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Background: PDZ domain-containing scaffolds, NHERF1-3, anchor NHE3 in the epithelial apical membrane, but their own

mobility is unknown.

Results: In renal OK cells, microvillar NHERF1-3 are highly mobile with NHERF2 having the slowest mobility.
Conclusion: NHERF2-restricted mobility is conferred by its C terminus, which is also required for its regulation of NHE3.
Significance: A newly recognized NHERF2 C-terminal domain is functionally important.

Na*/H* exchanger regulatory factor (NHERF) proteins are a
family of PSD-95/Discs-large/Z0O-1 (PDZ)-scaffolding proteins,
three of which (NHERFs 1-3) are localized to the brush border in
kidney and intestinal epithelial cells. Al NHERF proteins are
involved in anchoring membrane proteins that contain PDZ
recognition motifs to form multiprotein signaling complexes. In
contrast to their predicted immobility, NHERF1, NHERF2, and
NHERE3 were all shown by fluorescence recovery after photo-
bleaching/confocal microscopy to be surprisingly mobile in the
microvilli of the renal proximal tubule OK cell line. Their diffu-
sion coefficients, although different among the three, were all of
the same magnitude as that of the transmembrane proteins, sug-
gesting they are all anchored in the microvilli but to different
extents. NHERF3 moves faster than NHERF1, and NHERF2
moves the slowest. Several chimeras and mutants of NHERF1
and NHERF2 were made to determine which part of NHERF2
confers the slower mobility rate. Surprisingly, the slower mobil-
ity rate of NHERF2 was determined by a unique C-terminal
domain, which includes a nonconserved region along with the
ezrin, radixin, moesin (ERM) binding domain. Also, this C-ter-
minal domain of NHERF2 determined its greater detergent
insolubility and was necessary for the formation of larger
multiprotein NHERF2 complexes. In addition, this NHERF2
domain was functionally significant in NHE3 regulation, being
necessary for stimulation by lysophosphatidic acid of activity
and increased mobility of NHE3, as well as necessary for inhibi-
tion of NHE3 activity by calcium ionophore 4-Br-A23187. Thus,
multiple functions of NHERF2 require involvement of an addi-
tional domain in this protein.
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The microvillus represents that aspect of epithelial cells that
provides their unique characteristics. For enterocytes and kid-
ney epithelial cells, the microvillus expands the surface over
which absorption and secretion occur (1). NHE3 (SLC9A3) is
an Na®/H" exchanger that is primarily localized to the
microvilli, is responsible for the majority of small intestinal and
renal Na™ absorption (2, 3), and is highly regulated as part of
physiologic function, which includes both stimulation and inhi-
bition (4). Four phylogenetically related PDZ domain-contain-
ing scaffolding proteins make up the Na™/H™ exchanger regu-
latory factor (NHERF)? family, all of which take part in NHE3
regulation to different degrees, as well as the regulation of mul-
tiple other proteins (5, 6). NHERF1 is necessary for protein
kinase A-mediated inhibition of NHE3 in rabbit renal brush
border membranes (7). NHERF2 is needed for cGMP and car-
bachol-mediated inhibition (8) as well as LPA and dexametha-
sone-mediated stimulation of NHE3 (9 —-11). NHERF3 is neces-
sary for calcium-mediated inhibition (12), although NHERF4 is
necessary for calcium stimulation of NHE3 (13). NHERFI,
NHERF2, and NHERF3 but not NHERF4 are primarily local-
ized to the brush border (14-16). It has been proposed that
PDZ domains of NHERF proteins assemble NHE3, ligand
receptors, and other effector molecules into large signaling
complexes, which are necessary for NHE3 regulation and local-
ize NHE3 to multiple microvillar pools (4, 17).

Microvilli contain a well organized core structure formed by
actin microfilaments that are cross-linked by fimbrin and villin,
and are attached to the plasma membrane by other proteins,
including myosins, ezrin, and a-actinin-4. Multiple classes of
membrane proteins attach to these cytoskeletal structures, and
it is assumed that they are relatively immobilized (1, 18). FRAP

2 The abbreviations used are: NHERF, Na*/H" exchanger regulatory factor;
EBD, ERM binding domain; LPA, oleoyl-L-a-lysophosphatidic acid sodium
salt; NHE, Na*/H™ exchanger; FRAP, fluorescence recovery after photo-
bleaching; DS, detergent soluble; DI, detergent insoluble; BCECF-AM, 2',7'-
bis(carboxyethyl)-5,6-carboxyfluorescein-acetoxymethyl ester; ROI, region of
interest; PDZ, PSD-95/Discs-large/Z0-1; ERM. ezrin, radixin, moesin.
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studies with NHE3 have suggested that there are mobile as well
as immobile pools of NHE3 in the microvilli and that under
basal conditions NHERF1 and NHERF2 immobilize NHE3 and
reduce its mobile fraction (19). In addition, immobilization of
NHE3 by NHERF2 through protein-protein interactions is
dynamically controlled as part of NHE3 regulation. LPA and
D-glucose increase NHE3 activity by stimulated exocytosis (17,
20), whereas calcium ionophore 4-Br-A23187 inhibits NHE3
activity by stimulated endocytosis (21). In both cases, the
NHEREF?2 and NHE3 interaction is disrupted initially and then
later restored, correlating with the NHE3 mobility that first
increases and then decreases. In interpreting these studies, it
was hypothesized that NHERF2 defines a transitional storage
pool of NHE3 in the microvillus cleft and that the mobility
change of NHE3 reflects its trafficking between the microvillar
and intracellular pools going through the transitional storage
pool (17, 21).

However, it is still not known how mobile the microvillar
NHERF proteins are and how the complexes of NHE3 and
NHEREF proteins are organized in the microvilli. This study was
initiated to examine the mobility of NHERF proteins in the
microvillus and to determine whether their mobility was also
dynamically regulated as part of the signaling that regulates
NHE3 activity. Surprisingly, all NHERF proteins were mostly
mobile in the microvilli under basal conditions, and their
mobility was not significantly changed by treatment with LPA,
forskolin, or 4-Br-A23187, all of which alter NHE3 activity.
However, there were differences between the NHERFs in their
diffusion coefficients, with NHERF2 being more fixed than
NHERF1. NHERF1 and NHERF2 are highly homologous struc-
turally to each other but play different roles in the regulation of
Na™ and Cl~ transport (16, 22). The different roles of NHERF1
and NHERF2 in NHE3 regulation have generally been attrib-
uted to the different specificities of their PDZ domains via
interactions with their PDZ ligands (10, 11, 16). We further
focused on defining the NHERF2 region that contributes to its
slower mobility rate and determining whether this domain also
contributes to its function in NHE3 regulation.

EXPERIMENTAL PROCEDURES

Materials, Plasmids, and Antibodies—Nocodazole and cyto-
chalasin D were from EMD Chemicals (Billerica, MA). Jas-
plakinolide, BCECF-AM, and nigericin were from Invitrogen.
Oleoyl-L-a-lysophosphatidic acid sodium salt (LPA) and
OptiPrep were from Sigma. Ca>" ionophore 4-Br-A23187 was
from Biomol (Plymouth Meeting, PA). Purified cholera holo-
toxin was from Sigma and conjugated with Alexa Fluor 790
from Invitrogen. Mouse monoclonal antibodies against FLAG
and actin, and anti-FLAG M2 magnetic beads were from Sigma.
Mouse monoclonal antibody against NHERF1 was from AbD
Serotec (Raleigh, NC). Mouse monoclonal antibody against HA
was from Covance, Inc. (Princeton, NJ). Rabbit polyclonal anti-
body against NHERF2 was a gift from Dr. Chris Yun (23).
IRdye-700- or IRdye-800-conjugated goat anti-mouse or goat
anti-rabbit secondary antibodies were from Rockland Immu-
nochemicals Inc. (Gilbertsville, PA) and were used with
LI-COR Odyssey system (Lincoln, NE) for Western blot analy-
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sis. Plasmid pcDNA3.1-HA-NHE3 was constructed previously
(24).

