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Background: Na/H exchanger 3 is fixed to the BB cytoskeleton but is regulated by changes in trafficking.
Results: Elevated Ca2� rapidly decreases BB NHE3 amount/activity and transiently decreases NHE3 association with NHERF2
and increases NHE3 BB mobility.
Conclusion: There is coordinated regulation of trafficking and NHE3 BB cytoskeletal association.
Significance: A newly recognized aspect of signal transduction in epithelial cells is dynamic/transient changes in BB trans-
porter-cytoskeleton association.

The brush border (BB) Na�/H� exchanger NHE3 is rapidly
activated or inhibited by changes in trafficking, whichmimics
renal and intestinal physiology. However, there is a paradox
in that NHE3 has limited mobility in the BB due to its binding
to the multi-PDZ domain containing the NHERF family. To
allow increased endocytosis, as occurs with elevated intracel-
lular Ca2�, we hypothesized that NHE3 had to be, at least
transiently, released from the BB cytoskeleton. Because
NHERF1 and -2 are localized at the BB, where they bind
NHE3 as well as the cytoskeleton, we tested whether either or
both might dynamically interact with NHE3 as part of Ca2�

signaling. We employed FRET to study close association of
NHE3 and these NHERFs and fluorescence recovery after
photobleaching to monitor NHE3 mobility in the apical
domain in polarized opossum kidney cells. Under basal con-
ditions, NHERF2 andNHE3 exhibited robust FRET signaling.
Within 1 min of A23187 (0.5 �M) exposure, the NHERF2-
NHE3 FRET signal was abolished, and BB NHE3mobility was
transiently increased. The dynamics in FRET signal and
NHE3 mobility correlated well with a change in co-precipita-
tion of NHE3 and NHERF2 but not NHERF1. We conclude
the following. 1) Under basal conditions, NHE3 closely asso-
ciates with NHERF2 in opossum kidney cell microvilli. 2)
Within 1 min of elevated Ca2�, the close association of
NHE3-NHERF2 is abolished but is re-established in �60min.
3) The change in NHE3-NHERF2 association is accompanied

by an increased BB mobile fraction of NHE3, which contrib-
utes to inhibition of NHE3 transport activity via increased
endocytosis.

Normal absorption and secretion in the gastrointestinal and
renal systems are critical to maintain body water and sodium
homeostasis. The BB4 Na�/H� exchanger 3 (NHE3) is respon-
sible for the majority of electroneutral Na� absorption in the
proximal tubule and intestine (1–5). NHE3 is rapidly stimu-
lated and inhibited by neurohormonal substances, growth fac-
tors, and secondmessengers (1–5). Acute stimulation and inhi-
bition of NHE3 is accomplished primarily by regulating the
amount of NHE3 on the plasma membrane, which is deter-
mined by the balance between endocytosis and exocytosis (1–3,
6, 7).
Elevated levels of intracellular calcium inhibit NHE3 activity

in intact intestine during normal digestion and in some patho-
physiological conditions associated with diarrhea, such as roto-
virus diarrhea (1–3, 7, 8). In a renal proximal tubule cell line,
activation of adenosine A1 receptors (�10�8 M) inhibits NHE3
by a mechanism dependent on elevated intracellular Ca2� (9).
Elevated Ca2� inhibition of NHE3 activity requires the
NHERF2 member of the NHERF family of multi-PDZ domain-
containing proteins with a permissive role for NHERF3 also
demonstrated (7, 10–12).
We have recently reported that stimulation of NHE3 in

polarized opossum kidney (OK) cells by LPA, which acts by
increasing exocytosis, was accompanied by a transient increase
in apical domain mobility of NHE3, which correlated tempo-
rally with decreased association of NHE3 and NHERF2 but not
NHERF1 (13). We suggested that this change of mobility was
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involved in allowing the newly delivered NHE3 to be distrib-
uted over the microvilli as part of the stimulation of NHE3
activity. The purpose of this study was to determine whether
similar transient dissociation of NHE3 from the apical domain
NHERF proteins was part of the inhibition of NHE3 that occurs
as part of stimulated endocytosis with elevation of intracellular
Ca2�. We hypothesized that there was likely to be a dynamic
association of NHE3 with the microvillar cytoskeleton, to effi-
ciently allow retrieval of the NHE3, which under basal condi-
tions was mostly (�70%) fixed to the microvillar cytoskeleton
(13). Here, we employed the advanced imaging techniques of
FRET and FRAP, coupled to confocal microscopy, to concen-
trate on the apical domain events to demonstrate that NHERF2
is dynamically associated with microvillar but not intracellular
NHE3. Elevation of intracellular Ca2� transiently but markedly
reduces NHERF2 interaction with NHE3 on the apical domain.

EXPERIMENTAL PROCEDURES

Materials—Monoclonal anti-hemagglutinin (HA) antibod-
ies and monoclonal anti-FLAG antibodies were from Sigma.
Ca2� ionophore 4-Br-A23187 (nonfluorescent analog of
A23187) was from Biomol (Plymouth Meeting, PA). Ni-
gericin and 2�,7�-bis(2-carboxyethyl)-5(6)-carboxyfluorescein
(BCECF) were from Molecular Probes (Eugene, OR). EZ-Link
sulfo-NHS-SS-biotin and sulfo-NHS-acetate were from
Thermo/Pierce. Protease inhibitor mixture (4-(2-aminoethyl)
benzenesulfonyl fluoride, trans-epoxysuccinyl-L-leucylamido-
(4-guanidino) butane (E-64), bistatin, leupeptin, aprotinin,
sodium EDTA) and dynasore hydrate were from Sigma. Anti-
rabbit Alexa Fluor�680 nm dye and anti-mouse IRDyeTM 800
nm dye were from LI-COR (Lincoln, NE).
Construction of Expression Vectors—For the FRAP studies,

