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Background: NHERF tethers the PTHR at the cell membrane. Upon PTHR activation and internalization, the fate of

NHEREF is uncertain.

Results: NHERF interaction with the PTHR promotes ezrin association and delays arrestin recruitment to the receptor.
Conclusion: NHERF engages dynamically with the PTHR, regulating its association and dissociation with protein partners.
Significance: NHERF association with the PTHR coordinates spatiotemporal receptor signaling and action.

Na/H exchanger regulatory factor-1 (NHERF1) is a cytoplas-
mic PDZ (postsynaptic density 95/disc large/zona occludens)
protein that assembles macromolecular complexes and deter-
mines the localization, trafficking, and signaling of select G pro-
tein-coupled receptors and other membrane-delimited pro-
teins. The parathyroid hormone receptor (PTHR), which
regulates mineral ion homeostasis and bone turnover, is a G
protein-coupled receptor harboring a PDZ-binding motif that
enables association with NHERF1 and tethering to the actin
cytoskeleton. NHERF1 interactions with the PTHR modify its
trafficking and signaling. Here, we characterized by live cell
imaging the mechanism whereby NHERF1 coordinates the
interactions of multiple proteins, as well as the fate of NHERF1
itself upon receptor activation. Upon PTHR stimulation,
NHERF1 rapidly dissociates from the receptor and induces
receptor aggregation in long lasting clusters that are enriched
with the actin-binding protein ezrin and with clathrin. After
NHERF1 dissociates from the PTHR, ezrin then directly inter-
acts with the PTHR to stabilize the PTHR at the cell membrane.
Recruitment of P-arrestins to the PTHR is delayed until
NHERF]1 dissociates from the receptor, which is then trafficked
to clathrin for internalization. The ability of NHERF to interact
dynamically with the PTHR and cognate adapter proteins regu-
lates receptor trafficking and signaling in a spatially and tempo-
rally coordinated manner.

The Na*/H" exchanger regulatory factor-1 (NHERF1),>
known also as the EBP50 (50-kDa ezrin-binding protein), is a
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cytoplasmic scaffolding protein implicated in protein targeting
and in the assembly of multi-protein complexes (1-4).
NHERF1 belongs to a family of adaptor proteins consisting of
four members. All of them possess tandem PDZ (postsynaptic
density 95/disc large/zona occludens) domains: two in
NHERF1 and NHERF2 and four in NHERF3 and NHERF4 (5).
PDZ domains are globular structures of ~90 residues that
mediate protein-protein interactions by binding to other PDZ
domains or, more commonly by recognizing short amino acid
motifs at the carboxyl terminus of target proteins (6, 7). The
Type I motif takes the form (D/E)(S/T)X®, where X is promis-
cuous residue, and @ is a hydrophobic residue such as Leu, Ile,
Val, or Met (8). In addition to the tandem PDZ domains,
NHERF1 and NHERF2 contain a carboxyl-terminal ezrin-bind-
ing domain that engages ezrin, radixin, or moesin through their
respective amino-terminal 4.1 protein-ezrin-radixin-moesin
(FERM) domain and enables tethering to the actin cytoskeleton
through their carboxyl terminus (1, 2, 5, 9). NHERF1 is differ-
entially expressed in mammalian tissues, with particularly high
levels found in polarized epithelial cells (10). NHERF1 recruits
receptors, ion transporters, Ga,, phospholipase C, RabGAP
EPI64, and other adaptor proteins to plasma membranes, reg-
ulating their distribution, signaling, and trafficking (2). G pro-
tein-coupled receptors (GPCRs), including the parathyroid
hormone type-1 receptor (PTHR), are primary NHERF1 targets
(4,11, 12).

Acting through the PTHR, PTH and the PTH-related protein
regulate mineral ion homeostasis and bone turnover, respec-
tively. The PTHR possesses a PDZ recognition domain (ETVM)
at its intracellular carboxyl terminus that binds NHERF1 PDZ1
with greater affinity than PDZ2 (13, 14). This interaction and
the tethering of NHERF1 to the actin cytoskeleton through the
ezrin-binding domain forms a complex that stabilizes the
PTHR at the cell membrane, thereby delaying endocytosis and
desensitization (15—-17). NHERF1-null mice (18) and patients