Rabbit NHERF1, human NHERF2, and rat NHERF3 were
fused to the C terminus of the mCherry tag in the vector
pmCherry-C1 (Clontech). NHERF1 was inserted between
EcoRI and Kpnl to construct pmCherry-NHERF1; NHERF2
was inserted between BglII and Sall to construct pmCherry-
NHERF2; NHERF3 was inserted between HindIII and BamHI
to construct pmCherry-NHERF3. NHERF1 and NHERF2 were
both fused to the FLAG tag in the vector p3XFLAG-CMV-10
(Sigma) between EcoRI and BamHI to construct pFLAG-
NHERF1 and pFLAG-NHERF2. To fuse mEOS2 photo-con-
vertible fluorescent protein (25) to the N terminus of NHERFs,
a DNA fragment encoding mEOS2 was generated by PCR to
replace the sequence coding for mCherry between restriction
sites Agel and BglIl in pmCherry-NHERFs vectors to obtain
pmEOS2-NHERFs. pmEOS2-NHERF1-PDZ1/2-GAGA and
pmEOS2-NHERF2-PDZ1/2-GAGA were generated by Quik-
Change II site-directed mutagenesis kits (Agilent Technolo-
gies, Santa Clara, CA). Four NHERF1 and NHERF2 chimeras
were made by PCR with the restriction enzyme site Pvul engi-
neered to connect the fragments (Fig. 6, A and B). NHERF1-2E
and NHERF2-1E were made by switching the ERM binding
domains (EBD); NHERF1-2C and NHERF2-1C were made by
switching the C terminus, including the nonconserved region
and EBD. Another chimera NHERF2-1-2 was made by substi-
tuting EBD of NHERF2-1C with that of NHERF2 (Fig. 6B).

Cell Culture and Transfection—OK cells were cultured on
glass-bottom 35-mm plastic culture dishes (World Precision
Instruments Inc.). On the 2nd day post-confluency, OK cells
were transfected with 2 ug of plasmid of pmCherry-NHERFs or
pmEOS2-NHERFs and other plasmids as indicated, using 10 ul
of Lipofectamine 2000 (Invitrogen). The cells were then grown
in complete medium overnight and used for FRAP experiments
the next day.

The Caco-2/bbe cell line, originally derived from a human
adenocarcinoma, was grown on Transwell filter membranes
(EMD Millipore) as described previously (8). Caco-2/bbe cells
were seeded at 1 X 10°/cm? on the filter membranes and grown
for 12 days. On the 13th day post-confluency, Caco-2/bbe cells
on 6-well Transwell filters were treated with 6 mm EGTA in
serum-free Caco-2 medium for 3 h on both the apical and baso-
lateral surfaces. Cells in each well were transfected with 12 g of
pmEOS2-NHERFs using 30 ul of Lipofectamine 2000 on both
the apical and basolateral surfaces. Cells were used for FRAP
experiments the next day.

FRAP Analysis—FRAP was performed on a stage heated to
37 °C of a Zeiss LSM 510 confocal microscope equipped with a
C-Apochromat 63X/1.2 Korr water-immersion objective, as
described previously (19). The transfected OK or Caco-2 cells
were first washed with DMEM/F-12 media without phenol red
twice and incubated in this media for 3 h. Cells were incubated
with 30 um nocodazole for 3 h or 3 um jasplakinolide for 1 h as
indicated. For OK cells, the glass-bottom culture dish could be
directly mounted on the microscope stage. For Caco-2 cells, the
Transwell filter was cut out, placed on the glass slides with the
apical surface outward, covered by a drop of medium, and
finally sealed with a coverslip with silicon glue. Cells were kept
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on the heated microscope stage for 30 min before beginning the
experiment. Optical slices were focused on the cell apical
domain with the slice thickness of 3 wm to better tolerate the
cell movement in the vertical direction. A square of 3 um width
was used as the region of interest (ROI). Fluorescence within
the ROI was measured at low laser power before the bleach and
then photobleached with high laser power. Recovery was fol-
lowed with low laser power at 5- or 10-s intervals usually up to
3—5 min until the intensity had reached a steady plateau. For
mEOS2-tagged NHERFs, argon laser 488 nm was used for
fluorescence measurement at 25% power, 1% transmission, and
for bleaching at 25% power, 100% transmission to about
20-40% of initial fluorescence. To measure fluorescence of
mCherry-tagged NHERFs, a HeNe 561-nm laser was used at 4%
transmission. To quench fluorescence of mCherry-tagged
NHERFs, argon lasers 477, 488, and 514 nm were used at 80%
power, 100% transmission in combination with 100% transmis-
sion of the HeNe 561-nm laser. mCherry was relatively resistant
to quenching with maximal quench about 50%. Fluorescence of
an ROI was also measured without bleaching with a high power
laser and was used to correct for the bleaching effect caused
during measurement. The recovery ratios are calculated as the
percentage of maximal bleached fluorescence. More than 12
cells from each experimental group were quantified, and the
data presented are representative of three experiments. To cal-
culate the effective one-dimensional diffusion constant (D),
the experimental data were fit to the Ellenberg equation (26) as
reported previously (19). Mobility changes of NHE3-EGFP by
LPA/LPA5 (LPA; receptor) in the presence of wild type
NHERF2 and NHERF2-1C chimera were studied by FRAP as
described previously (17).

Photoconversion Experiment—mEQOS2 fluorescence conver-
sion was performed in live cells with C-Apochromat 63X/1.2
Korr water-immersion objective on a Zeiss LSM 510 confocal
microscope similar to that reported previously (27). Photocon-
version of mEOS2-NHERFs was achieved using 100 iterations
of 4% 30-milliwatt 405-nm diode laser at the back aperture of
the lens with setting at zoom 3.0 and 2.56 us/pixel. Photocon-
version takes ~10-20 s depending on the size of ROI The
green (nonactivated) fluorescence of mEOS was imaged with
the argon 488-nm laser, and emission was collected over a
range of 505-550 nm. The red (activated) fluorescence of
mEOS was imaged with the HeNe 561-nm laser, and emission
was collected with a 575-615-nm bandpass emission filter.
Pinhole size was adjusted to set the optical slice thickness at 3
pm.