full-length NHE3-EGFP cDNA with VSV-G tag epitope at the
C terminus was assembled using the pEGFP-N3 vector (Clon-
tech), as we previously described using NheI/XhoI restriction
sites in-frame with the C-terminal EGFP coding sequence (14).
There was an 84-bp linker between NHE3 and EGFP (ACG-
GAGGGCCCACCAGGCCCATACACCGACATCGAGATG-
AACCGGCTGGGCAAGGTCGACGGTACCGCGGGCCC-
GGGATCCACC). The plasmid containing YFP-GL-GPI
(pEGFP-N1, Clontech) was kindly provided by K. Simons (15).
For the FRET measurements, NHE3-YFP and CFP-NHERF2
were assembled using the pCS2-Venus plasmid containing the
YFP (Venus) tag or the pECFP-C1 vector (Clontech) containing
cerulein (CFP), respectively.Wild type full-length rabbit NHE3
with a C-terminal VSV-G in pEGFP-N3 vector was ligated with
Venus using HindIII/BamHI restriction sites, creating NHE3-
YFP.Wild type full-length humanNHERF2was ligated into the
pECFP vector with BamHI/EcoRI restriction sites in-frame
with the N-terminal enhanced CFP coding sequence, creating
CFP-NHERF2. EGFPwas ligated to the N terminus of NHERF2
becauseNHERF2 has an ERMbinding domain at its C-terminal
end and removing that domain (�30 amino acids) creates a
dominant negative effect on NHE3 regulation (16). In some
experiments, OK/FLAG-NHERF2/HA-NHE3 cells were used
for co-precipitation because our anti-NHERF2 antibodies
could not quantitatively immunodeplete NHERF2. The
3�FLAG NHERF2 construct was designed by inserting the

human NHERF2 sequence into the p3�FLAG-CMV-10
expression vector (Sigma catalog no. E4401) using the HindIII
and EcoRI restriction sites. The selectionmarker for this vector
is G418 (neomycin).
Cell Culture, Transfection—OK-Tina cells, as described pre-

viously (17), were cultured on glass bottom 35-mm plastic cul-
ture dishes in DMEM/F-12 media (Invitrogen), supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 100
�g/ml streptomycin at 37 °C in a 5% CO2, 95% air atmosphere.
The intrinsicNHE3 activity inOKcellswasmarkedly decreased
by repeated applications (once per week) of the “Acid Suicide”
technique (13). This resulted in OK cells with such low NHE3
endogenesis activity that the NHE3 activity after transient
transfection of NHE3 was nearly all due to the transfected
NHE3. These cells were then used without passaging. Post-
confluent OK cells were preincubated with EGTA (3 mM, 30
min) before transfection and then transiently transfected with
10�g of NHE3-EGFP using 10�l of Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s instructions and main-
tained in serum-free media. Studies were performed �4 days
post-confluency to allow a consistent cell population to be
studied.
Cell Surface Biotinylation—NHS-SS-biotin was used to

determine the percent of NHE3 on the plasma membrane per
total cell NHE3 (18). OK cells stably transfected with NHERF2
and HA-NHE3 were plated on 10-cm dishes. When the cells
were 100% confluent, they were serum-starved overnight
before starting experiments. Cells were treated with 4-Br-
A23187 (0.5 �M) for 0, 2, 10, and 30 min at 37 °C. Cells were
then quickly washed with cold PBS (150 mM NaCl and 20 mM

Na2HPO4, pH 7.4), kept at 4 °C for 40 min, and incubated with
borate buffer (154mMNaCl, 1.0mMboric acid, 7.2mMKCl, and
1.8 mM CaCl2, pH 9.0) for 10 min. For surface labeling of HA-
NHE3, cells were incubated with 0.5 mg/ml NHS-SS-biotin
(Thermo/Pierce) twice for 20 min each. After labeling, cells
were washed three times with quenching buffer (20 mM Tris
and 120 mM NaCl, pH 7.4) to scavenge the unreacted biotin.
Cells were washed three times with ice-cold PBS and solubi-
lized with 0.8 ml of N� buffer (60 mM HEPES, pH 7.4, 150 mM

NaCl, 3 mM KCl, 5 mM Na3EDTA, 3 mM EGTA, and 1% Triton
X-100). Lysate, representing the total post nuclear fractions,
was incubated overnight with streptavidin-agarose beads. After
avidin-agarose precipitation, the supernatant was retained as
the intracellular fraction. The avidin-agarose beads were
washed five times in N� buffer to remove nonspecifically
bound proteins. The avidin-agarose bead-bound protein, rep-
resenting apical membrane NHE3, was solubilized in equiva-
lent volumes of loading buffer (5mMTris-HCl, pH 6.8, 1% SDS,
10% glycerol, 1% 2-mercaptoethanol), boiled for 5 min, size-
fractionated by SDS-PAGE (10% gels), and then electrophoreti-
cally transferred to nitrocellulose. After blocking with 5% non-
fat milk, the blots were probed with a monoclonal anti-HA
antibody.Western analysis and the quantification of the surface
fractionwere performedusing theOdyssey systemandOdyssey
software (LI-COR). Multiple volumes for each total, surface,
and intracellular samples were studied, and linear regression
was used to obtain a single value for each sample. Relative
intensity of the surface NHE3 was compared with total NHE3
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using the surface NHE3 signal/total NHE3 signal � a dilution
factor for surface and total NHE3 samples and expressed as
percent of total NHE3.
Co-immunoprecipitation (IP) of NHE3 with NHERF2 and

NHERF1—Co-immunoprecipitation experiments were per-
formed using cell lysates from OK/NHERF2/HA-NHE3 cells
with/without 4-Br-A23187 (0.5 �M) at incubation times of 0, 2,
10, and 60 min. Cells were grown in 10-cm dishes at �100%
confluency and serum-starved overnight; cell lysates were pre-
pared in 60 mMHEPES, pH 7.4, 150 mMNaCl, 3 mM KCl, 5 mM

Na3EDTA, 3 mM EGTA, 1 mM Na3VO4, and 1% Triton X-100
with protease inhibitor mixture (Sigma). Cell lysates (1.5 mg of
protein/ml) were incubated overnight at 4 °C in a rotator with
30 �l of either monoclonal anti-HA affinity agarose beads
(Roche Applied Science) or monoclonal anti-VSV-G antibody
conjugated to agarose beads as a negative control. The beads
were then gently spun down and washed five times with lysis
buffer. Bound proteinswere elutedwith 2� sample bufferwith-
out �-mercaptoethanol to eliminate IgG. Sample buffer with
�-mercaptoethanol (concentration 10%) was added back to the
sample solution after elution prior to immunoblotting.
Measurement of Na�/H� Exchange—Cellular Na�/H� ex-

change activity in OK cell lines was determined fluorometri-
cally using the intracellular pH-sensitive dye acetoxymethyl
ester of BCECF-AM (5 �M; Invitrogen), as described previously
(19). “TMA medium” was used to establish a base line before
Na� exposure and contained 130 mM tetramethylammonium
chloride, 5mMKCl, 2mMCaCl2, 1mMMgSO4, 1mMNaH2PO4,
25 mM glucose, and 20 mM HEPES, pH 7.4. “Na� medium”
contained 138mMNaCl, 5 mMKCl, 2 mMCaCl2, 1 mMMgSO4,
1 mM NaH2PO4, 25 mM glucose, and 20 mM HEPES, pH 7.4.
NHE3 activity measurements under low K� conditions were
performed with K�-free NH4Cl, TMA, and Na� solutions in
which 5 mM KCl was replaced with 5 mM TMACl to maintain
iso-osmolarity. To measure NHE3 activity under low K� con-
ditions, the cells were preincubated with K�-free Na� solution
for 40 min and then incubated with BCECF with K�-free
NH4Cl solution for 20 min. Cells were treated with/without
4-Br-A23187 (0.5 �M, 5 min). The cells were then initially per-
fused with K�-free TMA solution and perfused with K�-free
Na� solution.
FRAP—To quantitate the lateral mobility of NHE3-EGFP at