pled receptor; TIRF, total internal reflected fluorescence; FRAP, fluores-
cence recovery after photobleaching; ROS, rat osteosarcoma cells; EPAC,
exchange protein activated by cAMP; FERM, band 4.1, ezrin, radixin, moe-
sin homology domain.
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(19) harboring NHERF1 polymorphisms or coding region
mutations display mineral ion wasting and a bone phenotype,
consistent with an important biological role of NHERF1/PTHR
interactions. Upon activation by PTH, the PTHR recruits 3-ar-
restins, traffics to clathrin, and is endocytosed in early endo-
somes and eventually recycled to the membrane or targeted for
degradation (20-22). However, the fate of NHERF1 and the
subsequent events triggered by the activation of the PTHR
remain unknown. In contrast to the static model of PTHR-
NHERF1 interaction previously proposed (23), we now show
dynamic interactions between NHERF1 and the PTHR that
determine and coordinate the series of events preceding recep-
tor internalization. Upon PTH stimulation, NHERF1 rapidly
dissociates from the PTHR, resulting in receptor redistribution
in membrane-retained clusters. Although NHERF is no longer
linked to the receptor, by promoting association of the PTHR to
an ezrin-actin cytoskeletal complex and by delaying [-arres-
tin1/2 recruitment, NHERF1 decreases internalization of the
PTHR clusters.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Rat osteosarcoma (ROS)
17/2.8 cells were cultured in DMEM/F-12 50/50 supplemented
with 10% FBS (Cellgro, Mediatech, Herndon, VA), 100 units/ml
penicillin, and 100 ug/ml streptomycin. ROS-T6-N4 cells that
stably express NHERF1 regulated by a tetracycline repressor
protein were generated as described (16) and selected with zeo-
cin (0.4 mg/ml). The cells were maintained at 37 °C in a humid-
ified atmosphere of 5% CO.,. For transient transfections, ROS,
ROS-T6-N4, and HEK 293 cells were grown on 25-mm cover-
slips 12 h prior to transfection with FuGENE 6 (Roche Applied
Science) in complete medium. After 24 or 48 h, coverslips in
HEPES/BSA buffer (HEPES buffer containing 0.1% (w/v) BSA)
were transferred to an Attofluor chamber (Invitrogen) for live
cell imaging or for immunofluorescence experiments.

c¢DNA Constructs—For “*?NHERF and Y**NHERF cDNA,
the carboxyl-terminal HA epitope of pcDNA3.1" NHERF1-HA
(15) was deleted by PCR amplification using the forward primer
(AAATCT CGA GCT AGC GCG GAC GCA GCG GCC) with
an Xhol restriction site and the reverse primer (AAA GGA
TCC TCA GAG GTT GCT GAA GAG TTC) with a BamHI
restriction site. The purified PCR fragment was cut by Xhol and
BamHI, and a 1.1-kb fragment without the epitope was sub-
cloned into an mCerulean 3-C1 vector (“**NHERF) or a
Venus-C1 vector (*"P"NHERF). The fidelity of the plasmids was
confirmed by sequencing (ABI PRISM 377; Applied Biosys-
tems, Foster City, CA) and subsequent sequence alignment
(NCBI Blast) with human NHERF1.

For PTHR“*’ETVM, the truncated form of the receptor HA-
PTHR 480-STOP (24) was used as a parent vector to insert
BamHI, Xhol, and Xbal restriction sites at the carboxyl termi-
nus of the receptor by site-directed mutagenesis and loop-in
PCR (25). mCerulean 3-C1 was cut with BamHI and Xhol, and
the mCerulean insert was subcloned into the carboxyl terminus
of the HA-PTHR 480-STOP (Scheme 1). An insert containing
the sequence for the terminal 22 amino acids of the full-length
PTHR, which includes the PDZ recognition motif, ETVM, was
subcloned between Xhol and Xbal in the HA-PTHR 480-
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18 aa + ETVM

SCHEME 1. The PTHRFPETVM chimera includes the PTHR(1-480), a ceru-
lean fluorescent protein, and the carboxyl-terminal 22 amino acids of
the PTHR containing the NHERF-binding domain ETVM (78 aa + ETVM).
This construct signals and traffics indistinguishably from full-length PTHR.

STOP vector. The fidelity of the plasmids was confirmed by
sequencing, and the localization of PTHR“*" and the interac-
tion with NHERF1 was tested by live cell imaging.

mCherryNHERF and “FPPTHR were generously provided by
Dr. A. C. Newton (University of California) and Dr. C. Silve
(INSERM, Paris, France), respectively. Membrane-targeted
CFP (myristoylation-palmitoylation CFP) (26), HA-PTHR (15),
GFPNHERF (27), mCerulean 3-C1 (28), T°™a*°B-Arrestinl,
CFPB_Arrestinl, YFPB-Arrestin2 (29), PTHR-ETVA, with a
mutation of the carboxyl-terminal amino acid of PTHR from
methionine to alanine (M593A) (30), a dominant negative form
of dynamin, K44A-dynamin-pcDNA3.1 (31), and the EPAC
biosensor (32) were previously reported.