OptiPrep or Sucrose Gradient Ultracentrifugation for Lipid
Raft Flotation—Methods were slightly modified from that pre-
viously reported (28). OK cells were transiently transfected
with pFLAG-NHERFs at 90% confluency and used 2 days after
transfection. The cells were homogenized by passing them
through a 1-ml syringe/26-gauge needle in TNE buffer A con-
taining 25 mm Tris, pH 7.4, 150 mm NaCl, 50 mm NaF, 5 mm
EDTA, 1 mMm Naz;VO,, and protease inhibitors. Nuclei and
debris were removed by centrifugation at 3000 X g for 15 min at
4 °C. The total membranes were pelleted by ultracentrifugation
at 100,000 X g for 30 min at 4 °C. Total membranes were then
solubilized with cold buffer A supplemented with 0.5% Triton
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X-100 and then incubated at 4 °C for 30 min on a rotary shaker.
Samples were adjusted to 45% of OptiPrep (final volume, 1 ml)
before being overlaid with step gradients, 2 ml of 40%, 3 ml of
35%, 3 ml of 25%, 2 ml of 15%, and 1 ml of 5% OptiPrep. Each
gradient was prepared with TNE buffer A and adjusted to 0.5%
Triton X-100. Samples were centrifuged in a Beckman SW41Ti
rotor at 40,000 rpm at 4 °C for 4 h. If sucrose gradient was used,
solubilized total membranes were adjusted to 45% of sucrose
(final volume, 1 ml) before being overlaid with step gradients, 2
ml of 40%, 3 ml of 35%, 3 ml of 20%, and 3 ml of 5% sucrose. Each
gradient was prepared with TNE buffer A and adjusted to 0.5%
Triton X-100. Samples were centrifuged in a Beckman SW41Ti
rotor at 40,000 rpm at 4 °C for 18 h. Twelve fractions were
collected from the bottom of the tubes. One-tenth of each frac-
tion was analyzed with SDS-PAGE and Western blotting. GM1
content in each fraction was analyzed by dot-blot with Alexa
Fluor 790-conjugated cholera toxin.

Detergent-soluble (DS) and -insoluble (DI) Fractions of Total
Membrane—The experiments were performed as described
previously (28). Total membranes were prepared as described
above, mixed with cold TNE buffer plus 0.5% Triton X-100,
incubated at 4 °C for 30 min, and subjected to ultracentrifuga-
tion at 100,000 X g for 30 min at 4 °C. The supernatant is
referred to as the DS fraction. The pellet was resuspended in 1 X
SDS-PAGE loading buffer (equal volume to the DS fraction) as
the DI fraction.

Sucrose Gradient Ultracentrifugation for Complex Size
Analysis—Experiments were performed as described previ-
ously with slight modification (29). Total membranes were pre-
pared as described above, solubilized with 5% sucrose in TNE
buffer plus 0.5% Triton X-100, and incubated at 37 °C for 30
min. 11 ml of step gradients were prepared by overlaying 1 ml
each of the following sucrose gradients: 60, 50, 40, 30, 25, 22.5,
20,17.5,15,12.5,and 10%. Each gradient was prepared with the
same TNE buffer plus 0.1% Triton X-100. Samples were centri-
fuged in a Beckman SW41Ti rotor at 40,000 rpm at 4 °C for
16 h. Twenty four fractions were collected. One-fifth of each
fraction was analyzed with SDS-PAGE and Western blotting.

Co-immunoprecipitation—OXK cells were transiently co-
transfected with pcDNA3.1-LPA5R (LPA; receptor) or
pcDNA3.1-HA-NHE3 and pFLAG-NHERF2 constructs at 90%
confluency with empty p3XFLAG-CMV-10 vector as control.
Cells were collected 48 h after transfection. Cell lysate was pre-
pared with lysis buffer (25 mm HEPES, pH 7.4, 150 mm NaCl, 50
mMm NaF, 1 mm Na;VO,, 0.5% Triton X-100, and protease inhib-
itors). Anti-FLAG M2 magnetic beads were washed with same
buffer three times. 0.5 mg of cell lysate were mixed with 5 ul of
anti-FLAG M2 magnetic beads and incubated at 4 °C for 3 h on
arotating shaker. Beads were washed with the same lysis buffer
four times and eluted with 1.5X Laemmli sample buffer with-
out B-mercaptoethanol. The input and elution samples were
analyzed by SDS-PAGE and Western blotting.

Measurement of Na™ /H" Exchange Activity—OK cells were
seeded on glass coverslips. At about 90% confluency, cells
were co-transfected with pcDNA3.1-HA-NHE3 and pFLAG-
NHERFs. For LPA study, pcDNA3.1-LPA5R (10) was also co-
transfected. Cells were used for activity measurement at 48 h
after transfection. Na™/H" exchange activity was determined
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with the intracellular pH-sensitive fluorescent dye BCECF-AM
as described previously (21, 24) using a Quantamaster fluorom-
eter from Photon Technology International, Inc (Birmingham,
NJ). Cells were serum starved overnight before the assay. For
LPA treatment, 3 um LPA was added when the cells were
loaded with 10 um BCECF-AM in Na™/NH,Cl medium for 30
min at 37 °C. For ionophore treatment, cells were perfused with
tetramethylammonium supplemented with 0.5 um 4-Br-
A23187 for 5 min before perfusion of Na* medium. Initial rate
at pH 6.2 was calculated as reported previously (24).

Statistical Analyses—Results were presented as means *
S.D. or S.E. as stated. Comparisons were performed by un-
paired Student’s ¢ tests or analysis of variance for multiple
comparisons.

RESULTS

mEQOS2-tagged NHERFs Are Localized to Apical Microvillus
Clusters in OK Cells—mCherry, GFP, or cyan fluorescent pro-
tein tags were fused to the N terminus of NHERF1 or NHERF2
for live imaging and were shown not to affect the function of the
NHERFs (21, 30-32). In our study, another fluorescent mole-
cule, mEOS2, was fused to the N terminus of NHERFI,
NHERF2, and NHERF3. mEOS2 has green fluorescence, which
can be switched to red fluorescence by exposure to 405 nm of
UV light (25). The localization of mEOS2-NHERFs in OK cells
was studied by transient transfection and live imaging. Two-
day post-confluent OK cells were transiently transfected with
the plasmids. ~10-20% cells were transfected. Transfected
cells showed a large variance in the distribution of mEOS2-
NHERFs. mEOS2-NHERF1 and mEOS2-NHERF2 were pri-
marily localized apically in more than 80% of the transfected
cells, in which they were present in typical microvillus clusters
(Fig. 1A), as described previously (33, 34). Each cluster has been
shown by electron microscopy to contain several microvilli
(33). In the other 20% of cells, mEOS2-NHERF1 and mEQOS2-
NHERF2 were present abundantly in the cytosol in addition to
the microvilli. For mEOS2-NHERF3, only 30% of the trans-
fected cells demonstrated a primarily apical microvillus local-
ization (Fig. 1A4), although the other cells exhibited a homoge-
neous cytoplasmic distribution. These results suggest the
mEOS2 tag at the N terminus of the NHERFs does not interfere
with their microvillus localization. In addition, similar to CFP-
NHERF2 (17), mEOS2-NHERF2 is functional in the regulation
of NHE3 by calcium ionophore 4-Br-A23187 (data not shown).

NHERFs Are Mostly Mobile but Have Different Diffusion
Coefficients—To study the mobility of NHERF proteins in the
microvillus, OK cells were transfected with mEOS2-NHERFs as
described above, and FRAP experiments were performed. The
mEOS2 tags were used to track the NHERF proteins. Only cells
with primarily apical localization of NHERFs were used for the
study. A small area containing one microvillus cluster was
bleached, and the recovery was then monitored. In 5 min, fluo-
rescence of all NHERF proteins recovered almost to the same
level as basal (Fig. 1, B and C). This indicates that all NHERF
proteins are mostly mobile, consistent with previous reports in
other polarized cell lines (31, 32). For NHERF1 and NHERF2,
half of the fluorescence in microvilli was recovered in ~30 and
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~80 s, respectively. NHERF3 was even more mobile than
NHERF1 with half-recovery time of ~15 s (Fig. 1, B and C).

