to express His,-tagged fusion proteins using ~ with Coomassie Blue demonstrating a single predominant band
1 mm isopropyl 1-thio-B-p-galactopyranoside for induction. for each protein (supplemental Fig. 2).
Crude cell extracts were prepared from culture pellets by break- In Vitro Liposomal Binding Assays—P1(4,5)P,, P1(3,4,5)P,, or
ing the cells in a microfluidizer. Lysates were loaded on col-  Pllipid vesicles were prepared with 30 mol % phosphatidylcho-
umns packed with a Ni** -nitrilotriacetic acid resin. The col- line, 17 mol % phosphatidylserine, 20 mol % phosphatidyleth-
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anolamine, 24.75 mol % phosphatidylinositol (PI) and 8.25
mol % PI(3,4,5)P,, PI(4,5)P, or additional PI (in control exper-
iments). Vesicles with serial dilutions of PI1(4,5)P,, P1(3,4,5)Ps,
or Pl were prepared by altering molar concentrations of PI with
respect to P1(4,5)P, or PI(3,4,5)P,, keeping the total molar con-
centration at 100 mol %. The lipids were dried in a speed vac-
uum and rehydrated using bath sonication in 250 ul of 0.2 M
sucrose, 20 mm KCl, 20 mm HEPES, pH 7.4, 0.01% sodium azide.
150 of ng of test proteins (F1, F2, F3, F4, and point mutations)
were mixed with 100 ul of PI(3,4,5)P5, P1(4,5)P,, or Pl vesicles in
900 ul of liposomal reaction buffer (containing 0.12 M NaCl, 1
mM EGTA, 0.2 mm CaCl,, 1 mm MgCl,, 5 mm KCl, 20 mm
HEPES, pH 7.4, 1 mg/ml BSA, and 0.75 mm fresh DTT) and
incubated for 15 min at 37 °C. The 1000-ul mixture was then
ultracentrifuged at 100,000 X g for 45 min in a Beckman Ti70.1
rotor. The supernatant was removed by fine tip vacuum suc-
tion, and the pellet thus obtained was resuspended in NuPAGE
LDS sample buffer (Invitrogen) preheated at 60 °C and bath-
sonicated for 10 min at room temperature. 35 ul of sample was
separated on 14% SDS-PAGE and transferred onto nitrocellu-
lose for immunoblot analysis.

Immunoblot Analysis—The membranes were blocked with 5%
nonfat dry milk in phosphate-buffered saline (PBS) (10 mm
potassium phosphate buffer, pH 7.4, and 0.15 m NaCl) for 1 h.
Blots were then incubated with primary antibodies (where indi-
cated: anti-His (1:5000); anti-HA (1:1000); anti VSVG (1:100))
in 5% milk/PBS for 1 h at room temperature and then washed
with 0.05% Tween/PBS three times for 10 min each. The blots
were incubated with fluorescently labeled secondary antibody
goat anti-mouse IRDye 800 at 1:15,000 (Rockland Immuno-
chemicals, Gilbertsville, PA) for 1 h. Finally, blots were washed
three times for 10 min each with 0.05% Tween/PBS, and bands
were visualized by the Odyssey system (LI-COR, Lincoln, NE).

Measurement of Na/H™ Exchange Activity—The trans-
fected PS120 cells were grown to a confluence of ~70% on glass
coverslips and then placed in serum-free medium for 45 h to
arrest cell division. The Na*/H" exchanger activity of these
cells was measured fluorometrically by using the intracellular
pH-sensitive dye 2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluo-
rescein acetoxymethyl ester (21). The experiments were per-
formed under basal, stimulated (10% dialyzed serum), and
inhibited conditions (100 nm wortmannin). To study the effect
of serum, PS120 cells were incubated with NH,Cl medium with
10% serum for 20 min at 37 °C. This was followed by sequential
perfusion with tetramethylammonium and Na* media con-
taining 10% serum as described previously (22). Study of the
wortmannin effect was by adding 100 nM wortmannin to
NH,Cl medium and incubating for 45 min at 37 °C followed by
perfusion with tetramethylammonium and Na® media.
Na™/H™ exchange rates (H* efflux) were calculated as the
product of buffering capacity at each pH;, and Na™-dependent
change in pH; and were analyzed using data analysis software
Origin (Microcal), by which data are fit to a general allosteric
model as described by the Hill equation. In all experiments,
V. and K’ (HT), values were calculated. Means * S.E. were
calculated from kinetic parameters from at least five different
experiments for each condition.
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FIGURE 3. NHE3-F1 fusion protein binds to liposomes containing
PI(3,4,5)P; and PI(4,5)P, in a saturable manner. A, liposomal pulldowns
assays performed with 150 ng of F1 protein and liposomes containing varied
amounts of PI(3,4,5)P5. The makeup of the liposomes was set at 100 mol % by
replacing mol % of PI(3,4,5)P by the same mol % PI. Hiss-tagged NHE3 F1 was
identified by Western blot analysis of the pulldown by anti-Hisg antibody, and
the intensity of bands was quantified by Odyssey system (LI-COR). B, binding
curve based on intensity values (y axis) versus PI(3,4,5)P5 in mol % (x axis).
Background intensity due to F1 protein binding in absence of PI(3,4,5)P5 was
subtracted from all data points in calculating kinetics of binding. All experi-
ments were done three times, and the curve representing means = S.E. cal-
culated from data points of three different experiments is shown. Saturation
(max) and K, were calculated using Origin software. C, liposomal pulldowns
done with 150 ng of F1 protein and liposomes containing varied amounts of
P1(4,5)P,; PI(4,5)P, was replaced by the same mol % Pl in PI(4,5)P, liposomes.
Intensity of bands was quantified by Odyssey system (LI-COR). D, binding
curve based on intensity values (y axis) versus PI(4,5)P, in mol % (x axis). Back-
ground intensity due to F1 protein binding in the absence of PI(4,5)P, was
subtracted from all data points in calculating kinetics of binding. All experi-
ments were done three times, and the binding curve representing means =+
S.E. calculated from data point of three different experiments is shown. Satu-
ration (max) and Ky, values (mol %) were calculated using Origin software.