the apical domain of polarized OK cells, FRAP was used as
reported previously (13, 17). OK cells were cultured on glass-
bottom 35-mm plastic culture dishes in DMEM (w/o phenol
red), supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 �g/ml streptomycin at 37 °C in a 5% CO2,
95% air atmosphere until 100% confluent. The cells were then
transfected using Lipofectamine 2000, as described previously
(19), withminor revision. In this study, to increase the transfec-
tion rate, OK cells were preincubated with EGTA (3 mM, 30
min) before Lipofectamine 2000 transfection. FRAP was stud-
ied �48 h after transfection during which time the cells were
not exposed to serum.
FRAP was performed on a stage heated to 37 °C of a Zeiss

LSM 410 or LSM 510/Meta confocal microscope using the 488
nm line of a 400-milliwatt Kr/Ar laser in conjunction with a
�100 Zeiss 1. 4 NA Plan Apochromat oil immersion objective,

with signal collected in theOK cell apical domain (0.3-�mopti-
cal sections starting at the outer limit of the microvillus), and
mobile fractions and diffusion coefficients calculated as
described previously (17, 20). The Zeiss LSM software package
allowed autofocusing on the coverslip surface in the reflection
mode during the time lapse imaging. Fluorescence within the
bleached strip was measured at a low laser power (20% power,
1% transmission) before the bleach (pre-bleach intensity) and
then photobleached with full laser power (100% power, 100%
transmission). Recovery was followed with low laser power at
9-s intervals, which included up to 50 images until the intensity
had reached a steady plateau. The mobile fraction was deter-
mined by comparing the fluorescence intensity in the bleached
region after full recovery (F) with the fluorescence intensity
before bleaching (Fi) and just after bleaching (F0). Mobile and
immobile fractions were calculated by comparing the intensity
ratio in regions of interest (ROI) inside and outside the
bleached area just before the bleach and after recovery as
described previously (21).
The postbleach intensities were normalized to correct for

maximal loss of fluorescence due to the photobleach. Fluores-
cence intensity was normalized with prebleach intensity (Fi),
which was set to 100 in each experiment. All data are shown as
mean � S.E. of the number of cells analyzed, which were
obtained in at least three identical experiments, unless stated
otherwise. Statistical comparison was performed by unpaired
Student’s t tests.
Acceptor Photobleaching Förster Resonance Energy Transfer—

The acceptor photobleaching method of FRET was used to
study protein-protein interactions. To perform FRET, we engi-
neered CFP-NHERF2 and NHE3-YFP constructs. Conditions
establishing that the NHE3 and NHERF2 constructs above,
whichwere used as FRETprobes, behaved similarly towild type
non-GFP-tagged proteins were reported previously (13, 22).
The genetically encoded CFP and YFP variants of green fluo-
rescent protein have become a popular donor and acceptor
pair, respectively, for assessing presence of FRET. A Zeiss 510/
Meta confocal microscope with an environmental chamber for
temperature control, which has the FRET plus-Macro (Release
4.2; Carl Zeiss MicroImaging, Inc.) preinstalled, was used to
assess the presence of FRET between CFP-NHERF2 (donor)
and NHE3-YFP (acceptor) (12, 22). OK cells were transiently
transfected with CFP-NHERF2 and NHE3-YFP with Lipo-
fectamine 2000 with EGTA (3 mM, 30 min) preincubation as
described in the FRAP method. �48 h after the transfection,
physiological studies were performed at 37 °C, and the cells
were then kept at 4 °C for 40 min and fixed with 3% formalde-
hyde and mounted with Fluoro-Gel (Electron Microscopy Sci-
ences). A Plan-NeoFluar 40�/1.3 oil immersion objective was
used. Regions of interest (ROI) were selected and images col-
lected before and after bleaching with the 514 nm laser line at
maximum intensity (100%). Excitation wavelength was 458 nm
for CFP and 514 nm for YFP. Emissionwavelengthwas BP 465–
510 nm for CFP and 518–561 nm for YFP.
The apparent FRET efficiency, E, was calculated as shown in

Equation 1,

E � 	ID-post � ID-pre
/ID-post (Eq. 1)
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where ID-PRE and ID-POST are the donor fluorescence intensities
pre- andpost-acceptor photobleaching, respectively (23). FRET
efficiency was calculated by using fluorescence values that had
been background-subtracted and corrected for bleaching, dur-
ing acquisition, as determined from an unbleached region of
interest (ROI). Statistical comparison was performed by
unpaired Student’s t tests or analysis of variance.

RESULTS

Calcium Inhibition of NHE3 Activity in Polarized OK Cells—
NHE3 is acutely inhibited by elevation in the concentration of
intracellular Ca2� by the cholinergic agonist carbachol (24–26)
as well as by serotonin (27), adenosine 1 receptor agonists (9),
and thapsigargin and Ca2� ionophores (18, 28, 29). Decreased
NHE3 activity also occurs in PS120 fibroblasts with Ca2� iono-
phores (10, 11). In this study, we show that intracellular Ca2�

elevation by Ca2� ionophore 4-Br-A23187 (0.5 �M) inhibits
basal NHE3 activity in NHERF2-expressing OK cells (Fig. 1A)
(11). Ca2� inhibition of NHE3 activity occurs as early as 1–2
min after 4-Br-A23187 (0.5 �M) treatment.5 As shown in a rep-
resentative experiment in Fig. 1A, which was repeated three
times, exposure to A23187 (0.5 �M) for 5 min decreased NHE3
transport (Vmax) activity by 41 � 15% (n � 3, p � 0.05). In OK
cells that do not endogenously contain significant amounts of
NHERF2, Ca2� ionophore did not alter NHE3 activity (Fig. 1B,
n � 3). This confirms previous studies that demonstrated that
NHERF2 was necessary for Ca2� regulation of NHE3 transport
activity in PS120 cells, OK cells, and Caco-2 cells (10, 11). We
investigated the role in Ca2� regulation of NHE3 of the ERM
binding domain located in the C-terminal 30 amino acids
(amino acids 307–337) of NHERF2. This was done by deter-
mining whether stably expressed NHERF2�30 supported the
Ca2� inhibition of NHE3 transport activity in OK cells. As
shown in Fig. 1C, NHERF2�30 failed to reconstitute Ca2� inhi-
bition on NHE3 activity (n � 3). This result shows that Ca2�

inhibition of NHE3 activity requires the ERM binding domain
of NHERF2.
The localization of NHERF2 and NHERF2�30 compared

with NHE3 was also examined. WT NHERF2 localizes mostly
in the apical plasma membrane domain in OK cells (Fig. 1D)
where it overlaps with BB NHE3. There is no apparent overlap
of NHERF2 with juxtanuclear NHE3. In contrast, NHERF2�30
did not localize apically, rather appearing to be entirely subap-
ical/cytosolic with no significant overlap with BB NHE3 (Fig.
1D). These conclusions were supported quantitatively using
software to assess overlap of NHERF2 or NHERF2�30 with
apical or intracellular NHE3. These results suggest that Ca2�

inhibition of NHE3 transport activity requires binding of
NHERF2 via its ERM binding domain to ezrin and to the actin
cytoskeleton.
NHE3 Cell Surface Expression Is Decreased by 4-Br-A23187

in OK/NHERF2 Cells—NHE3 activity is determined by both
changes in the surface expression of NHE3 and in the intrin-
sic NHE3 turnover number. To determine the mechanism
for the Ca2� inhibition on NHE3 activity, the surface
amount of NHE3 with/without Ca2� was quantified by cell

surface biotinylation. Cell surface biotinylation was per-
formed at 0, 2, 10, and 30 min after 4-Br-A23187 treatment
tomeasure the time-dependent Ca2�-related changes in sur-
face amount of NHE3 in OK/NHERF2/HA-NHE3 cells. Sur-
face amount of NHE3 decreased within 2 min after 4-Br-
A23187 (0.5 �M) treatment and remained at this level for 30
min (Fig. 2). Percent of surface amount of NHE3 was nor-
malized in each experiment to 100% at time 0. NHE3 surface/
total (%) at 2, 10, and 30 min after A23187 was 73.8 � 9.2,
73.4 � 5.4, and 69.6 � 11.1%, respectively (n � 3, all p � 0.05
compared with time 0).
4-Br-A23187 Transiently Increases the NHE3 Mobile Frac-

tion in OK/NHERF2 Cells—Next, we tested the hypothesis that
to allow Ca2� to inhibit NHE3 activity by reducing surface
NHE3, NHE3 had to be released from the microvillar cytoskel-
eton. In this study, FRAP was used to determine whether the
Ca2� inhibition of NHE3 was associated with a dynamic effect
on the mobile fraction of apical NHE3. These studies were per-
formed as follows: (a) after 1 h of exposure to aK�-freemedium
prior to 4-Br-A231287 addition to reduce the rate of clathrin-
dependent endocytosis and to allow more ready characteriza-
tion of NHE3 freed from the cytoskeleton before being endocy-
tosed (Fig. 3A) (30); (b) after exposure to dynasore (80 �M) for
30 min before ionophore addition to inhibit dynamin (Fig. 3B).
As a control for the FRAP experiments, we demonstrated that
K-free medium prevented Ca2� induced inhibition of NHE3
activity (Fig. 3A), as did dynasore pretreatment. (Fig. 3B). Both
K-free medium and dynasore slightly but not significantly low-
ered basal NHE3 activity.
FRAP was then performed before and at multiple times after

A23187 addition up to 60–70 min in OK cells overexpressing
NHERF2 as shown in Fig. 3,C–E. Fig. 3C is the time coursewith
5 min of exposure to A23187 (0.5 �M) in a single FRAP experi-
ment with measurement starting 30 min after A23187 was ini-
tially added. Fig. 3D is FRAP performed starting every 10 min
after A23187 exposure in a single experiment, with S.E. indicat-
ing variation in multiple ROIs from several cells in this single
experiment. Fig. 3E shows results as mean� S.E. frommultiple
experiments of results before and 30 and 60 min after initial
A23187 addition. A23187 caused a significant increase in the
NHE3 mobile fraction, which first became significant 10 min
after A23187 addition (first time post-Ca2� elevation at which
FRAP was performed) (Fig. 3D) and returned to base line by 60
min (Fig. 3,D and E). Themaximum increase inmobile fraction
occurred between 20 and 30 min after A23187 addition (Fig. 3,
D and E). Using this approach, the estimated NHE3 mobile
fractions were as follows: (a) for K�-free medium exposure,
45� 3% for control conditions, 81� 7% at 30min, and 29� 8%
at 60min after A23187; (b) for dynasore-exposed cells, 45� 7%
for control conditions, 90 � 2% at 30 min, and 38 � 11% at 60
min after A23187 (Fig. 3E).
A23187 has no effect on NHE3 activity in OK cells that lack

NHERF2 expression (Fig. 1). We also previously showed that
there are two different pools of NHE3 on the OK apical plasma
membrane, amobile and an immobile pool, the latter limited by
binding to PDZ domain-containing proteins (17). Therefore,
we asked whether the Ca2� stimulatory effect on NHE3mobil-
ity also required NHERF2. FRAP was performed on OK cells5 N. C. Zachos, R. Sarker, and M. Donowitz, unpublished data.
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lackingexogenousNHERF2. In theabsenceofNHERF2, theCa2�-
stimulatory effects on NHE3 mobility did not occur (Fig. 3F).
NHE3mobile fractions of OK cells lacking NHERF2 were 65.5 �
2.8% for thecontrol and63.3�3.6%after4-Br-A23187 (0.5�M;30
min).The increase inbasalNHE3mobile fraction in theabsenceof
NHERF2 is as discussed previously (17). These results show that
theCa2�-stimulatoryeffectonboth theNHE3mobile fractionand
NHE3 transport activity requires NHERF2.