Fluorescence Recovery after Photobleaching (FRAP)—FRAP
measurements were performed with a Nikon A1 microscope on
circled areas <2.5-um diameter at the plasma membrane adja-
cent to the coverslip. The bleaching time was 5-ms with 488-
and 514-nm laser lines, and the fluorescence recovery was
recorded for 5 min. Recovery curves were calculated for each
value according to the following equation,

RECOVQTy, % = (IBIeach - lBack)/(lReference - IBack) X100

(Eq. 1)
where I, is the fluorescence intensity of the bleached spot,
I, is the fluorescence intensity of the background, and
Ieference 1S the fluorescence intensity of control regions in other
cells or regions far removed from the target cell. The data were
fit to an exponential decay and plotted using Prism (GraphPad,
San Diego, CA) to calculate the half-life (¢,) for each condition.
The mobile fraction (%) (17) was calculated as follows,

MF = (Ioost = lei/lore — lz1) X 100 (Eq.2)

where I, is the average fluorescence intensity value of the
plateau after bleaching, Iy, is the fluorescence intensity imme-
diately recorded after bleaching, and 1,,,.. is the average fluores-
cence intensity of the plateau before bleaching.

The diffusion coefficient (D) was calculated from the Stokes-

Einstein equation for two-dimensional diffusion (D = r*/4ty),
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where ris the radius of the bleached target and #y, is the half-life
of the fluorescence recovery.

Receptor Immobilization by Antibody Cross-linking—Immo-
bilization of ““"PTHR at the cell membrane was performed as
described (33). Briefly, medium was removed, and the cells
were washed three times with buffer containing 150 mm NaCl,
10 mm Na-HEPES, 12.8 mm p-glucose, 2.5 mm KCl, 0.5 mm
MgCl,, and 0.5 mm CaCl,, pH 8.0, at room temperature. For
antibody cross-linking, the cells were incubated sequentially for
5 min each (separated by three buffer washes) in 1:200 anti-GFP
rabbit IgG (Invitrogen) and biotin-XX goat anti-rabbit antise-
rum (Invitrogen).

Total Internal Reflection Microscopy (TIRF)—TIRF micros-
copy was performed using a Nikon A1l equipped with an X60
TIRF objective controlled by NIS Elements (Nikon). Images
were recorded at 30-s intervals for 20 min. The collected data
were exported to Image J (34). Fluorescence protein colocaliza-
tion and average PTHR puncta size were analyzed using the
JACoP plug-in (35) and particle size analysis, respectively.

Fluorescence Resonance Energy Transfer (FRET)—Interac-
tions between PTHR and B-arrestins in the presence or absence
of NHERF1 were measured as an increase of FRET between
YFPB_Arrestin2 and PTHR*”. Time lapse movies were
recorded with a Nikon Als confocal microscope attached to a
Ti-E inverted base using a 40X 1.30 NA plan-apo objective. The
FRET signal was calculated as the normalized ratio of the YFP
and CFP emission (Fygp/Fcgp) (36).

Donor Dequenching after Acceptor Photobleaching—FRET
between CFP and YFP was determined using a modification of
a previously described protocol (37). Briefly, CEP fluorescence
was recorded (457-nm excitation) followed by 1-min of YFP
bleaching (514-nm ~100% bleach intensity), and the increase
of CFP fluorescence intensity after bleaching of the acceptor
was measured for 2 min. Direct bleaching of CFP was deter-
mined in cells expressing only “** B-arrestin and was negligible.
A CFP protein with a myristoylation/palmitoylation modifica-
tion (26) to target the cell membrane was used with Y**"NHERF
to calculate nonspecific increases of FRET after photobleaching
of the acceptor. FRET efficiency was calculated as follows,

FRET efficiency (%) = 1 — (Donor_ pccepror FlUOrescence)

X (DONOr _pcceptor FluOrescence) X 100 (Eq.3)

where Donor , ,.cptor 1A DONOT _ 5 oo éfer to fluorescence
measurement in the presence and absence of acceptor,
respectively.

Immunofluorescence—HEK 293 cells were cultured on poly-
p-lysine glass coverslips, transfected with S*"PTHR-ETVM or
GFPPTHR-ETVA plasmids, and allowed to grow for 48 h until
80% confluent. 100 nm hPTH(1-34) (Bachem, Torrance, CA)
was added for the indicated times, and the cells were washed in
PBS, fixed for 10 min in 2% paraformaldehyde in PBS, and per-
meabilized with 0.1% Triton X-100 in PBS for 20 min. Nonspe-
cific binding was blocked with 5% goat serum in PBS for 1 h.
The cells were then incubated with monoclonal anti-ezrin anti-
body (Invitrogen) (1:1000) for 2 h. After washing with PBS, the
cells were incubated with anti-mouse Alexa 546 (Invitrogen)
(1:2000) for 1 h, and the slides were mounted with aqueous
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mounting medium for TIRF evaluation. All of the incubations
were performed at room temperature.