Mobility of the NHERFs was also studied with another fluo-
rescent tag, mCherry, to determine whether the mobility was
affected by the tags. Al NHERFs were fused at the C terminus of
mCherry. mCherry-NHERF1 and mCherry-NHERF2 were
properly localized to the microvilli, although mCherry-
NHERF3 was mostly homogeneously distributed in the cytosol.
Similar to the results of mEOS2-tagged NHERFs, FRAP studies
showed that mCherry-NHERF1 and mCherry-NHERF2 were
highly mobile and that mCherry-NHERF1 recovered faster
than mCherry-NHERF2 (Fig. 2A).

Data were fit with the Ellenberg equation (26) to calculate
mobile fraction and diffusion coefficient. All NHERFs have
average mobile fraction close to 100% (Fig. 2B). Diffusion coef-
ficients reflect the fluorescence recovery rate, which we will
refer to throughout as the mobility rate. Because of experiment
to experiment variation in diffusion coefficients, diffusion coef-
ficients were only compared in pairwise experiments done with
the same batch of cells on the same day in further studies. In OK
cells, mEOS2-NHERF3 has the highest diffusion coefficient,
whereas mEOS2-NHERF2 has the lowest among the three
NHERFs (Fig. 2C). In addition, mEOS2-NHERF1 has a higher
diffusion coefficient compared with mEOS2-NHERF2 in
Caco-2 cells. It is not known why mCherry-NHERF1 and
mCherry-NHERF2 have higher diffusion coefficients than their
counterparts with mEOS2 tags and what explains the differ-
ences among the cell lines. Nonetheless, NHERF1 consistently
has a higher diffusion coefficient compared with NHERF2 (Fig.
2). Because it is easier to transfect OK cells than Caco-2 cells,
further studies were performed with OK cells.

Previously, overexpression of NHERF1 and NHERF2 was
shown to fix NHE3 to the microvillus, reduce the mobile frac-
tion of NHE3, but not to change the diffusion coefficient (19).
However, overexpression of NHE3 did not change the mobility
of the NHEREFs, including not affecting their diffusion coeffi-
cients (data not shown). This was an unexpected result, which
we hypothesize is likely due to the presence of multiple addi-
tional endogenous brush border proteins with type I PDZ rec-
ognition motif, which bind the NHERFs and mask the effect of
NHES3 overexpression. In addition, the mobility of NHERFs was
not changed by calcium ionophore 4-Br-A23187 and forskolin,
which inhibit NHE3 activity, nor by LPA, which stimulates
NHE3 activity (data not shown).

Cytoskeleton Does Not Mediate NHERF Mobility—Active
transport along microtubules and microfilaments contributes
to cellular redistribution of vesicles and proteins. To test
whether these processes are involved in the movement of
NHERFs, nocodazole was used to interfere with microtubule
polymerization, and jasplakinolide was used to prevent actin
microfilament disassembly. Neither of these two drugs affected
NHERF mobility (Fig. 3). This suggests that NHERF mobility is
neither mediated by microtubules nor driven by the treadmill-
ing of actin microfilaments. Cytochalasin D was also used to
interfere with actin microfilament assembly. NHERF localiza-
tion in microvilli was disrupted when OK cells were treated
with a high concentration of cytochalasin D for a prolonged
time (10 uM, 4 h). When OK cells were treated with a lower

JOURNAL OF BIOLOGICAL CHEMISTRY 16963



NHERF2 C Terminus, Mobility and Regulation of NHE3

A BT mEOS2-NHERF2

B Pre-Bleach

—_— —_—
' XY k XY

mEOS2-NHERF3

Post-Bleach

NHERF2 NHERF1

NHERF3

-
o
1

o
o]
1

Normalized Relative Intensity
o =]
> o

—O— mEOS2-NHERF1

0.2 |
—8— mEOS2-NHERF2
—A— mEOS2-NHERF3
00 A= T T T T T
0 50 100 150 200 250
Time(s)

FIGURE 1. mEOS2-NHERFs are localized to the microvilli in OK cells and are mobile. A, top, XY confocal images of mEOS2-NHERFs were taken at the apical
surface of OK cells; bottom, XZ images are slices of Z-section. Bar, 5 um. B, representative images of FRAP experiments. First images on the left are before
photo-bleaching. The following images were taken immediately or 15, 30, 45, and 60 s after bleaching. Arrows point to the microvillus cluster being bleached.
Bar, 5 um. C, average recovery curves of mEOS2-NHERF1 (O), mEOS2-NHERF2 (M), and mEOS2-NHERF3 (A) from 12 cells normalized by total quenched

fluorescence intensity. Error bars represent S.D.

concentration of cytochalasin D for a short time (5 um, 20 min),
visible microvilli remained, and NHERF mobility was not
changed (data not shown). Because it is likely that the actin
microfilaments were still intact in these remaining microvilli, it
is not possible to interpret the effects of cytochalasin D on the
NHERF microvillar mobility.
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It is known that a single microvillus cluster contains multiple
microvilli (33). FRAP experiments performed by bleaching the
intact cluster only gives information about movement of
NHERFs among different clusters. If NHERFs exchange faster
inside a single cluster than between different clusters, recovery
of NHERF fluorescence will be faster when only part of a single
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mEOS2-NHERF2 106 + 11 24+ 09
mEOS2-NHERF3 102 £ 20 16.6 + 5.8
mCherry-NHERF1 104 + 18 14.7 + 4.6
mCherry-NHERF2 106 + 19 39+ 14

CaCO2 mEOS2-NHERF1 9B+7 179+ 4.8
mEOS2-NHERF2 97 + 16 25+ 1.1
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FIGURE 2. Mobile fractions and diffusion coefficients of NHERFs. A, mobile fractions and diffusion coefficients of NHERFs in OK or Caco-2 cells were derived
from experiments and listed in the table. Mobile fractions (B) and diffusion coefficients (C) of mEOS2-NHERFs and mCherry-NHERFs were plotted. Experiments
were repeated three times, and in each experiment FRAP data from eight different cells were used for the calculation (n = 24, results are mean = S.D.).

microvillus cluster is bleached. In contrast, fluorescence recov-
ery of all NHERF proteins was not different whether a partial
cluster or the intact cluster was bleached (data not shown). This
indicates that there is no priority for NHERFs to move to adja-
cent microvilli within the same cluster.

mEQOS2 can be photo-converted from green fluorescence to
red fluorescence by exposure to UV light. Using this property, a
small area containing a single microvillus cluster was exposed
to a405-nm laser for ~10s. The mEOS2-NHERF1 in this small
region showed red fluorescence immediately after the exposure
(Fig. 4). The distribution of this specific pool of red fluores-
cence-labeled NHERF1 was tracked over time. In less than 2
min, the red fluorescence was equally distributed over the
entire apical surface, including the microvillus clusters at the
periphery of the cell (Fig. 4). NHERF2 and NHERF3 behaved
very similarly. These results indicate that NHERFs are very
mobile and move freely among microvillus clusters. However,
active transport through the cytoskeleton usually involves spa-
tially restricted movement. The uniform re-distribution of pho-
to-converted mEOS2-NHERFs over the entire apical surface
further speaks against the involvement of the cytoskeleton in
the movement of the NHERFs.