Cell Surface Biotinylation—The transfected PS120 cells were
grown to 70—80% confluence in 10-cm Petri dishes. The cells
were then serum-starved for 4-5 h. Cells were washed with
ice-cold phosphate-buffered saline three times (150 mm NaCl
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TABLE 1

Summary of Na*/H* exchange rates, surface biotinylation, and phosphoinositide binding studies for WT and NHE3 F1 point mutations

1st column, PS120/NHE2 cells stably transfected with cDNAs are as listed. 2nd column, transport activity of NHE3 WT and mutant proteins under basal conditions as um/s and
serum (3rd column) and wortmannin (Wort) (4th column) conditions are as percentage increase/decrease of basal. 5th column, percentage of NHE3 on surface are as calculated in
Fig. 6. 6th column, total expression of proteins are standardized to WT (at 100%). 7th column, molecule per surface is calculated from product of % surface and total expression

(normalized to wild type). 8th column, relative transport per molecule was computed by dividing the basal V/,

activity by molecule per surface (2nd column/7th column). 9th and

max

10th columns, in vitro binding of NHES3 fusion proteins to PI(4,5)P, and PI(3,4,5)P, liposome, respectively, is represented as + for presence and — for absence of binding with WT

NHES3 binding set to ++ +. NE means no effect.

Basal % Total Molecule | Relative | Binding | Binding
Cell Type Activity | Serum Wort Surface E‘-‘)\'Pre?SiO" per Transport | to PIP, |[to PIP,
(PS120 / NHERF2) uM/see (%ofwt) | gurface per
Molecule

1L WT 818 T 75% * 50% 6.3 100% | 6.3 130 +++ +++
2. YS01A/RS03A/KS05A 297 NE NE 51 44% 22 135 - -
3.FS09A /RS11A/R512A 452 f 55% * 68% 5.1 42% 2.1 215 - -
4. RSI1L/RS12L 76 *160% & 30%| 1.3 13.5% 0.2 380 et ettt
3. R520F / RS27F 396 NE * 50%| 1.9 100% | 1.9 208 ++ +
6. R35IL/R352L 263 NE & 50% 2.8 86% 2.4 108 - -
7. YS01A /RS03A /KS05A 277 NE NE 4.7 28% | 1.3 213 - -
+ FS09A /RS11A /RS12A

and 20 mm Na,HPO,, pH 7.4) and subsequently once in borate
buffer (1 mm boric acid, 154 mm NaCl, 7.2 mm KCl, and 1.8 mm
CacCl,, pH 9.0). The surface labeling of NHE3 was done by incu-
bating cells with 0.5 mg/ml sulfo-NHS-SS biotin (21) for 20 min
and repeated once. Post-labeling, the cells were washed three
times with quenching buffer (20 mm Tris, pH 7.4, and 120 mMm
NaCl) to scavenge the unreacted biotin. Cells were washed
three times with ice-cold phosphate-buffered saline and solu-
bilized with N* lysis buffer (60 mm HEPES, pH 7.4, 150 mm
NaCl, 3 mm KCl, 5 mm NagEDTA, 3 mm EGTA, and 1% Triton
X-100). The lysates were then incubated with streptavidin-aga-
rose beads for 4 h. After precipitation of the streptavidin-aga-
rose complex, the supernatant was recovered and called the
intracellular fraction. The avidin-agarose beads were washed in
N buffer six times. For recovering the plasma membrane
NHES3, the streptavidin-agarose beads were resuspended in
loading buffer (5 mm Tris-HCI, pH 6.8, 1% SDS, 10% glycerol,
and 1% 2-mercaptoethanol), boiled for 5 min at 70 °C, and sep-
arated on 10% SDS-PAGE. The size-fractionated gel was then
transferred electrophoretically to nitrocellulose. After blocking
for 1 h in 5% non-fat milk, the blots were probed with mono-
clonal anti-HA antibody. Western analysis and quantification
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of the surface fraction were performed using Odyssey software
(LI-COR, Lincoln, NE), as described previously (23). As shown
in Table 1, in our studies with WT and mutant NHE3, the total
expression of mutations was normalized to the W'T expression
level, which was set at 100% in each experiment.