Colocalization Analysis—TIRF and confocal images from
combinations of B-arrestins, NHERF1, and PTHR expressed at
the cell membrane were analyzed in a pair-wise manner using
Image J. Subcellular areas from different cells where compared
using the Pearson correlation coefficient (p) (38), which is
defined here as the ratio of the covariance of the red and green
color images divided by the product of the standard deviation of
the normalized image intensities, was calculated with the
JACoP plug-in (34). The values of this coefficient range from
—1, indicating the complete absence of overlap between pixels
from the two images, to +1, indicating perfect image correla-
tion. Pearson’s correlation coefficient accounts only for the
similarity of shapes between the two images and does not
depend upon image pixel intensity values.

RESULTS

Modulation of PTHR Distribution and Mobility by NHERFI1—
We first characterized the cell surface distribution of PTHR and
NHERF1 by TIRF and confocal microscopy in ROS cells that do
not express NHERF (30). ROS cells coexpressing ""PTHR and
mCherryNNHERF1 exhibited extensive colocalization at the cell
membrane (Figs. 14 and 2B) and closely adjacent regions with a
Pearson’s correlation coefficient of 0.80 * 0.01. Under resting
conditions, PTHR and NHERF1 are thus membrane-delimited
and colocalize in ROS cells.

Next, we determined the mobility and dynamics of PTHR
and NHERF1 by FRAP of 2-um diameter areas on the basal
membrane of ROS cells. “*"PTHR fluorescence recovery in the
absence of NHERF1 was rapid (t,, = 16.3 = 2.9 s) (Fig. 1B), and
the mobile PTHR fraction was high (67%). By contrast, in the
presence of NHERF1, *’PTHR fluorescence recovery was sub-
stantially slowed (£, = 36.1 = 9.0 s), and the mobile fraction of
PTHR was reduced (28%) (Fig. 1B), demonstrating that binding
to NHERF1 diminishes PTHR mobility.

Conditions were reversed, and we measured the mobil-
ity of ™“hYNHERF in the presence and absence of
PTHR.™“"""YNHERF exhibited slower fluorescence recovery
in the presence of PTHR (£, = 18.5 = 2.9 s) compared with its
absence (t, = 8.5 £ 2.3 s) (Fig. 1C). Notably, the mobile frac-
tions were similar under both conditions (90% without PTHR;
89% with PTHR). Furthermore, similar NHERF1 FRAP recov-
ery values were obtained when the PTHR was fully immobilized
by antibody cross-linking at the cell membrane (Fig. 1D). PTHR
diffusion was slower in cells expressing NHERF1, and NHERF1
diffusion decreased in the presence of either mobile (“free”) or
immobile PTHR (Fig. 1E). However, PTHR immobilization did
not further decrease NHERF1 diffusion compared with “free”
PTHR (Fig. 1E). In addition, a PTHR mutant that does not
interact with NHERF1 (PTHR-ETVA) showed high diffusion
coefficient values both in the presence or absence of NHERF1
(Fig. 1E). Together, these results are consistent with the view
that the interaction between PTHR with a functional PDZ-
binding domain and NHERF1 reduces the diffusion of both
proteins without binding to an immobile complex.

We then asked whether an intact actin cytoskeleton is
required for NHERF1 to tether the receptor at the cell mem-
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FIGURE 1. Dynamics of NHERF1 and PTHR trafficking at the plasma
membrane. A, cell surface distribution of NHERF1 and PTHR. ROS cells
were transfected with ™"*"™YNHERF and SFPPTHR and examined by TIRF
microscopy 24 h after transfection. Colocalization of NHERF1 and PTHR in
different subcellular regions was estimated with Pearson’s correlation
coefficient of eight cells from independent experiments. B-E, PTHR and
NHERF1 mobility was determined FRAP. At time 0, circular spots 2 um in
diameter were bleached using a 561- or 488-nm laser (for mCheryNHERF
and "PPTHR, respectively) at 50% power for 5 ms. FRAP was measured
over 5 min (1 min shown). B, PTHR FRAP calculated in the presence or
absence of NHERF1. C, NHERF1 FRAP calculated in the presence or
absence of PTHR. D, “""PTHR was immobilized at the membrane as
described under “Experimental Procedures,” and NHERF1 and PTHR FRAP
were calculated. Half-time recovery values were analyzed for each FRAP
curve. E, half-time recovery values from the FRAP analysis were used to
calculate the diffusion coefficients of PTHR or PTHR-ETVA = NHERF1 or
cytochalasin D (Cyto. D) and NHERF1 = nonimmobilized or immobilized
PTHR. The data were collected from 8-17 cells from three independent
experiments. ¥, p =< 0.05 versus corresponding control.