C Terminus of NHERF2 Is Responsible for Its Slower Mo-
bility—NHEREF3 has four PDZ domains and a short C terminus.
How NHEREFS3 is anchored to the microvilli has not been well
characterized. NHERF1 and NHERF?2 are similar to each other
yet play different roles in NHE3 regulation. Further studies
focused on comparison between NHERF1 and NHERF2. Both
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have two conserved PDZ domains (PDZ1 and PDZ2) and a
conserved EBD at their C termini. But the sequences between
the PDZ1 and PDZ2 domains, and the sequences between
PDZ2 and the EBD domain are not conserved. To determine
which part of NHERF1 and NHERF2 contributes to their dis-
tinct mobilities, several mutants and chimeras were con-
structed and compared with the wild type.

PDZ domains in NHERF1 and NHERF2 bind to their ligands
through a groove formed by the sequence GYGF (35, 36). By
substituting the GYGF sequence in both PDZ domains with
GAGA, mutants NHERF1-PDZ1/2-GAGA and NHERF2-
PDZ1/2-GAGA were made. The binding ability of PDZ
domains to most of their ligands are abolished in these mutants
(36, 37). Both of the mutants localized to the microvilli similarly
to wild type. Fluorescence recovery of mutant NHERF1-PDZ1/
2-GAGA was very similar to that of wild type NHERF1 (Fig.
5A). Mutant NHERF2-PDZ1/2-GAGA recovered a little faster
than wild type NHERF?2, but the difference was not statistically
significant (Fig. 5B). This suggests that ligand binding to PDZ1
or PDZ2 is not the determining factor of the diffusion coeffi-
cient of NHERF1 and NHERF?2 in OK cells. It also contributes
to the result above that overexpression of NHE3 does not
change the mobility of NHERF1 and NHERF2.

The NHERF C-terminal EBD has been shown sufficient for
ERM binding (38, 39) and necessary for anchoring NHERF1
and NHERF2 to the apical microvilli (21, 40). To test whether
the EBD causes the mobility difference between NHERF1 and
NHERF2, two chimeras NHERF1-2E and NHERF2-1E were
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FIGURE 3. Neither nocodazole nor jasplakinolide significantly affected the mobility of mEOS2-NHERFs in OK cells. FRAP recovery curves of mEOS2-
NHERF1 (A and D), mEOS2-NHERF2 (B and E), and mEOS2-NHERF3 (C and f) in the presence of 30 um nocodazole (A-C) or 3 uMm jasplakinolide (D-F) were
compared with control conditions without treatment. Cells were incubated with 30 um nocodazole for 3 h or 3 um jasplakinolide for 1 h before FRAP
experiments. Nocodazole or jasplakinolide treatment is represented by []and control condition is represented by @. Error bars represent S.D. One represent-
ative result from three repeated pairwise experiments is shown.

made by switching the EBD between NHERF1 and NHERF2
(Fig. 6, A and B). We attempted to switch only the EBD domains
(C-terminal 30 amino acid residues) of NHERF1 but failed due
to technical issues with PCR amplification of the DNA frag-
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ments. The sequence switched (marked by SI in Fig. 64) con-
tains more than 30 amino acid residues, which include the well
defined EBD sequence (38, 39, 41). Chimera NHERF1-2E is the
NHERF1 N terminus carrying the EBD of NHERF2. It has the
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FIGURE 4. Photo-converted mEOS2-NHERFs redistributed homogeneously over the entire apical microvilli in OK cells. The firstimages on the left show
the green fluorescence of MEOS2-NHERFs on the apical membrane of OK cells before photo-conversion. The second images show there is no red signal before
photo-conversion. Then a small area of microvillar clusters, marked by the box, was photo-converted from green to red by exposure to UV laser for ~10-20's.
Movement of the red photo-converted mEOS2-NHERFs was monitored every 30 s. Bar, 5 um. Experiments were repeated three times, and representative

images are shown.
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FIGURE 5. Recovery dynamics of mEOS2-NHERF1 and mEOS2-NHERF2 were independent of PDZ ligand binding. A, fluorescence recovery was compared
between wild type mEOS2-NHERF1 (@) and mEOS2-NHERF1-PDZ1/2-GAGA mutant (L), in which PDZ ligand binding groove sequence GYGF were mutated to
GAGA in both PDZ domains. B, fluorescence recovery was compared between wild type mEOS2-NHERF2 (@) and mEOS2-NHERF2-PDZ1/2-GAGA mutant ((J).
Error bars represent S.D. One representative result from three repeated pairwise experiments is shown.

same mobility rate as wild type NHERF1 (Fig. 6C). However, the
NHEREF2-1E chimera carrying the EBD of NHERF1 has a faster
recovery rate than wild type NHERF2, which approaches wild
type NHERF1 (Fig. 6C). This suggests that the EBD of NHERF2
is required for the slower mobility rate of NHERF2 but does not
sufficiently confer this phenotype to NHERF1.

Because the sequences between PDZ2 and EBD are not con-
served between NHERF1 and NHERF2 (Fig. 6A4), we hypothe-
sized that this unique region plus the EBD of NHERF2 together
might determine the slower mobility rate of NHERF2. To test
this hypothesis, two additional chimeras were made by switch-
ing the C terminus (marked by S2 in Fig. 64), which includes the
unique region plus the EBD. Chimera NHERF2-1C is the
NHERF2 N terminus plus the C terminus of NHERF1. It has a
faster recovery rate than wild type NHERF2 (Fig. 6D). Chimera
NHERF1-2C, which has the C terminus of NHERF2, has a

JUNE 7,2013+VOLUME 288+-NUMBER 23

slower recovery rate than wild type NHERF1, almost as slow as
wild type NHERF2 (Fig. 6D). This indicates that the C terminus
of NHERF2, which includes both the EBD and the noncon-
served sequences between PDZ2 and EBD, determines the
slower mobility rate of NHERF2. Because a small portion of
the nonconserved region of NHERF1 was also switched when
the chimeras NHERF1-2E and NHERF2-1E were made, it is not
known whether the nonconserved region of NHERF1 also func-
tions collaboratively with its EBD.

Slower NHERF Mobility Rates Correlate with Greater Deter-
gent Insolubility and Larger Complex Size—NHERF1 has been
suggested to anchor lipid rafts in the plasma membrane to the
cytoskeleton and help set the mobility of lipid rafts (42). This
caused us to test whether lipid raft association affects the
NHERF mobility rate. In studies done in HEK293 cells using
sucrose gradient ultracentrifugation and flotillin-1 as a lipid raft
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FIGURE 6. Recovery dynamics of mEOS2-NHERF1 and mEOS2-NHERF2 were determined by their C termini. A, sequence alignment of C-terminal part of
NHERF1 and NHERF2. Sequences of NHERF1 and NHERF2 from Homo sapiens, Mus musculus, and Oryctolagus cuniculus were aligned with ClustalW software.
Part of PDZ2 domain is framed by dash lines. EBD is framed by dash-dot lines. Lines labeled with ST are the positions switched to make NHERF1-2E and
NHERF2-1E chimeras. Lines labeled with S2 are the positions switched to make NHERF1-2C and NHERF2-1C chimeras. B, domain architectures of wild type
NHERF1, NHERF2, and five chimeras. White rectangles represent sequences from NHERF1, and gray rectangles represent sequences from NHERF2. Numbers on
the top of the rectangles represent the numbers of the amino acid residues. C, fluorescence recovery was compared among wild type mEOS2-NHERF1 (O),
mEOS2-NHERF2 ([]), chimera mEOS2-NHERF1-2E (@), and mEOS2-NHERF2-1E (H). The data points of mEOS2-NHERF2 after 20 s are significantly different from
that of other constructs (p < 0.05). D, fluorescence recovery was compared among wild type mEOS2-NHERF1 (O), mEOS2-NHERF2 (), chimera mEQS2-
NHERF1-2C (@), and mEOS2-NHERF2-1C (M). The data points of mEOS2-NHERF1 after 15 s are significantly different from that of mMEOS2-NHERF1-2C (p < 0.05),
and the data points of mEOS2-NHERF2 after 15 s are significantly different from that of mEOS2-NHERF2-1C (p < 0.05). Error bars represent S.D. One represent-
ative result from three repeated pairwise experiments is shown.