Statistical Analysis—All numerical data are expressed as
means = S.E., and Student’s ¢ tests were used to calculate sig-
nificance of difference between experimental groups.

RESULTS

Identification of a Phosphoinositide-binding Site in NHE3 by
Bioinformatic Analysis—We hypothesized that the NHE3
C-terminal regulatory domain binds phosphoinositides, and we
performed a bioinformatics analysis of the amino acid compo-
sition of the NHE3 C terminus using Scansite. A region in the
NHE3 C-terminal domain, consisting of amino acids 502-516,
was predicted by Scansite to be a candidate for lipid binding.
This was not predicted by several other bioinformatics pro-
grams. This was conserved across species of NHE3. This region
(Fig. 1A) has an estimated isoelectric point of 10 and contains
clusters of positively charged and aromatic amino acids. The
bioinformatics programs PFAM, ProSite, and Smart data bases
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domain bound to PI(3,4,5)P; and PI(4,5)P, and the functional
consequences of that binding.

Mutation of Positively Charged and Hydrophobic Amino
Acids in the NHE3 C-terminal F1 Region Alters PI(3,4,5)P; and
PI(4,5)P, Binding—Phosphoinositides bind to sites containing
positively charged and aromatic amino acids (1). By sequence anal-
ysis, we identified four putative binding motifs in the F1 region of
NHE3 (amino acids 475-589), which contain clusters of positive
charges and were conserved across species of NHE3 (Fig. 1A4). As
shown in Fig. 14, these clusters were located C-terminal to the
putative calcineurin homologous protein binding area of NHE3,
which we predicted by homology to the NHEI calcineurin homol-
ogous protein-binding site, the structure of which had been solved
(24, 25). One of these positively charged amino acid clusters
(Arg®*°/Arg>*’) has previously been shown to be involved in the
direct binding of the cytoskeletal linking protein ezrin to the NHE3
C terminus (21). A second motif (Tyr>®'/Arg®*®/Lys°*®) is imme-
diately adjacent to His**?, which had been shown by mutagenesis
to be part of the NHE3 intracellular pH sensor (26).

To determine whether any of these conserved areas of clus-
tered positively charged amino acids contributed to the interac-
tion of NHE3 with PI(3 ,4,5)P, and/or PI(4,5)P,, we individually
mutated at least two positive charges in each cluster. In several
instances, we also mutated an aromatic amino acid in the region.
His, fusion proteins of the mutated F1 domains were studied
for phosphoinositide binding, and the same mutations were
made in full-length NHE3 and expressed in PS120/NHERF2
cells for Na™/H™ exchange activity measurements. Table 1 lists
the mutations that were made in these domains with arginine or
lysine being generally mutated to an alanine or leucine except
for R520F/R527F, a mutation that had previously been shown
to reduce direct ezrin binding to NHE3 (21).

Liposomal pulldown assays with purified mutant F1 domains
confirmed binding of wild type NHE3 to liposomes containing
PI(3,4,5)P; and PI(4,5)P,. In contrast, the NHE3 F1 point mu-
tants Y501A/R503A/K505A, F509A/R511A/R512A, R551L/
R552L, and combination mutation Y501A/R503A/K505A +
F509A/R511A/R512A showed loss of phosphoinositide bind-
ing. Mutation R520F/R527F displayed greater loss of
PI(3,4,5)P, (68.1%) binding than PI(4,5)P, binding (23.3%). In
contrast, the F1-R511L/R512L mutant exhibited increased
binding to both PI(3,4,5)P5;- and PI(4,5)P,-containing lipo-
somes (Fig. 4, A-D).

Basal Transport and Serum Stimulation of NHE3 Activity but
Not Wortmannin Inhibition of Basal Activity Directly Corre-
lates with PI(3,4,5)P; and PI(4,5)P, Binding of NHE3—The
function of PI(4,5)P, and PI(3,4,5)P, binding on NHE3 trans-

port activity was studied in PS120/NHERF2 cells transfected
with wild type NHE3 and full-length NHE3 mutated to contain
the same point mutations listed in Table 1. Kinetic constants of
WT NHE3 activity were compared with the mutants under
basal, serum-stimulated, and wortmannin-inhibited conditions
(Fig. 5, A—H, Table 1, and supplemental Table 1). All mutants
with altered phosphoinositide binding displayed lower basal
activity. This was true for both V,_, and K'(H"), Those
mutants with decreased phosphoinositide binding had
decreased or absent serum stimulation of NHE3 activity. In
contrast, the single mutant with increased PI(3,4,5)P; and
PI(4,5)P, binding (R511L/R512L) had increased serum stimu-
lation of NHE3 activity.