brane. Incubation with cytochalasin D, an inhibitor of actin
polymerization, increased the PTHR diffusion coefficient
despite the coexpression with NHERF1 (Fig. 1E). These data
confirm a previous report (17) suggesting that NHERF1-medi-
ated PTHR immobilization at the cell surface involves interac-
tions with the actin cytoskeleton.

Ligand-induced Dissociation of NHERFI and PTHR—We
next characterized NHERF1-PTHR interactions upon activa-
tion of the receptor by measuring ™“"*"YNHERF mobility fol-
lowing PTH stimulation. FRAP curves were generated at dis-
crete times after the addition of the agonist, and #, values were
derived from each curve. Over the immediate time frame of
1-240 s, NHERF1 fluorescence recovery after PTHR stimula-
tion was significantly shorter (Table 1), corresponding to more
rapid recovery and higher mobility of NHERF1 when the recep-
tor was activated compared with nonstimulated conditions.
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FIGURE 2. Effects of PTH-activated PTHR on NHERF1 mobility and p-ar-
restin localization. A, ROS cells were cotransfected with ™"*"YNHERF and
SFPPTHR. After 24 h, half-time recovery values were calculated from FRAP
curves at different time intervals following challenge with 100 nm hPTH(1-
34). The data shown represent the average =+ S.E. from at least three inde-
pendent experiments. B and C, ROS cells cotransfected with SFPPTHR,
mCherrYNHERF (B), or ™“"*"™NHERF and """ B-Arrestin2 (C) were examined at 0,
5,10, 20, and 30 min after exposure to 100 nm hPTH(1-34) by live cell confocal
imaging microscopy. The red, green, and yellow channels were separated
using spectral unmixing software (NIS-Elements™; Nikon). Representative
images of seven cells from three independent experiments are displayed.

TABLE 1

NHERF1 mobility increases upon PTHR stimulation by PTH

ROS cells were transfected with *’PTHR and ™“"*"YNHERF. Photobleaching of
NHERF1 in discrete areas colocalizing with PTHR was performed at different time
points after PTH(1-34) stimulation. Fluorescence intensity for each bleached area
was recorded, and the data were exported to GraphPad Prism 5.0. FRAP curves and
their corresponding 15 values were obtained for each condition, fitting NHERF1
FRAP data to a one-phase decay function. The data were collected from five inde-
pendent experiments.

Time after hPTH(1-34) stimulation
Os 10s 40's 80s
FRAP t, (s) 17.47 = 1.83 9.37 £ 1.04* 7.50 £ 1.00° 6.51 * 0.97% 9.37 * 0.81¢
“p = 0.01 versus 0 s after PTH stimulation.

240s

Interestingly, the t,, values of ™“"*"YNHERF after PTH stimu-
lation were similar to those obtained for ™“"*"YNHERF in the
absence of PTHR (#, = 8.5 * 2.3 s), suggesting rapid release of
NHERF]1 from the receptor upon PTH activation.

The NHERF1 diffusion coefficients were calculated from the
tis FRAP values of ™“"*"YNHERF with or without stimulated
PTHR. NHERF1 diffusion near the cell membrane rapidly
increased after PTHR stimulation by PTH (Fig. 24), showing
that NHERF1 mobility increases following activation of the
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PTHR and remains elevated throughout the period of study
(240 s).

To define the itinerary of NHERF1 upon PTHR stimulation
by PTH, we analyzed the subcellular distribution of NHERF1 at
different focal planes in live cells by confocal microscopy. After
stimulation with PTH, NHERF1 remained adjacent to the cell
membrane (Fig. 2, B and C). Although PTHR redistributed
largely together with B-arrestin2 in cytosolic compartments
during 10 min of PTH stimulation, a considerable amount of
PTHR remained at the cell surface (Fig. 2, B and C).