marker, NHERF2 associated with lipid rafts more strongly than
NHERF1 (43). Of note, in another study with rabbit ileum using
OptiPrep gradient ultracentrifugation, neither NHERF1 nor
NHERF2 were associated with lipid rafts based on the criterion
that lipid rafts can be shifted to heavier fractions by methyl-3-
cyclodextrin (28). To analyze the lipid raft association of
NHERF1 and NHERF2 in OK cells, total membranes were pre-
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pared and subjected to lipid raft flotation analysis with GM1
gangliosides as the marker of lipid rafts. Both sucrose gradients
and OptiPrep gradients gave the same conclusions that
NHERF1 and NHERF2 were poorly associated with lipid rafts in
this model with no significant difference (Fig. 7). NHERF1 has
4.9 + 1.8% (mean * S.E., n = 3) in lipid raft fractions, whereas
NHERF2 has 5.0 = 1.3% (mean = S.E., n = 3) in lipid raft
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FIGURE 7. NHERF1 and NHERF2 do not show significant differences in
lipid raft association. OK cells were transiently transfected with pFLAG-
NHERF1 and pmEOS2-NHERF2. Total membranes were subjected to lipid raft
flotation analysis by sucrose gradient (A) or OptiPrep gradient (B) as described
under “Experimental Procedures.” NHERF1 was probed with mouse monoclo-
nal anti-FLAG. NHERF2 was probed with rabbit polyclonal anti-NHERF2. GM1
was analyzed by dot-blotting with Alexa Fluor 790-conjugated cholera toxin.
Experiments were repeated three times, and one representative result is
shown.

fractions. This suggests that lipid raft association is unlikely to
account for the differences of mobility rates between NHERF1
and NHERF2.

In contrast, NHERF1 and NHERF2 had different distribu-
tions, when total membranes were separated into DS and DI
fractions by treating total membranes with cold 0.5% Triton
X-100 buffer at 4 °C and centrifuging at 100,000 X g. ~40% of
NHERF1 was in the DI and ~60% in the DS fraction (Fig. 8), and
~60% of NHERF2 was in the DI and ~40% in the DS fraction.
After switching the C termini between NHERF1 and NHERF2,
chimera NHERF1-2C had an increased presence in the DI frac-
tion. Oppositely, NHERF2-1C chimera had a reduced presence
in the DI fraction compared with NHERF2. If only the EBDs
were switched, both the NHERF1-2E and NHERF2-1E chime-
ras were less in the DI than the DS. For both wild type and the
NHERF chimeras, a higher percentage distribution in the DI
fraction correlated with a slower mobility rate (Figs. 6 and 8).

The DI fraction contains lipid rafts and cytoskeleton com-
plexes (28, 44). Because NHERF1 and NHERF2 do not have
significant differences in lipid raft association, it was hypothe-
sized that they might associate with cytoskeletal elements dif-
ferently. Total membranes were treated with 0.5% Triton X-100
at 37 °C to dissolve lipid rafts. The solubilized membranes were
subjected to size fractionation with sucrose gradient ultracen-
trifugation. Initially, mEOS2-NHERF2 and FLAG-NHERF1
were co-transfected in the same cell for comparison of their
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FIGURE 8. C terminus of NHERF2 also determines the DS and DI distribu-
tion. A, total membranes were prepared from OK cells transiently transfected
with pFLAG-NHERF 1 or NHERF2 constructs and then separated into DS and DI
fractions by treating with 0.5% Triton X-100 buffer at 4 °C. All NHERFs were
probed with mouse monoclonal anti-FLAG. B, experiments were repeated
three times. The intensity of the band was quantitated by densitometry, and
the DI/DS ratio was derived from the intensities. Error bars represent S.E.

relative distributions. Although there was some overlap in the
fractions in which mEOS2-NHERF2 and FLAG-NHERF1 were
distributed, NHERF2 had a greater distribution than NHERF1
in the heavier fractions (Fig. 9A4). Given the relatively large size
of the mEOS2 tag (about 230 amino acid residues), further stud-
ies were performed with endogenous NHERF1 and FLAG-
tagged NHERF1/NHEREF2 constructs. FLAG-NHERF2 appears
in heavier fractions compared with endogenous NHERF1 in
OK cells (Fig. 9B), indicating that this distribution is a feature of
NHERF2 compared with NHERF1 and is not caused by the
relatively large size of the mEOS2 tag. This suggests that
NHERF2 interacts with its partners strongly enough to form
stable larger complexes. To test whether this is contributed to
by the C terminus of NHERF2, NHERF1 was compared with
chimera NHERF1-2C (Fig. 9C), and NHERF2 was compared
with chimera NHERF2-1C (Fig. 9D). Chimera NHERF1-2C
(NHERF2 C terminus) was in the heavier fractions, and chimera
NHERF2-1C (NHERF1 C terminus) was in the lighter fractions.
These results suggest that the C terminus of NHERF2 is
required to form stable large complexes, either by binding dif-
ferent partners than NHERF1 or via stronger interactions with
some of the same partners that bind to NHERF1.
Nonconserved Domain in the C Terminus of NHERF2 Is Nec-
essary for NHE3 Regulation—NHERF proteins play important
roles in NHE3 regulation (16, 22). NHERF2 but not NHERF1 is
required for stimulation of NHE3 by LPA (10, 45) and inhibi-
tion of NHE3 by carbachol and calcium ionophore 4-Br-
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FIGURE 9. NHERF proteins carrying the C terminus of NHERF2 were asso-
ciated with membrane in larger complexes determined by sucrose gra-
dient ultracentrifugation. Total membranes were prepared from OK cells
transiently transfected with pmEOS2-NHERF2 and pFLAG-NHERF1 (A),
pFLAG-NHERF2 (B), pFLAG-NHERF1 and pFLAG-NHERF1-2C (C), and pFLAG-
NHERF2-1C and pFLAG-NHERF2 (D) and then were subjected to complex size
analysis as described under “Experimental Procedures.” A, FLAG-NHERF 1 was
probed with mouse monoclonal anti-FLAG, and mEOS2-NHERF2 was probed
with rabbit polyclonal anti-NHERF2. B, NHERF1 was probed with mouse
monoclonal anti-NHERF1, and FLAG-NHERF2 was probed with rabbit poly-
clonal anti-NHERF2 antibodies. C, FLAG-NHERF1 was probed with mouse
monoclonal anti-FLAG, and FLAG-NHERF1-2C was probed with rabbit poly-
clonal anti-NHERF2 (recognizing NHERF2 C terminus). D, FLAG-NHERF2-1C
was probed with mouse monoclonal anti-FLAG antibodies, and FLAG-
NHERF2 was probed with rabbit polyclonal anti-NHERF2. Experiments were
repeated three times, and one representative result is shown.