NHERF2 but Not NHERF1 Dynamically Co-precipitates with
NHE3with ElevatedCa2�—Previous FRAP studies have shown
that NHERF2 is required for the dynamic increase in apical
NHE3mobility that occurs in OK cells with LPA and D-glucose
stimulation of NHE3 activity (13, 22). Both the LPA- and D-glu-
cose-induced increases in NHE3 mobility were associated with
dynamic physical association of NHE3 and NHERF2 as indi-
cated by basal co-precipitation ofNHE3 andNHERF2, followed

FIGURE 1. Elevated Ca2� inhibits basal NHE3 activity in OK/NHERF2/HA-NHE3 cells but not in OK/HA-NHE3 or OK/NHERF2�30/HA-NHE3 cells. NHE3
activity (�pHi/min) was measured by using the BCECF/fluorometer method starting 5 min after exposure to Ca2� ionophore 4-Br-A23187 (0.5 �M). A, Ca2�

ionophore inhibits basal NHE3 activity (Vmax) in OK/HA-NHE3 cells stably transfected with NHERF2. B, there was no effect of 4-Br-A23187 in cells without
exogenous NHERF2. C, 4-Br-A23187 failed to inhibit NHE3 activity in OK/HA-NHE3 cells stably transfected with NHERF2�30. The results shown in A–C are from
single representative experiments, with similar results in three experiments in each of A–C. D, intracellular location of NHERF2�30 fails to co-localize with
NHE3-EGFP in OK cells, although there is more overlap with NHERF2. NHE3-EGFP was transiently transfected in OK cells stably transfected with NHERF2 (panels
a–f) or NHERF2�30 (panels g–l). Cells were fixed with 3% formaldehyde. NHE3 was detected by fluorescence (panels a and d and panels g and j), and NHERF2
(panels b and e) or NHERF2�30 (panels h and k) was detected by anti-NHERF2 antibody (�-2570). Overlay images are in (panels c and f and panels i and l). Bar, 10
�m. Images were obtained by LSM 510 confocal microscopy.
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by a transient period where there was no co-precipitation (13,
22). We thus hypothesized that down-regulation of NHE3
activity by 4-Br-A23187 might be associated with dynamic
interaction betweenNHE3 andNHERF2 and/or NHERF1, pre-
sumably to free up BB NHE3 for endocytosis. We performed
co-immunoprecipitation experiments using OK cells stably
transfectedwithHA-NHE3 andFLAG-NHERF2or FLAG-NH-
ERF1. NHE3 was effectively co-precipitated with NHERF2 at
time 0min (without 4-Br-A23187).However, 2 and 10min after
A23187 (0.5 �M) treatment, NHERF2 failed to co-precipitate
NHE3 (Fig. 4A). By 60 min the association of NHE3 and
NHERF2 had been re-established, as shown in Fig. 4A. In con-
trast, 4-Br-A23187 treatment had no effect on the co-precipi-
tation of NHE3 with NHERF1 over the same time course (Fig.
4B). These data suggest that the Ca2� increase of the BB NHE3
mobile fraction depends on NHERF2 association with NHE3,
which is transiently reduced by elevation of Ca2�.
Monitoring Dynamic Interaction between NHERF2 and

NHE3 in the OK Cell Apical Domain by FRET—To define the
spatial and temporal resolution of the interaction of NHE3 and
NHERF2 in the OK apical domain upon Ca2� mobilization, we
employed the FRET technique. The FRET constructs were
made by tagging YFP to theNHE3C terminus andCFP to theN
terminus in NHERF2 (Fig. 5A). CFP-NHERF2 and NHE3-YFP
were transiently transfected into polarized OK cells. The CFP-
NHERF2 was primarily present in microvilli of OK cells, as

shown in Fig. 5B. NHE3-YFP had two locations, on the
microvilli and in the juxtanuclear domain in OK cells, as
reported previously (17, 22). The FRET signal was detected by
an acceptor photo-bleaching strategy (Fig. 6). FRET efficiency
was calculated as described in following method: (%FRET �
(intensity of ROI (post-bleaching) � intensity of ROI (pre-
bleaching))/intensity of ROI (post-bleaching). The principle of
this technique is to photo-bleach the YFP (acceptor) to reduce
energy transfer between CFP (donor) and YFP, which is the
parameter indicating whether there is any interaction between
the NHE3-YFP/CFP-NHERF2 FRET pair. Under control con-
ditions, both NHE3-YFP and CFP-NHERF2 co-localized pre-
dominantly at microvilli, whereas NHE3-YFP was also in the
juxtanuclear area (Fig. 5B). The CFP and YFP fluorescent sig-
nals were acquired before and after photo-bleaching, as shown
in Fig. 6A. Five min of exposure to 514 nm light almost com-
pletely bleached the YFP fluorescent signal, which, oppositely,
increased the CFP signal. These data reveal that energy transfer
occurs between YFP-NHE3 and CFP-NHERF2 under basal
conditions consistent with a direct physical interaction or very
close approximation between NHE3 and NHERF2 under basal
conditions.
To further confirm that the FRET signaling was from the

NHE3 and NHERF2 interaction, we employed YFP-GL-GPI, a
protein present only in the outer plasma membrane, as a nega-
tive control (Fig. 6C) (15). Under the same conditions, as shown
in Fig. 6A when YFP-GL-GPI was bleached, there was no
increase in CFP-NHERF2 signaling, reinforcing that FRET sig-
naling in Fig. 6A is from the interaction of NHE3 and NHERF2.

FRET intensity was quantified in fixed cells. FRET signaling
in OK/NHERF2 cells co-transfected with YFP-GL-GPI was
approximately �5–10%, presumably because of CFP photo-
bleaching (Fig. 6, C and D). In OK/NHERF2/NHE3 cells, there
was �10% FRET signaling (Fig. 6, A and D). Taking the CFP
photobleaching into account, the FRET between NHE3 and
NHERF2 was �15–20%.
Elevated Intracellular Ca2� Reduces the Interaction of NHE3

and NHERF2 at Microvilli by FRET—The co-immunoprecipi-
tation studies revealed that the interaction of NHE3 and
NHERF2 is down-regulated by elevated intracellular calcium
(Fig. 4A). We therefore used FRET to monitor the effect of
calcium on these interactions at the OK cell microvilli. The
polarizedOK cells stably transfectedwith YFP-NHE3 andCFP-
NHERF2were first treatedwith 4-Br-A23187 for 1min at 37 °C,
followed by fixation in 3% formaldehyde. The fixed cells then
had FRET measured by acceptor photobleaching. The FRET
signaling was markedly reduced at the microvilli �1 min after
Ca2� elevation to �3%, consistent with almost total dissocia-
tion of NHE3 and NHERF2 or a change in their relative loca-
tions (Fig. 6, B and D). These data demonstrate a rapid regu-
lated dissociation of NHE3 and NHERF2 at the apical
membrane of epithelial cells after Ca2� is increased.