Under basal conditions, WT NHE3 (Fig. 5, A and H, Table 1,
and supplemental Table 1) had transport activity of 818 * 72
wMm/s (V,...) and K' (H™), of 0.36 = 0.03 um. NHE3 responded
to serum with the following: (i) 75% increase in V,,, 1431 *
171 pum/s, p < 0.05 and (ii) K’ (H™), change to 0.19 = 0.06 uMm,
p < 0.05 (increased sensitivity to H"). Wortmannin-inhibited
basal NHE3 activity was as follows: 50% inhibition of V.,
409 *+ 43 uM/s, p < 0.005, and (ii) K’ (H™), change to 0.46 = 0.01
uM, p < 0.05. (p values are in comparison with basal activity.)

As an example of the changes in the mutants compared with
wild type NHE3, Y501A/R503A/K505A, which does not bind
PI(4,5)P, or PI(3,4,5)P,, had the following: (i) lower basal activ-
ity (basal activity V., 297 * 45 um/s,and K'(H™),,0.70 = 0.11
uMm), and (ii) no change in activity when exposed to serum or
wortmannin (serum V., 310 = 25 um/s, NS, K'(H™),, 0.68 =
0.06 um, NS, and wortmannin V, ., 360 £ 61 um/s, NS,
K'(H"),, 0.72 = 0.03 um, NS) (Fig. 5, B and H, Table 1, and
supplemental Table 1). The meaning of changes in basal trans-
port is commented on under “Discussion.”

As the bioinformatic analysis from Scansite predicted,
Phe®*? and two positive charges in the same amino acid clus-
ter were important for phosphoinositide binding. As shown
in Fig. 4, mutant F509A/R511A/R512A lost PI(3,4,5)P; and
PI(4,5)P, binding. This mutant displayed lower serum stim-
ulation (55 = 2.6%), which was significantly different from
WT serum stimulation (75 % 4.3% p < 0.05). In addition, this
mutation had a wortmannin inhibitory response (68% inhibi-
tion * 1.9%), which was significantly increased compared with
WT wortmannin response (50 = 5.4%, p < 0.01). Basal V__,,
452 = 60 um/s, serum V.., 701 = 12 um/s, p < 0.05, wortman-
nin V., 145 + 14 pm/s, p < 0.05, K'(H"), basal, 0.37 + 0.07
M, K'(H™), serum 0.29 * 0.03 uM, NS; K'(H™), wortmannin,
0.62 = 0.02 M, p < 0.05 (Fig. 5, C and H, Table 1, and supple-
mental Table 1).

FIGURE 4. Mutagenesis of positively charged amino acids in N-terminal part of cytosolic region of NHE3 alters PI(3,4,5)P; and PI(4,5)P, binding.
A, PI(3,4,5)P5 and PI(4,5)P, liposomal pulldown assays were performed with 150 ng of WT F1 His, fusion protein and point mutated fusion proteins as follows:
Y501A/R503A/K505A, R511L/R512L, F509A/R511A/R512A, and R551L/R552L as described in Fig. 1A and Table 1. Y501A/R503A/K505A, F509A/R511A/R512A,
and R551L/R552L do not bind to PI(4,5)P, or PI(3,4,5)P containing liposomes, whereas R511L/R512L had increased binding to PI(4,5)P, and PI(3,4,5)P5. 150 ng
of NHE3 fusion proteins were loaded as shown in the lower panel. B, PI(3,4,5)P; and PI(4,5)P, liposomal pulldown assays were performed with 150 ng of WT F1
Hisg fusion protein and point mutated fusion protein R520F/R527F. This mutant displayed greater reduction of PI(3,4,5)P5 binding than PI(4,5)P, binding when
compared with its control (68% loss versus 23%). Loading of 150 ng of proteins is shown in the right-most lanes. C, PI(3,4,5)P; and PI(4,5)P, liposomal
pulldown assays were performed with 150 ng of WT F1 Hisg fusion protein and combination mutations Y501A/R503A/K505A + F509A/R511A/R512A.
The combination mutation binds minimally with PI(3,4,5)P5- and PI(4,5)P,-containing liposomes. D, quantification: integrated intensity of bands from
A-C was measured by Odyssey system (LI-COR). Pulldowns were done three times, and average values of integrated intensity were plotted as means =
S.E. Standard error is too small to see in Y501A/R503A/K505A and R520F/R527F PI(3,4,5)P5, although F509A/R511A/R512A and R551L/R552L had

approximately zero intensity values.
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To determine whether the effect of mutations Y501A/
R503A/K505A and F509A/R511A/R512A acted on similar or
different pathways, a combination of both mutations was
expressed in PS120 cells. This combination double mutant
compared with WT had lower basal activity (V,,,, 277 = 86
pM/s, and K'(H™),, 0.49 * 0.07 um) and no change in activity
when exposed to serum or wortmannin (serum V,__, 248 * 28

max’

wM/s, NS, K'(H*), 0.45 = 0.11 um, NS and wortmannin V,_,
199 = 13 um/s, NS, K'(H™),, 0.41 = 0.08 um, NS). Thus, this
combination mutation mimics Y501A/R503A/K505A by itself
with no evidence of additivity of effects of the two mutants (Fig.
5, G and H, Table 1, and supplemental Table 1).