The dynamic interactions of NHERF1 and PTHR at the
plasma membrane and adjoining regions were then character-
ized using TIRF microscopy. In the absence of NHERFI,
GEPPTHR rapidly internalized to the cytoplasm (Fig. 3, A and
B). In contrast, coexpression of ™“"*"™YNHERF with “**PTHR
delayed and decreased receptor internalization (Fig. 3, A and B),
consistent with earlier observations (17, 30). Moreover, upon
PTH stimulation, cell surface S PTHR, when coexpressed
with NHERF1, exhibited a greater redistribution from localized
areas to disperse puncta across the cell membrane, whereas
mCherryNNHERF did not redistribute (Fig. 34 and supplemental
Fig. S1), supporting the view that NHERF1 dissociates from
PTHR upon PTH stimulation and persistently resides at the cell
membrane and adjacent regions.

PTHR Clustering—To characterize the behavior of the
GFPPTHR puncta at the cell surface, we analyzed the initial
changes of fluorescence intensity after PTH stimulation in the
absence or presence of NHERF1. Both conditions revealed a
peak of clustered fluorescence intensity after PTH stimulation
of greater magnitude in the presence of NHERF1 (area under
curve = 4,279) than in its absence (area under curve = 2,259)
(Fig. 3C). These S*PPTHR particles subsequently colocalized
with 4REPclathrin-coated pits (Pearson’s correlation coeffi-
cient = 0.87 * 0.02). The “**PTHR puncta appeared and dis-
appeared as clathrin-coated pits are formed and undergo scis-
sion from the plasma membrane or adjacent regions and
internalize to the cytoplasm. In addition to their greater fluo-
rescence intensity, the average size of the “**PTHR particles
increased in cells expressing NHERF1 (Fig. 3D). Furthermore,
NHERF1 attenuated the post-peak decrease in S*PPTHR
puncta fluorescence intensity (Fig. 3C). These results suggest
that NHERF1 promotes persistent PTHR clustering after PTH
stimulation.

Next, we inquired whether the increased size of the PTHR
clusters induced by NHERF1 was due to inhibition of receptor
internalization or to PTHR particle-directed rearrangement.
We used a dominant negative form of dynamin (K44A-dy-
namin), a GTPase that regulates the formation of clathrin-
coated vesicles (39), to inhibit receptor internalization (30).
K44A-dynamin significantly increased the size of “*"PTHR
puncta in the absence of NHERF1. However, K44A-dynamin
did not affect the size of ““"PTHR particles in cells expressing
NHERF1 (Fig. 3D). Moreover, inhibition of PTHR internaliza-
tion by K44A-dynamin did not fully recapitulate the increase in
particle size induced by NHERF1. These results suggest that
receptor clustering at the cell membrane promoted by NHERF1
is achieved by a combination of inhibition of receptor internal-
ization and by PTHR particle rearrangement. This interpreta-
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tion is supported by receptor binding studies with ['***IJPTH in
ROS cells showing that the amount of endogenous receptor at
the cell surface when expressing NHERF1 and/or K44A-dy-
namin is the same after PTH as in nonstimulated conditions
(data not shown), consistent with the view that NHERF1 pro-
motes receptor aggregation in membrane clusters and does not
increase the number of cell surface receptors. We hypothesized
that PTHR clusters are retained at the cell membrane by a
NHERF1-mediated mechanism that involves the tethering of
receptors to the actin cytoskeleton. However, NHERF1 did not
colocalize with the PTHR clusters after PTH stimulation (sup-
plemental Fig. S1). This observation is compatible with the
finding that NHERF1 promptly dissociates from the PTHR
upon ligand activation. We therefore determined whether
ezrin, a cytoskeleton adaptor protein that binds NHERF1 but
can directly interact with PTHR (40), acts to scaffold the PTHR
and the actin cytoskeleton after dissociation of NHERF1 from
the PTHR. HEK 293 cells expressing endogenous NHERF1 and
ezrin were transfected with " PTHR-ETVM, which interacts
with NHERF1 or “*’PTHR-ETVA that does not. Using TIRF
immunofluorescence we observed that upon stimulation with
PTH, ezrin colocalized with “*" PTHR-ETVM clusters at the
cell membrane but not with the “*"PTHR-ETVA clusters (Fig.
3, E and F), suggesting that NHERF1 promotes ezrin-PTHR
interactions.

NHERFI Does Not Stably Interact with [-Arrestins—Given
that PTHR associates dynamically with NHERF1 and that PTH
promotes recruitment of B-arrestins to the activated receptor
(20, 30, 41), we used TIRF to test whether NHERF1 and B-ar-
restin interact at the plasma membrane or the closely adjacent
cytoplasm. In nonstimulated ROS cells overexpressing the
PTHR, we observed no detectable colocalization of Y**"NHERF
and T°™*°B-arrestinl (Fig. 44). Furthermore, after PTH stim-
ulation, T°™*°B-arrestin1 was recruited to the membrane but
did not affect the pattern of Y*’"NHERF distribution at the
cell surface (Fig. 4A). Similar results were obtained using
GFPNHERF with T°m2°B_arrestinl and ™C""YNHERF with
YFPQ_arrestin2 (data not shown).