DISCUSSION

The major conclusion from this study is that there are two
components of acute NHE3 inhibition by elevated Ca2� in
polarized renal proximal tubule epithelial cells. These are the
previously characterized stimulated endocytosis (7) and the

FIGURE 2. Elevated Ca2� (ionophore 4-Br-A23187) caused a rapid and
prolonged decrease in NHE3 surface expression. A, OK/NHERF2/HA-NHE3
cells were treated with 4-Br-A23187 (0.5 �M) for 0, 2, 10, and 30 min at 37 °C in
a 5% CO2, 95% air atmosphere, and the cells were then quickly washed with
cold PBS three times (4 °C) and kept at 4 °C for 30 min. Cells were then bioti-
nylated, and the total lysate was collected in 1 ml. The surface-biotinylated
proteins were collected by avidin precipitation (surface) and retrieved in 0.1
ml of sample buffer. The NHE3 protein was loaded into each lane with the
same volume in a series of dilutions (10, 20, and 30 �l), which were detected
by monoclonal anti-HA antibody. Results from a single experiment are
shown. B, results from three experiments as in A are shown as mean � S.E. In
each experiment, results were normalized with time 0 set as 100%. p values
are compared with untreated control (paired t test). NS, not significant.
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newly recognized dynamic dissociation ofNHE3 from the cyto-
skeleton, which occurs via rapid but transient release of NHE3
from the apical domain NHERF2 and the apical cytoskeleton.
The latter occurs in the absence of increased endocytosis of
NHE3 as indicated by its occurrence when NHE3 endocytosis
was reduced byK� depletion or exposure to the dynamin inhib-
itor dynasore. We propose, but have not proven, that the latter
is a necessary step to mobilize the pool(s) of NHE3 in the
microvilli which is acutely internalized in response to elevated
Ca2� and includes some of the microvillar NHE3, which asso-
ciates with NHERF2 under basal conditions (Fig. 7).
We previously showed that there was similar dissociation of

NHE3 from the microvillar cytoskeleton and NHERF2 and
increased NHE3 apical membrane mobility as part of acute
stimulation ofNHE3 by exocytosis from the recycling system in
OK cells in response to LPA and in Caco-2 cells in response to

luminal D-glucose (13, 22). This was hypothesized as being nec-
essary to spread the exocytosed NHE3 over themicrovillar sur-
face. The importance of the observation that both acute stimu-
lation and inhibition of NHE3 involve regulation of NHE3
association with the apical domain cytoskeleton, as well as in
trafficking, adds complexity to understanding regulated trans-
port. To understand regulation of intestinal and renal proximal
tubule Na� absorption, signaling that affects both apical traf-
ficking and microvillar cytoskeleton association of NHE3 must
be considered. Likely, but not proven, is that this two-compo-
nent regulation that involves transporter/microvillar cytoskel-
eton association also is relevant for multiple other plasma
membrane transport proteins in addition to NHE3.
The use of this Ca2� ionophore-based model of Ca2�-in-

duced NHE3 inhibition requires comment given that elevated
Ca2� is known to be necessary for both endocytosis and exocy-

FIGURE 3. Acute elevation of Ca2� dynamically increases the lateral mobility of NHE3 determined by FRAP in the apical domain of OK cells.
A, 4-Br-A23187 inhibition of NHE3 activity does not occur with exposure to K�-deficient medium. Exposure to K�-deficient medium (142 mM NaCl, 1 mM CaCl2,
1 mM MgCl2, 20 mM HEPES, pH 7.4, pH adjusted with Tris) was for 1 h before transport measurements. K�-deficient medium caused a slight but not significant
decrease in basal NHE3 activity. Results shown are mean � S.E. from three experiments. p values are paired t tests. B, dynasore pretreatment (80 �M, 30 min)
slightly but not significantly lowered basal NHE3 activity and prevented A23187 inhibition of NHE3. Results are mean � S.E. from three experiments. p values
are paired t test. C, FRAP studies of NHE3 were performed on OK/NHERF2 cells transiently transfected with NHE3-EGFP with/without (control) 4-Br-A23187 (0.5
�M) starting 30 min after A23187 exposure. Relative fluorescence intensity after photo-bleaching was measured for 300 s. K�-deficient medium, as above, was
used to reduce endocytosis induced by elevated Ca2� (30). Inset images show NHE3-EGFP pre-bleaching (C1), immediately post-bleaching (C2), and after
recovery (300 s) (C3) in studies performed 30 min after A23187 exposure. D, elevated Ca2� transiently increased NHE3-EGFP mobility in OK/NHERF2/NHE3-EGFP
cells. FRAP was performed before and at various times after 4-Br-A23187 addition to measure BB lateral mobility of NHE3-EGFP in OK cells. This was done with
K�-deficient medium pretreatment for 1 h and throughout the experiment. Minutes after A23187 addition when FRAP studies were performed is shown on the
x axis. Results of a typical experiment are shown with mean � S.E. shown for ROIs from this single experiment to show the variability with at least three ROIs
from �1 cell analyzed. E, Ca2� elevation via A23187 transiently stimulates NHE3 mobile fraction at 30 min, which then returns to base line at 60 min under
K�-deficient conditions as well as with dynasore (80 �M, 30 min) treatment. Basal NHE3 mobile fraction with normal medium or K�-deficient medium or
dynasore without 4-Br-A23187 did not change significantly over the time of the experiments. Similar results were found with both K�-deficient media exposure
and dynasore. The mean � S.E. were calculated from three independent experiments. p values are in comparison to zero time (paired t test). F, A23187 did not
alter the NHE3 mobile fraction 30 min after A23187 addition in the absence of NHERF2. Study was done with K�-deficient medium as in D. Results are mean �
S.E. of 30-min time point from three experiments. NS, not significant.
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tosis; the latter at least partially based on the Ca2� dependence
of synaptotagmin, which is thought to be the final step of mem-
brane fusion of exocytosis (31). Agonists that elevate cytosol-
free Ca2� can be separated into two groups as follows. 1) Inhib-
itors of NHE3, include serotonin (27), carbachol (11, 24–26),
adenosine type 1 receptors (9, 32), and thapsigargin and Ca2�

ionophores, including 4-Br-A23187 in cells expressing
NHERF2 or NHERF3 (12, 18, 28) as used in this study. 2) Stim-
ulators of NHE3 include LPA (32, 33), low concentrations of
angiotensin II (34), A23187 in the presence of NHERF4 (35),
and EGF.6 One way to separate these effects appears to be that
the effects of the inhibitors of NHE3 can be blocked by PKC
antagonists. This is true for adenosine type 1 receptors, sero-
tonin (27), carbachol (31), and ionophores in the presence of
NHERF2 and NHERF3 and not for LPA (33), angiotensin (34),
and ionophore in the presence of NHERF4.6 Thus, this iono-
phore model of Ca2�-induced NHE3 inhibition, which has
been shown to be associatedwith stimulated endocytosis, is not
the same model as our previously reported LPA stimulation of
NHE3 activity, in which the elevation in intracellular Ca2� was
necessary for the NHE3 stimulation. However, together they
show that this two-component regulation is relevant to both
stimulated endocytosis and exocytosis.
The model of acute Ca2�-induced inhibition of NHE3 activ-

ity using aCa2� ionophorewas selected to bypass plasmamem-
brane receptors to allow evaluation of rapid events downstream
of this second messenger on NHE3 mobility and the physical
interactions of NHE3 with several other proteins. Elevated
Ca2� reduced BB NHE3 amount and inhibited NHE3 activity
with effects detectable by the techniques used here at the earli-
est time points studied (5–10 min after ionophore addition).
This rapid response had been seen by us previously in Caco-2
cells with marked reduction with BB NHE3 amount within 2
min of carbachol exposure as assessed by total internal reflec-
tion (TIRF) microscopy (7). The dissociation of NHE3 and
NHERF2 occurred within 1–2 min of Ca2� elevation as deter-