A23187 (21, 46). Although emphasis has been on the role of the
NHERF PDZ domains in the regulatory function of this gene
family, we determined whether the C terminus of NHERF?2 is
also important for regulation of NHE3 activity. By co-immuno-
precipitation, NHERF2 chimeras bound to NHE3 at the same
level as wild type NHERF2 (Fig. 104). When NHERF2 was over-
expressed in OK cells, calcium ionophore 4-Br-A23187 signif-
icantly reduced NHE3 activity (Fig. 10B) as reported previously
(21). However, chimera NHERF2-1C and NHERF2-1E were not
able to support this inhibition (Fig. 10B). In Caco-2 cells, LPA
receptor and NHERF2 are involved in LPA-dependent NHE3
stimulation (10). Overexpression of NHERF2 and LPA recep-
tor also confers LPA-dependent NHE3 stimulation in OK cells®
as shown in Fig. 10C. LPA was not able to stimulate NHE3
activity when the NHERF2-1C or NHERF2-1E was co-ex-
pressed with LPA; receptor in OK cells (Fig. 10C), although
chimeras still interacted with LPA, receptor normally (Fig.
10A). To further test whether the loss of NHERF2 function in
NHE3 regulation is solely due to substitution of the EBD of
NHERF2, another chimera NHERF2-1-2 was made in which
only the nonconserved sequence between PDZ2 and EBD, but
not the EBD, was substituted (Fig. 6). Chimera NHERF2-1-2
was not able to support either stimulation of NHE3 by LPA or
inhibition of NHE3 by calcium ionophore 4-Br-A23187 (Fig.
10). These results suggest that the NHERF2 nonconserved

3T. Chen, B. Cha, and M. Donowitz, unpublished data.
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FIGURE 10. NHERF2 loses the ability to support NHE3 inhibition by cal-
cium ionophore 4-Br-A23187 and stimulation by LPA when its C termi-
nus is substituted with the C terminus of NHERF1. A, NHE3 and LPA5R were
co-immunoprecipitated (/P) with FLAG-NHERF2 constructs (pFLAG-NHERF2,
pFLAG-NHERF2-1E, pFLAG-NHERF2-1C, or pFLAG-NHERF2-1-2) as described
under “Experimental Procedures.” LPA5R and NHE3 are both fused with the
HA tag and probed with mouse monoclonal anti-HA. FLAG-NHERF2 was
probed with mouse monoclonal anti-FLAG. Empty p3 X FLAG-CMV-10 vector
(V) was used as control. B, OK cells were transiently co-transfected with
pcDNA3.1-HA-NHE3 and NHERF2 constructs as indicated. NHE3 activity was
measured in the absence (black bar) and presence (gray bar) of 0.5 um 4-Br-
A23187 (n = 5). G OK cells were transiently co-transfected with
pcDNA3.1-HA-NHE3, pcDNA3.1-LPA5R, and FLAG-NHERF2 constructs as indi-
cated. NHE3 activity was measured in the absence (black bar) and presence
(gray bar) of 3 um LPA (n = 5). D, OK cells were transiently co-transfected with
pcDNA3.1-NHE3-GFP, pcDNA3.1-LPA5R, and FLAG-NHERF2 constructs as
indicated. NHE3 mobility was measured at basal condition (black bar) and 30
min after the treatment with 3 um LPA (gray bar) (n = 3). Error bars represent
S.E.; results with no p value labeled are not significantly different.
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sequence after PDZ2, either alone or with the EBD, is required
for NHE3 regulation.

NHERF2 overexpression decreased NHE3 mobility in the
apical domain of Caco-2 and OK cells (19, 20). Also, the mobil-
ity of NHE3 was transiently increased upon NHERF2-depen-
dent stimulation by LPA, which was accompanied by dissocia-
tion of NHE3 from NHERF2 (17). The effect of chimera
NHERF2-1C on NHE3 mobility was determined in OK cells
(Fig. 10D). NHE3 has basal mobile fraction (M) ~30% when
wild type NHERF2 was overexpressed, consistent with previous
results (19). Basal M; of NHE3 was ~50% when NHERF2-1C
was overexpressed. This indicates that NHERF2-1C limits
NHE3 mobility less than does wild type NHERF2, consistent
with its relative faster mobility rate compared with that of wild
type NHERF2. In the presence of wild type NHERF2, NHE3 M,
increased to ~70% at 30 min after LPA treatment. In contrast,
NHE3 mobility did not change after LPA treatment when the
chimera NHERF2-1C was studied. This shows that the
NHERF2 C terminus is required for both setting the basal M, of
NHES3 and the increase of NHE3 mobility triggered by LPA.

DISCUSSION

Although the epithelial cell microvillus is thought of as a
stable structure related to the presence of a large cytoskeletal
component, this view is almost certainly incorrect. In fact,
microvillar actin, ezrin, and MYO1A (myosin I) rapidly turn
over, as shown by FRAP studies (47-49). In this study,
microvillar NHERF1, NHERF2, and NHERF3 similarly turned
over rapidly. Photo-converted mEOS2-NHERFs moved freely
over the entire apical surface with no preference to any direc-
tion. This is opposite to the spatially limited and directed move-
ment predicted for cytoskeleton-mediated transport. There-
fore, the mobility of apical NHERFs most likely reflects the
dynamic exchange between cytoskeleton or membrane-associ-
ated pools and nonassociated pool in the microvillus. A similar
model has been described in which it was suggested that ezrin
exchanges among three pools, the free cytosolic pool, less
mobile membrane-associated pool, and immobile actin-bound
pool (47).

The three NHERFs had diffusion coefficients in the range of
1-10 X 10~ *® cm?/s. This is similar to that of transmembrane
proteins such as NHE3 and cystic fibrosis transmembrane reg-
ulator (19, 30). In contrast, a free cytosolic protein such as GFP
has a diffusion coefficient in the range of 1 X 10~7 cm?/s (30).
This is consistent with all NHERF proteins being anchored to
the cytoskeleton and/or the membrane, although not totally
fixed. ~30% of NHE3 is immobile in OK cells under basal con-
ditions (19), although NHERF proteins do not have a significant
immobile fraction. This means that NHE3 is not solely immo-
bilized by NHERF proteins. But NHERF proteins likely syner-
gize with other immobilizing mechanisms to contribute to the
fixation of brush border proteins such as NHE3, PMCA2w/b
(34), and Npt2a (50). For instance, because NHERF1/2 interacts
with ezrin, which also directly binds to NHE3, the synergistic
effect on NHE3 anchoring would be expected between
NHERF1/2 and ezrin (51). In addition, NHE3 has also been
shown to bind Shank2, which also functions as a scaffold (52).
We thus suggest that this reported immobilization of NHE3 by
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NHERF proteins represents a state of dynamic equilibrium
rather than a static immobile state (19). This is likely to confer
an advantage allowing for quicker regulation in response to
extracellular hormones or changes in the environment. Please
note that even though the regulation of NHE3 activity by LPA
and elevated Ca®" is accompanied by an increase in the NHE3
mobile fraction and dissociation of NHE3 from NHERF2 (17,
21), it does not involve global changes in the plasma membrane
mobility of the NHERF proteins.