To confirm that NHERF1 and B-arrestin do not interact, we
performed donor dequenching after acceptor photobleaching
using a FRET pair consisting of “**B-arrestin as the donor and
YFPNHEREF as the acceptor. FRET efficiency did not increase
after YFP photobleaching (Fig. 4B), suggesting that within the
limit of detection, Y"*"NHERF and “** B-arrestin do not interact.
A “*Pmembrane-targeted Y*"NHERF FRET pair was used to
exclude nonspecific increases of CFP fluorescence after YFP
photobleaching (Fig. 4B). Positive controls using the
intramolecular FRET-based cAMP biosensor EPAC1<FF/YFP)
PTHR“FPETVM-"""NHERF, or PTH(1-34)-stimulated
PTHR“*’ETVM-B-Arrestin2*** pairs displayed increased
FRET efficiency after YFP photobleaching (Fig. 4B).
Supplemental Fig. S2 shows the increase in CFP fluorescence
intensity after acceptor photobleaching for the EPAC bio-
sensor and the PTHR“*?ETVM-Y*’NHERF or PTH(1-34)-
stimulated PTHR“*’ETVM-B-Arrestin*** pairs compared
with “FPB-arrestin-Y**NHERF and “*"membrane-targeted
YEFPNHERF FRET pairs.
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FIGURE 3. NHERF1 effects on PTH-activated PTHR cell surface distribution. ROS cells were transfected with ""PTHR in the absence or presence of
mcherryNHERF, and the distribution of PTHR at the cell membrane after PTH stimulation was analyzed by TIRF microscopy. A, PTHR localization in the absence
and presence of NHERF1 and before and after the addition of 100 nm hPTH(1-34). The insets show the representative area containing PTHR particles. Bar, 1 um.
B, PTH-induced PTHR internalization determined from the corresponding TIRF images. C, “""PTHR fluorescence intensity within circular areas (=1 um diam-
eter) from measurements of 20 - 40 cell surface regions from TIRF images. D, °""PTHR particle average size calculated with Image J from 35 cell surface regions
from TIRF images. Cells coexpressing ™"*™NHERF and ""PTHR were transfected with dominant negative K44A-dynamin (K44A) or empty vector. *, p =< 0.05
versus —NHERF1; a, p < 0.05 versus —NHERF1 + K44A. Eand F, HEK 293 cells were transfected with ""PTHR-ETVM or SF"PTHR-ETVA. Ezrin immunofluorescence
after a 5-min stimulation with 100 nm hPTH(1-34) was determined as described under “Experimental Procedures.” Ezrin colocalization with PTHR-ETVM or
PTHR-ETVA is shown in E. The images shown in F are representative of three independent determinations.

We characterized the kinetics of PTHR, NHERF1, and 3-Arres-
tin interactions after receptor activation. ROS cells harboring
inducible NHERF1 (ROS-T6) were transiently transfected with
PTHR“*PETVM and Y*’B-Arrestin2 cDNA constructs. Recruit-
ment of B-Arrestin2 to the receptor upon PTH stimulation was
confirmed by confocal microscopy (supplemental Fig. S3). FRET
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analysis of B-Arrestin2 association with the receptor after PTH
stimulation in the absence of NHERF1 showed a similar magni-
tude of response but slower kinetics (¢, = 58 * 5 s) (Fig. 4C) than
in the presence of modest (tetracycline, 10 ng/ml; t,, = 80 * 11 s)
or maximal (tetracycline, 100 ng/ml; £, = 247 * 21 s) NHERF1
induction (16), suggesting that NHERF1 delays the recruitment of
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cells from three independent experiments.

B-arrestins to PTHR. No interaction between NHERF1 and 3-Ar-
restin was detected by FRET in ROS cells.