6 R. Sarker, N. C. Zachos, and M. Donowitz, unpublished data.

FIGURE 4. A23187 effects on co-precipitation of NHE3 and NHERF2 but
not NHERF1 in OK cells are dynamic. A, OK/FLAG-NHERF2/HA-NHE3 cells
were exposed to 4-Br-A23187 (0.5 �M) for 0, 2, 10, and 60 min, washed with
chilled PBS (4 °C), and then kept at 4 °C for 30 min. Total cell lysate was then
prepared for immunoprecipitation (IP). FLAG-NHERF2 was immunoprecipi-
tated using anti-FLAG antibody, and the co-precipitated HA-NHE3 was
detected by immunoblotting with anti-HA antibody. NHERF2 failed to co-pre-
cipitate NHE3 2 and 10 min after 4-Br-A23187 but co-precipitated NHE3
before and 60 min after A23187 exposure. A single experiment is shown that
was performed three times with similar results. B, experiments as in A were
performed using OK/FLAG-NHERF1/HA-NHE3 cells. NHE3 was immunopre-
cipitated, and similar amounts of NHERF1 were co-precipitated before and 2,
10, and 60 min after A23187. Similar results were found in four experiments.

FIGURE 5. Expression of FRET pair NHE3-YFP and CFP-NHERF2 in the microvilli. A, FRET pair was CFP-tagged N terminus of NHERF2 and YFP-tagged C
terminus of NHE3. NHE3-YFP and CFP-NHERF2 were transiently transfected into the OK cells. B, confocal images were collected from NHE3-YFP (panel B1),
CFP-NHERF2 (panel B2), and merge (Blue, CFP-NHERF2; green, NHE3-YFP) (panel B3). Microvilli and the juxtanuclear area of polarized OK cells were marked as
ROIs with the white circles and the red circle, respectively (panel B3). CFP-NHERF2 was mostly localized on the microvilli (representative white circles), and
NHE3-YFP was localized to both the microvilli (white circles) and intracellular juxtanuclear compartment (red circle). Bar, 10 �m. Images were obtained by LSM
510 confocal microscopy of OK cells grown on glass coverslips.
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mined by FRET and co-precipitation, and thus both changes in
NHE3 endocytosis and NHERF2 association occur over a sim-
ilar time course indicating the need for coordination of these
two events but not allowing determination ofwhich comes first.
Future studies will examine whether receptor-related inhibi-
tion of NHE3 by Ca2�-dependent mechanisms affects NHE3/
cytoskeletal association in the microvillus independently of
changes in intracellular Ca2�.
Because not all microvillar NHE3 is either endocytosed or

mobilized with elevated Ca2� (Figs. 1–3) implies that there
are multiple BB pools of NHE3, only some of which are
involved in this aspect of NHE3 regulation. NHE3 has been
shown by several techniques to be present in multiple pools
in the apical domain of epithelial cells, as well as intracellu-
larly (1, 3, 36, 37). The apical pools have been defined in
multiple ways, with no clear assignment of characteristics to
the pools to allow each to be related to the others. These
apical domain pools of NHE3 have been characterized as

follows: 1) Mobile versus immobile pools in the BB, defined
by fluorescence recovery after photobleaching as examined
in this study and others (17, 22, 38, 39). As shown here,�70%
of OK cell apical membrane NHE3 is immobile, whereas 30%
is mobile in cells expressing NHERF1 and -2. 2) Presence in
lipid rafts versus non-lipid raft (39–41). 3) Megalin-associ-
ated versus not megalin-associated, with the latter on the
microvilli and able to transport NHE3 and the former thought
to reside in the inter-microvillus space and lack NHE3 activity
(42). To better understand the nature of the Ca2�-induced
dynamically mobilized BB pool of NHE3, as well as that endo-
cytosed, will require at least applying all the above criteria
simultaneously to more fully define the pools of BB. Our study
adds that the NHERF1-binding pool of microvillar NHE3 is not
responsive to short term changes in NHE3 activity that occur
via stimulated endocytosis from elevated Ca2�. We previously
demonstrated that in Caco-2 cells NHERF3 is present in the
outer aspects of the microvilli, where it overlaps with NHERF1

FIGURE 6. Ca2� regulates dynamic interaction of NHE3 and NHERF2 at microvilli revealed by FRET. A, in vivo detection of interaction of NHE3-YFP and
CFP-NHERF2 in the apical domain by acceptor photobleaching FRET under basal conditions. Images were acquired before (top panels, panel A1 (CFP-NHERF2);
panel A2 (NHE3-YFP); panel A3 (Merge)), and after (bottom panels, panel A4 (CFP-NHERF2); panel A5 (NHE3-YFP)) photobleaching of NHE3-YFP. Panel A6 shows
FRET image (pseudo-colored). Results in panels A1, 2, 4, and 5 are converted gray scale images. Panel A3 shows collected red-green image to indicate overlap of
NHE3/NHERF2. FRET images (panels A6, B6, and C6) were acquired by MetaMorph image analysis software by using the FRET formula, E � (ID-post � ID-pre)/I,
where ID-pre and ID-post are the donor fluorescence intensities pre- and post-acceptor photobleaching, respectively. B, elevated intracellular Ca2� completely
abolished the FRET signal within 1 min. The cells were treated with 4-Br-A23187 (0.5 �M) for 1 min at 37 °C and then fixed with 3% formaldehyde prior to
imaging. Images were acquired before (top panels: panel B1 (CFP-NHERF2); panel B2 (NHE3-YFP); panel B3 (Merge)) and 1 min after (bottom panels: panel B4
(CFP-NHERF2); panel B5 (NHE3-YFP)) photobleaching of NHE3-YFP. Panel B6 shows FRET image. C, YFP-GL-GPI was used as a negative control. Images were
acquired before (top panels: panel C1 (CFP-NHERF2); panel C2 (YFP-GL-GP); panel C3 (Merge) and after (the bottom panel: panel C4 (CFP-NHERF2); panel C5
(YFP-GL-GPI)) photobleaching of YFP-GL-GPI. Panel C6 shows FRET image. D, quantitation from A to C was performed as under “Experimental Procedures” and
is shown as means � S.E. in a bar graph representation from the above experiments. FRET efficiency (%) at the microvilli was quantified from an average of 10
ROIs per cell from 10 individual cells. N refers to number of separate experiments. p values are unpaired t test. FRET was observed between NHE3 and NHERF2
(NF2). Ca2� ionophore 4-Br-A23187 (0.5 �M) completely abolished FRET signals within 1 min. NS, not significant.
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and is necessary for Ca2�-dependent inhibition of NHE3.
NHERF3 undergoes a dynamic, time-limited dissociation from
NHE3 with elevated Ca2� (12). We hypothesize that the
NHERF3-NHE3 association may further define the dynamic
microvillar pool that provides the NHE3 for endocytosis.
We have suggested that the role of NHERF2 in setting NHE3