To examine the role of Phe®® in the effect of the Phe®*®/
Arg®''/Arg®'? mutant, Arg”'" and Arg®'> were mutated with-
out mutating Phe®*®, creating mutant R511L/R512L. This
mutation had an increase in binding to PI(3,4,5)P; and
PI(4,5)P, (Fig. 4, A and D). This mutant also had the following:
(i) reduced basal NHE3 activity; (ii) increased NHE3 activity
when exposed acutely to serum. This increase was statistically
significantly greater than that which occurred in the wild type
NHES3 (basal V.., 76 = 9 uM/s, serum V., 198 = 15 um/s,
p < 0.05); there was a 160 = 12.7% increase in R511L/R512L
compared with 75 * 4.3% in WT, p < 0.05 (K'(H"), basal,
0.61 = 0.06 uM, K'(H™), serum, 0.40 * 0.05 uM, p < 0.05); and
(iii) decrease in wortmannin inhibition (30 = 3.2% compared
with 50 * 5.4% in WT, p < 0.01); wortmannin V., 53 £ 5
pM/s, p <0.05,K'(H"), 0.87 = 0.03 um, NS). Thus, the increase
in PI(3,4,5)P; and PI(4,5)P, binding of this mutant correlated
with an increase in serum stimulation of NHE3 activity (Fig. 5,
D and H, Table 1, supplemental Table 1).

R520F/R527F, a mutation which previously had been shown
to decrease ezrin binding to NHE3 by 80% (21), had greater loss
of PI(3,4,5)P; binding (68%) compared with PI(4,5)P, binding
(23%) (Fig. 4B). The mutation also displayed no serum response
(basal V.., 396 = 58 um/s, serum V, .., 450 = 87 um/s, NS)
and normal wortmannin response (50% * 6.7% inhibition;
wortmannin V., 199 * 40 um/s, p < 0.05 K'(H™), basal
0.59 * 0.08 uM, K'(H™), serum, 0.60 * 0.07 um, NSand K’ (H™),
wortmannin, 0.69 = 0.05, p < 0.05) (Fig. 5, E and H, Table 1,
supplemental Table 1).

Mutant R551L/R552L displayed loss of both PI(3,4,5)P, and
PI(4,5)P, binding (Fig. 4, A and D) and functionally had no
serum effect (V.. basal, 263 * 27 um/s, serum V__ , 240 * 56
uM/s, NS) and a wortmannin inhibitory effect similar to wild
type (50% * 5.9% inhibition) (wortmannin V, ., 130 = 13
uM/s, p < 0.05, K'(H™), basal, 0.42 * 0.05 um, K'(H™), serum,
0.47 = 0.06 uMm, NS, K'(H™),, wortmannin, 0.60 = 0.06 uM, p <
0.05) (Fig. 5, F and H, Table 1, supplemental Table 1).

Basal Surface Expression of NHE3 and F1 Mutants Does Not
Correlate with PI(4,5)P, and PI(3,4,5)P, Binding of NHE3—Be-
cause most regulation of NHE3 occurs by changes in regulated

endocytosis or exocytosis and affects surface expression of
NHE3 (15), surface expression of WT and NHE3 mutant was
determined under basal conditions using cell surface biotinyla-
tion of subconfluent PS120 cells. The fraction of surface NHE3
was expressed as percent of total NHE3. The amount of protein
expressed was normalized to wild type as shown in Table 1 and
Fig. 6. Mutants Y501A/R503A/K505A, F509A/R511A/R512A,
and Y501A/R503A/K505A + F509A/R511A/R512A had simi-
lar % surface NHE3 as compared with wild type NHE3 (5.1, 5.1,
and 4.7% versus 6.3% in WT) (Fig. 5, A, B, D, and G), but all had
reduced total expression. In contrast, mutant R511L/R512L
had 1.3% surface expression (as shown in Fig. 5C) and also had
decreased total expression. Mutant R520F/R527F had 1.9% sur-
face expression. Mutant R551L/R55 2L also had reduced sur-
face expression (2.8%). Both of the last two NHE3 mutants had
near normal total expression of NHE3. Thus several patterns of
surface and total expression were observed as shown in Table 1.