NHERF2 but not NHERF1 was required for the stimulation
of NHE3 by LPA (10) and inhibition by the calcium ionophore
A23187 (21). The specificity of NHERF proteins involved in
NHE3 regulation by different pathways has been mainly attrib-
uted to their PDZ domains. Multiple studies have shown that
the NHERF2 N-terminal PDZ domains but not those of
NHERF1 play important roles in NHE3 regulation by binding to
specific PDZ ligands such as SGK1, PLCB3, and LPA receptors
(10, 11, 16). Previously, NHERF2A30 (lacking only the EBD)
was studied and failed to support NHE3 inhibition by elevated
[Ca®"], (21). Although this was interpreted as indicating that
the EBD is required for NHERF2 regulation of NHE3 activity, in
fact, NHERF2A30 was not localized to the microvilli. An advan-
tage of this study is that chimeras NHERF2-1C, NHERF2-1E,
and NHERF2-1-2 properly localized to the microvilli. These
chimeras did not allow 4-Br-A23187 to inhibit the NHE3 activ-
ity and LPA/LPA, receptors to increase the NHE3 activity.
Also, the NHE3 mobile fraction was not increased by LPA/
LPA, receptors in the presence of NHERF2-1C as occurred
with wild type NHERF2. Thus, the EBD of NHERF2 is not only
required for NHE3 regulation but also cannot be replaced by
the EBD of NHERF1. Moreover, the same is true for the non-
conserved NHERF2 sequences between PDZ2 and the EBD. We
conclude that the EBD and the upstream nonconserved
sequences of NHERF2 following the PDZ2 domain are both
required for the regulation of NHE3. We hypothesize that these
two contiguous domains form a unique C-terminal domain
functioning together for NHE3 regulation, although whether
they physically interact or undergo direct cross-talk is
unknown. Our studies show that NHERF2 is distinguished
from NHERF1 not only by its specific PDZ domains but also by
its unique C terminus, both of which must be considered in
evaluating the specificity of their effects.

The role of this NHERF2 C-terminal domain in NHE3 regu-
lation remains incompletely understood in detail, but it should
be considered in light of the other characteristics of NHERF2
function that we showed were related to this domain. These
include the slower BB mobility of NHERF2 compared with
NHERF1 and NHERF3, its lesser detergent solubility, and the
larger multiprotein complexes formed by NHERF2. In OK cells,
NHERF2 has a smaller diffusion coefficient than NHERF1, con-
sistent with studies in JEG-3 cells (32). It was previously estab-
lished that the C-terminal EBDs of NHERF1 and NHERF2 con-
tribute to their microvillus anchoring (21, 38, 40). The EBD of
NHERF1 has higher affinity for ERM proteins than does the
EBD of NHERF2 (39), leading to the suggestion that NHERF1
should be anchored more stably and move more slowly unless
there are additional mechanisms anchoring NHERF2 into the
microvillus. Indeed, the nonconserved region between PDZ2
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and EBD of NHERF?2 represents such an additional anchor-
ing mechanism. Another difference between NHERF1 and
NHERF2 relates to their different locations in the renal
microvillus, with NHERF2 localized more in the microvillus
base, although NHERF1 is more uniformly distributed along
the microvillus (14). Whether the NHERF2 C terminus also
determines its localization at the microvillar base is not known.

Some understanding of the regulatory contributions of the
NHEREF2 C-terminal tail after PDZ2 was already known from
previous studies. This part of NHERF2 is required for interac-
tion with both NHE3 (23) and a-actinin-4 (53). However, the
specific NHERF2 C-terminal sequences involved had not been
characterized. Chimera NHERF2-1C and wild type NHERF2
associate with NHE3 similarly strongly, suggesting that the
nonconserved C-terminal region is not required for interaction
with NHE3 and rather it is the sequences just downstream of
PDZ2 that are involved. a-Actinin-4 has been shown to be nec-
essary for elevated Ca>" inhibition of NHE3 (53). By co-immu-
noprecipitation, chimera NHERF2-1C and NHERF1-2C both
associate with a-actinin-4 much more weakly compared with
wild type NHERF2.* This is consistent with previous results
that interaction between NHERF2 and a-actinin-4 requires
both the PDZ2 domain of NHERF2 and the C terminus after
PDZ2 and probably contributes to the explanation for why
NHERF2-1C does not support elevated Ca®" inhibition of
NHE3. The complex size analysis by sucrose gradient ultracen-
trifugation suggests that NHERF2 C-terminal domain is
directly involved in scaffolding other molecules into large mul-
tiprotein complexes. But the proteins that bind to this NHERF2
domain to produce the reduced NHERF2 mobility compared
with NHERF1 have not been identified. Important roles of
NHEREF2 have been implicated in NHE3 regulation by cGMP,
elevated Ca*™, D-glucose, and LPA (8, 10, 20, 54). Further iden-
tification of additional NHERF2 C-terminal binding partners
and their involvement in NHE3 regulation should help clarify
the roles of NHERF2 in regulation of NHE3 and of its many
other ligands.

Membrane/cytoskeleton-associated NHERF1 and NHERF2
both exist in detergent-insoluble fractions, which include not
only lipid rafts but also cytoskeleton-associated complexes.
How much lipid raft association contributes to the detergent
insolubility of NHERF1 and NHERF2 is unknown, but we
believe lipid rafts play a minor role in OK cells because the lipid
raft components of NHERF1 and NHERF2 are not significantly
different by our methods. It is more likely that the cytoskeleton-
associated complexes formed by NHERF1 and NHERF2
account for their different detergent-insoluble distributions. In
complex size analysis by sucrose gradient ultracentrifugation,
the results represent a transient state of a dynamic dissociation
process due to gradient separation. The larger size of NHERF2
complexes determined by this method suggests that NHERF2
associates with the cytoskeleton complex more tightly. This
could further explain its higher resistance to detergent solubi-
lization as well as its slower mobility rate.

Along with the progress of our work in polarized renal epi-
thelial cells, two reports were recently published showing sim-

4J.Yang and M. Donowitz, unpublished data.
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ilarly that NHERF1 and NHERF2 are mostly mobile in rat
osteosarcoma 17/2.8 ROS cells (31) and human placental
choriocarcinoma JEG-3 cells (32). These studies mainly focused
on the study of NHERF1 mobility, and both studied the depend-
ence of NHERF1 mobility on PDZ interactions (31, 32). Their
results, however, seem to be contradictory. In ROS cells, over-
expression of the PDZ ligand parathyroid hormone receptor
reduced the mobility rate of NHERF1. In JEG-3 cells, overex-
pression of the PDZ ligand EPI164 increased the mobility rate of
NHERF1, whereas mutation in the PDZ domains decreased the
mobility rate. In contrast, in our studies with OK cells, neither
overexpression of NHE3 nor mutations of the GYGF in the
PDZ domains significantly affected the NHERF1 or NHERF2
mobility rates. Given that all three studies were performed with
different cell types and different ligands, and even the muta-
tions used to disrupt PDZ domains were slightly different (32,
55), it is not possible to further account for the different results
currently.

In summary, NHERF1, NHERF2, and NHERF3 were highly
mobile in the microvillus, suggesting they are anchoring their
transmembrane ligands in a dynamic equilibrium. By compar-
ison of mobility rates of NHERF2 and NHERF1, an additional
functionally important C-terminal domain of NHERF2 was
identified that determines its slower mobility and is involved in
the formation of large multiprotein complexes and in the reg-
ulation of NHE3 activity and mobility. This C-terminal domain
should be considered in future attempts to understand how
NHEREF?2 takes part in the regulation of NHE3 and its many
plasma membrane binding partners.
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