activity in polarized Na�-absorptive cells involves establishing
a storage pool of NHE3 in the apical domain of these cells (13,
22). When NHERF2 is knocked down in Caco-2 cells, the basal
activity of NHE3 is increased as is the amount of NHE3 in the
apical domain as indicated by co-localization with apically
added wheat germ agglutinin (at 4 °C) and access to apical bio-
tin (at 4 °C) (22). We suspect that this pool of NHE3 becomes a
“transit pool” as part of signaling (17, 22). The dynamic release
of NHE3 fromNHERF2 and increase in apical domainmobility
of NHE3withA23187 exposure is likely to be similarly involved
with allowing the microvillar NHE3 to move to the inter-mi-
crovillus space as part of stimulated endocytosis. Based on the
D-glucose and the LPA studies of stimulatedNHE3 activity and
Ca2�-inhibited NHE3 activity described here, in all of which
there is physical dissociation ofNHE3 andNHERF2, we suggest
that theNHE3which associateswithNHERF2 (Fig. 7) in theOK
cell apical domain is “stored” to provide a pool to becomemobi-
lized for stimulated endocytosis or is mixed with newly deliv-
ered NHE3 via stimulated exocytosis to spread over the
microvillus (13, 22). Under basal conditions, this NHE3/

NHERF2 pool is in the lower microvillus, inter-microvillus
cleft, and/or terminal web area (12, 17, 22, 43). In OK and
Caco-2 cells, this NHE3 storage pool appears to be in all these
apical domains, whereas in the renal proximal tubule this pool
of NHE3 co-localizes with megalin at or just above the inter-
microvillus cleft area (44, 45). Whether the storage pool of
NHE3 is the same in Caco-2 and OK cells and in proximal
tubules is not known.
The role of NHERF2 in Ca2�-dependent inhibition of NHE3

has only been partially clarified. The NHERF2 dependence
requires the NHERF2 C-terminal 30 amino acids, which is used
to bind to the actin cytoskeleton via ezrin (Fig. 7). When
NHERF2 �30 was expressed in OK cells compared with
NHERF2, the NHERF2 �30 was not present in the BB and
rather seemed to be subapical (Fig. 1D). This indicates that not
only does NHERF2 establish the location of NHE3 in the apical
domain (22) but also that the binding of NHERF2 to the actin
cytoskeleton via binding ezrin is necessary for the NHERF2 BB
localization. It is not known if just binding ezrin without bind-
ing NHE3 or other BB binding partners is sufficient to localize
NHERF2 to the BB.
NHE3 returns to its fixed state in the OK cell apical domain

within 60 min of elevation of Ca2�. It is assumed that the iono-
phore leads to prolonged Ca2� elevation, and the effect to
inhibit NHE3 activity persists, although with prolonged iono-
phore exposure the issue of cell damage must be considered.

FIGURE 7. Proposed model for NHE3 transit pool and “storage pool” in OK cell apical domain with Ca2�-induced dissociation of NHE3 from NHERF2.
NHERF2 and a pool of apical NHE3 co-localize in OK cells under basal conditions, and some NHE3 co-precipitates with NHERF2. The amount of NHE3 that is
immobile (fixed to the microvillar cytoskeleton) decreases within 10 min of Ca2� elevation (FRAP) and NHE3 and NHERF2 dissociate by 1–2 min (FRET,
co-precipitation). We assume but have not proved that the freed up NHE3 is at least part of the apical pool of NHE3 that is endocytosed in response to elevated
Ca2�. Note that the lack of dissociation of NHE3-NHERF1 with elevated Ca2� identifies a Ca2�-insensitive pool of NHE3 present in the microvilli. NHE3 that binds
NHERF2 defines both the pool of NHE3 stored in the apical domain under basal conditions (storage pool), which is likely to be inactive, and the transit pool of
NHE3, which moves from the microvillus to the inter-microvillus clefts as part of stimulated endocytosis.
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This time limitation in the dynamic NHE3-NHERF2 associa-
tion, as seen with the Ca2� effect on the NHE3mobile fraction,
also occurred with the LPA-induced increase in the NHE3
mobile fraction (13). By 50 min of LPA exposure, the NHE3
mobile fraction had returned to its initial fixed state, even
though theNHE3 activity and percent NHE3 present on the BB
were both still increased. This return to base-line mobile frac-
tion with both LPA-stimulated and elevated Ca2�-inhibited
NHE3 was associated with a return to basal interactions
between NHE3 and NHERF2, as indicated by co-precipitation.
What leads to the reversal of both phenomena, although
changes in NHE3 transport activity persist, is not known. We
suggest signaling is initiated by the LPA and Ca2� ionophore
that leads to the reassociation of NHE3 and NHERF2, but the
nature of the signal has not been identified.
In summary, our studies used the advanced imaging

approaches FRET and FRAP to reveal that NHE3 and NHERF2
dynamically interact at themicrovilli of polarizedOK cells. Ele-
vation of intracellular Ca2� causes rapid dissociation of NHE3
fromNHERF2, presumably to allow subsequentNHE3 endocy-
tosis, thus decreasing the surface NHE3 amount and NHE3
activity, as observed here. This dissociation is time-limitedwith
physical association of NHE3 and NHERF2 being re-estab-
lished by an unknown signaling mechanism. As we reported
with LPA stimulation of NHE3, the signaling that regulates
Ca2�-induced inhibition of NHE3must be thought of as affect-
ing both changes in trafficking (Ca2�-induced endocytosis) and
regulation of NHE3 association with the microvillar cytoskele-
ton, with understanding the coordination of the events remain-
ing to be clarified.
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