DISCUSSION

In this study, we demonstrate that the N-terminal part of the
NHES3 C terminus is involved in regulation of basal and serum-
stimulated NHE3 activity by interaction with the phospho-
inositides PI(3,4,5)P, and/or PI(4,5)P,. The part of NHE3
involved includes amino acids 475-552 and appears to be made
up of two regions that resemble each other in effects on phos-
phoinositide binding and on NHE3 activity but demonstrate
enough differences to make us hypothesize that they both bind
phosphoinositides differently and exert different effects on
NHES3 activity. These two regions (Tyr**'~Arg®'? and Arg>*°—
Arg®®?) are both made up of two separate clusters of at least two
positively charged amino acids. The first region also contains
bulky, hydrophobic amino acids which when mutated alter the
effects of the region on phosphoinositide binding and regula-
tion of NHE3 activity. Mutations of each of the two positively
charged clusters that make up each of the two regions behave
similarly in terms of effects on NHE3 activity and phosphoino-
sitide binding, suggesting they are acting similarly as part of a
single functional domain. In fact, for the most N-terminal
region, the effects on phosphoinositide binding and NHE3
activity were nonadditive when a combination made up of both
mutations was studied, further supporting effects via a com-
mon mechanism. Moreover, differences in the effects of the two
regions on both lipid binding and NHE3 activity are strongly
suggestive that NHE3 interacts with membrane lipids using its
F1 domain by more than a single mechanism. The similarities in
effects of the two regions are that when mutated they all reduce
basal NHE3 activity, abolish or significantly reduce serum stim-
ulation of NHE3 activity, while also reducing liposomal binding
to PI(4,5)P, and PI(3,4,5)P5. All four mutations of NHE3, which
make up the two regions, carry out basal NHE3 activity similar
to that of wild type when transport activity is normalized to the

FIGURE 5.Na™/H* exchange rates for WT and NHE3 F1 point mutants expressed in PS120 cells. A-G, basal rates (l), stimulation by serum (10%) (), and
inhibition by wortmannin (¥) (100 nm) are shown as V..., (um/s) and K’ (H ™), (um) for representative experiments and means = S.E. for the series of experiments
shown in text. NHE3 mutants Y501A/R503A/K505A, R520F/R527F, and R551L/R552L and Y501A/R503A/K505A + F509A/R511A/R512A lost serum stimulation.
F509A/R511A/R512A showed a decrease in serum stimulation. R511L/R512L showed increased serum stimulation. All experiments were done using mixed
pairs and repeated five or more times (N shown in individual legends). H represents comparison of V,,,,, values of WT and NHE3 point mutations under basal,
serum, and wortmannin conditions as mean * S.E. (¥, p < 0.05; for each NHE3 cell type, comparison of Na* /H* exchange rates was done between basal/serum

and basal/wortmannin).
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total number of NHE3 molecules estimated to be on the plasma
membrane. In contrast, there are significant differences in the
effects of the two regions. First, for the more N-terminal region,
effects of mutating either of the two positively charged clusters
similarly reduced binding of the NHE3 mutant to PI(4,5)P, and
PI(3,4,5)P; and for the more C-terminal region, mutation of
R520F/R527F reduced PI(3,4,5)P; binding more than PI(4,5)P,
binding. This is the only suggestion from these studies that
binding to PI(3,4,5)P; is more relevant for the effects of phos-
phoinositides on NHE3 activity than binding to PI(4,5)P,. Sec-
ond, mutations in all four positively charged clusters of amino
acids (Y501A/R502A/K505A, F509A/R511A/R512A, R520F/
R27F, and R551L/R552L) reduced the amount of plasma mem-
brane NHE3. The more N-terminal mutations (Y501 A/R502A/
K505A and F509A/R511A/R512A) have reduced total NHE3
expression but similar percent plasma membrane expression
compared with wild type; we have not examined the mecha-
nism for this reduced total expression which is likely due to
decreased synthesis or increased breakdown of mutant NHE3.
The latter is known to occur with misfolded proteins as is well
characterized for cystic fibrosis transmembrane regulator
mutants (27). The more C-terminal (R520F/R527F and R551L/
R552L) mutants have total NHE3 expression similar to wild
type NHE3 but reduced percent plasma membrane expression
compared with wild type. This indicates that the more C-ter-
minal region but not the more N-terminal region alters
NHES3 trafficking or plasma membrane retention. Of note in
interpreting these differences is that Arg®*°/Arg®*” was pre-
viously shown to be in an a-helical domain in the NHE3 C
terminus, which is where ezrin directly binds to the NHE3 C
terminus and is necessary for multiple aspects of basal and
regulated trafficking (21). Whether it is this direct ezrin
binding or another property of this area of NHE3 that is
responsible for the characteristics of this part of NHE3,
including binding to phosphoinositides, is still an open
question.

It is not surprising that phosphoinositide binding to NHE3
affected NHE3 activity. Detailed studies of rat NHE1 had pre-
viously shown that binding of P1(4,5)P,, to amino acids 513-520
and 556 —564 is necessary for basal Na*/H™ exchange activity
(17). As shown in Fig. 1B, these regions of rat NHE1 are homol-
ogous to amino acids 465—472 and 509516 of rabbit NHE3.
The second of these motifs was shown in this study to be
involved in PI(4,5)P, and PI(3,4,5)P; binding (underlined with a
brace in Fig. 1A and as motif II in Fig. 1B), although the first
homologous motif (motif I in Fig. 1B; corresponding to rabbit
NHE3 amino acids 465—472) was not studied here because our

attempts to purify rabbit NHE3 N-terminal to amino acid 475
resulted in insoluble protein.

In addition, intracellular injection of P1(3,4,5)P,; immediately
stimulated NHE3 activity in opossum kidney cells, as reported
by Fuster et al. (18). Our studies are a detailed mechanistic
exploration of that finding. Our previous studies of NHE3 trun-
cation mutations expressed in PS120 fibroblasts had demon-
strated that regulation of NHE3 was dependent on different
subdomains of the NHE3 C terminus (22, 28); stimulation of
NHES3 by okadaic acid and FGF both occurred when NHE3 was
truncated at amino acid 585 (22), consistent with the role for
the F1 domain in maintaining basal NHE3 and serum stimula-
tion as demonstrated in this study. Okadaic acid, which we
showed acted on the NHE3 C terminus between amino acids
509 and 543 (22), has been shown also to be an activator of PI3K
and Akt (29), suggesting that its role may involve phosphoino-
sitide binding to, in addition to, or rather than by inhibition of
phosphatases (PP1, PP2A, PP6, and PP4) (22, 30); however, the
mechanism of okadaic acid stimulation of NHE3 remains con-
troversial (30).

An unexpected finding was that mutating Arg®>" " and Arg
in the N-terminal subdomain without altering Phe®°® increased
PI(4,5)P, and PI(3,4,5)P; binding, which was associated with an
increase in the magnitude of the serum stimulation of this
NHE3 mutant. Currently, we do not understand the mecha-
nism for this increase in binding, and we speculate on a role for
allosteric interactions leading to positive enhancement
and/or alteration in intramolecular interactions between the
positive amino acids Arg®''/Arg®'* and negative amino acids
such as Asp®'°, which might lead to an alteration in the struc-
tural conformation of this region. However, this result strongly
supports the involvement of phosphoinositide binding to this
area of NHE3 in serum stimulation, because this mutant estab-
lished a direct correlation between magnitude of serum stimu-
lation of NHE3 activity and extent of NHE3 C-terminal binding
to PI(4,5)P,/PI(3,4,5)P,, as shown in Table 1.

In previous studies of basal and acutely stimulated NHE3 activ-
ity in all cell culture models studied, ~50% of basal NHE3 activity
was dependent on PI 3-kinase activity (15). Basal NHE3 activity
was inhibited by exposure to the PI3K inhibitors, viz. LY594002
(31) and wortmannin (32, 33) at low doses, and acutely stimulated
NHE3 was reduced by the same inhibitors between 50 and 100%
based on the cell type expressing NHE3 and the ligand studied
(FGF in PS120 cells by 50% (32); lysophosphatidic acid in opossum
kidney cells by 100%) (31). These previous studies of PI3K depen-
dence of basal and acutely stimulated NHE3 activity plus the rapid
stimulation of NHE3 activity when PI(3,4,5); was added to the

511 512

FIGURE 6. A-H, cell surface biotinylation studies show that surface expression of WT NHE3 and F1 domain positive cluster point mutations are not different and
do not correlate with PI(3,4,5)P5 and PI(4,5)P,, binding. PS120 cells stable expressing WT HA-NHE3 and NHE3 point mutants were serum-starved for 5 h and then
surface-biotinylated by NHS-SS-biotin. Representative Western blots for NHE3 and mutant proteins are shown, and means =+ S.E. of surface expression are
shown in H and Table 1. Multiple dilutions for total, intracellular (non-avidin-precipitated), and surface (avidin-precipitated) NHE3 were probed with anti-HA
antibody. Protein density was measured by Odyssey Licor Biosystems, and densities were plotted against the sample volume (ul). Fractions were compared for
analysis on a single Western blot. Percentage of NHE3 on surface was calculated by the product of dilution factor of surface and total NHE3 X ratio of surface
NHE3 intensity/total NHE3 intensity. Surface biotinylation for WT (A) and the following mutants showed similar percentage surface expression: Y501A/R503A/
K505A (Band H), F509A/R511A/R512A (D and H), and Y501A/R503A/K505A + F509A/R511A/R512A (G and H). In contrast, R511L/R512L (Cand H), R520F/R527F
(Eand H),and R551L/R552L (Fand H) had lower surface expression than wild type. H shows the amount of surface NHE3 as percentage of total NHE3, where total
NHE3 was normalized to 100% for each condition; p value (*, p < 0.05) represents comparison of percent surface NHE3 for each mutant protein compared with
wild type. Experiments were done three times for each mutant protein paired with a wild type NHE3, and data shown are means = S.E.
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inside of opossum kidney cells (18) suggest that PI(3,4,5)P, is the
more relevant phosphoinositide for NHE3 regulation. However,
this study does not separate the roles of PI1(4,5)P, and PI(3,4,5)P;,
and either phosphoinositide could be relevant for physiologic or
pathophysiologic regulation of NHE3. Importantly, this study did
not show correlation of the extent of wortmannin inhibition of
basal NHE3 activity with changes in phosphoinositide binding.
This suggests that the domain of NHE3 involved in basal regula-
tion by PI3K may be somewhat separate from the domains
involved in serum-stimulated NHE3 activity. We do not rule out
the possibility that mutagenesis of phosphoinositide-binding
motifs can also alter association with interacting proteins in that
area and contribute to alteration in NHE3 activity.

Many transport proteins have been shown to be regulated by
phosphoinositides, with most emphasis being on interactions
with PI(4,5)P, rather than PI(3,4,5)P5;. Recently, however,
PI(3,4,5)P; was shown to regulate TRPC6 by disrupting its asso-
ciation with calmodulin (11), and PI(4,5)P, has been reported to
be important for ENaC channel gating and P1(3,4,5)P; for ENaC
channel open probability and number (9, 10). These results sug-
gest that different phosphoinositides in a cell can regulate dif-
ferent functional aspects of the same protein. Understanding
the mechanisms by which phosphoinositides contribute to
basal and regulated activities of transporters, channels and
pumps have lagged behind the description of their involvement.
Two aspects of the phosphoinositide interacting domains have
been identified in the regulated transporters. Heo et al. (34)
demonstrated a role for positively charged amino acid clusters,
which appear to be important for NHE3 effects. In contrast,
multiple protein/lipid interacting domains have been identified
by which proteins interact with lipids, some of which are used
for phosphoinositide association. Sequence searches failed to
identify specific lipid binding groups in the NHE3 C terminus.
Nonetheless, the possibility of the presence of additional lipid
binding groups in the NHE3 C terminus cannot be excluded, as
experiments with a higher concentration of C-terminal pep-
tides (300 ng) demonstrated weak binding of the NHE3 F2
region (amino acids 590-667) to PI(3,4,5)P; liposomes,
although this binding was much less than that detected in the
F1 region (supplemental Fig. 1). Thus, multiple low affinity or
transiently interacting motifs capable of binding phospho-
inositides might be present in the NHE3 C terminus.

In conclusion, NHE3 amino acids 475-589 bind phospho-
inositides PI(4,5)P, and PI(3,4,5)P;. Mutation of positively
charged and hydrophobic amino acids in the NHE3 C-terminal
F1 domain alters PI(3,4,5)P; and PI(4,5)P, binding. Thus phos-
phoinositide binding to NHE3 is dependent on charge-based
interactions. Mutations that alter PI(3,4,5)P; and PI(4,5)P,
binding of NHE3 all have decreased basal activity. Serum stim-
ulation of NHE3 correlated with PI(3,4,5)P, and PI(4,5)P, bind-
ing of NHE3. In contrast, wortmannin inhibition of basal
NHES3 activity did not correlate with PI(3,4,5)P; or PI(4,5)P,
binding of NHE3. The NHE3 F1 domain (amino acids 475—
589) has two distinct subdomains (Tyr°°'-Arg®'? and
Arg®*°~Arg>>?), both of which are important for serum stim-
ulation, but they display different effects in total and surface
expression and phosphoinositide interactions. The close
proximity of two different lipid binding groups suggests the
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possibility of their intermolecular interaction(s) under phys-
iologic conditions in NHE3 regulation.

Recently, Wakabayashi et al. (35) identified a lipid binding
domain in the intracellular C-terminal domain of NHE1, which
incorporated the area previously shown to be the PI(4,5)P,
binding domain. This domain of NHE1 physically associated
with the plasma membrane under basal conditions and
increased its binding with elevated diacylglycerol or phorbol
ester exposure. Two subdomains in this area were tentatively
identified, the N-terminal portion binding primarily to acidic
phospholipids, and the C-terminal domain to diacylglycerol
and phorbol esters. Shown in Fig. 1B, this domain of NHE1
overlaps almost totally with the homologous area of NHE3 we
describe here, and we predict that these areas may behave sim-
ilarly in terms of lipid binding and perhaps plasma membrane
association. However, given that NHEL1 is regulated primarily
by changes in K'(H™"),and NHE3 is regulated mostly by changes
in trafficking, which include changes in V., and to a lesser
extent in K'(H™),, indicate that these similar domains use dif-
ferent mechanisms for regulation of NHE1 and NHE3.
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