To characterize the interrelated patterns of NHERFI,
PTHR, and B-arrestin distribution at the cell membrane
after PTHR activation, we analyzed the colocalization of
GFPPTHR and ™“"*"™YNHERF or “*PTHR and "°™a*B-ar-
restinl by TIRF microscopy. Upon stimulation with PTH, we
observed a decrease in the Pearson correlation coefficient,
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corresponding to the amount of PTHR colocalizing with
NHERF1, consistent with a redistribution of the receptor
away from NHERF1 (Fig. 5, A and C, and Table 2). As
expected, B-arrestinl subsequently colocalized with PTHR
in response to PTH (Fig. 5B and Table 2 and supplemental
Fig. S4). No colocalization between NHERF1 and B-arrestinl
was observed (Fig. 5C and supplemental Fig. 4). The half-
time of the rapid dissociation of the PTHR-NHERF1 com-
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FIGURE 5. Effects of PTH on NHERF1, B-Arrestin1, and PTHR colocaliza-
tion. ROS cells were cotransfected with SF°PTHR and ™<"*"YNHERF, or
GFPPTHR, T°mat°g-Arrestin1, and HA-NHERF1 for 24 h and were examined by
TIRF microscopy. A, NHERF1 and PTHR colocalization are shown beforeand 15
min after the addition of 100 nm hPTH(1-34). B, B-Arrestin1 and PTHR colocal-
ization are shown before and 15 min after the addition of 100 nm hPTH(1-34).
C, analysis of time-dependent PTHR colocalization (p) with NHERF1 and B-Ar-
restin1 after PTH stimulation. Representative details of captured images are
shown. The data represent measurements from three independent
experiments.

TABLE 2

PTHR colocalization with NHERF1 before PTH and B-arrestin1 after
stimulation by PTH

ROS cells were cotransfected with “*’PTHR and ™“"**YNHERF, or “**PTHR,
fomatog_Arrestinl and HA-NHERF1 for 24 h and were examined by TIRF micros-
copy. NHERF or B-Arrestinl colocalization with PTHR was measured by Pearson’s
correlation coefficient.

Pearson’s correlation coefficient

Time after PTH

stimulation (min) NHERF/PTHR B-Arrestinl/PTHR
0 0.85 * 0.04 0.45 + 0.11

2.5 0.71 = 0.03 0.52 = 0.09

5 0.53 = 0.08“ 0.59 £ 0.11

10 0.36 £0.11¢ 0.71 + 0.07*

15 0.32 = 0.11¢ 0.78 = 0.05*

“p = 0.05 versus 0 s after PTH stimulation.

plex (21, = 4.99 min) compared with the slower formation of
the PTHR-B-Arrestinl complex (£, = 10.83 min) suggests
that the PTHR dissociates from NHERF1 before engaging
B-Arrestinl and does not form a stable ternary complex of
the three proteins.
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DISCUSSION

Several scaffold proteins regulate GPCR signaling and traf-
ficking (42—44). NHERF1 mediates the assembly in functional
complexes of proteins possessing PDZ recognition ligands (4).
However, the mechanism whereby NHERF1 promotes the
interactions of different proteins with the same receptor is
unknown, as is the behavior of NHERF1 itself upon receptor
activation and internalization. Here, we show that NHERF1
establishes dynamic interactions with the PTHR within mem-
brane microdomains, suggesting that NHERF1 promotes the
recruitment of specific signaling proteins in a temporally and
spatially coordinated manner at different steps of receptor acti-
vation and internalization. We chose the PTHR as a model to
characterize the fate of NHERF1 because the phenotype of
NHERF1-null mice (18) and humans bearing NHERF1 poly-
morphisms or mutations (19) involves renal mineral ion wast-
ing, osteopenia, and osteomalacia, suggesting that PTHR inter-
actions with NHERF1 modulate vital physiological functions.

Several transporters and receptors harboring PDZ-binding
domains localize to apical membranes in epithelial cells
because of the interaction of these motifs with NHERF1 (3).
Moreover, NHERF1 interactions with cytoskeletal binding pro-
teins (ezrin, radixin, and moesin) promote the tethering of
PDZ-containing transporters and receptors, including the
PTHR, to the actin cytoskeleton (17, 45). Reduced PTHR
mobility in the presence of NHERF1, as reported here, presum-
ably arises from the assembly of a PTHR-NHERF1-ezrin ter-
nary complex. Supporting this interpretation, our results show
that NHERF1 reduces PTHR diffusion only when the receptor
contains an intact ETVM motif and the actin cytoskeleton is
not compromised. Moreover, the NHERF1 diffusion coefficient
is reduced in the presence of the PTHR. Engagement of FERM
with the ezrin-binding domain induces conformational
changes in NHERF1 structure by a long range, interdomain
allosteric mechanism (46). This allosteric action may promote
formation of the PTHR-NHERF1-ezrin-actin complex. Binding
of the ezrin FERM domain to the carboxyl terminus of NHERF1
increases the binding affinity of both NHERF1 PDZ1 and PDZ2
domains (46).

Although NHERF1 mobility diminished in the presence of
the PTHR, complete immobilization of the PTHR did not fur-
ther decrease NHERF1 diffusion. This finding suggests that
NHERF1-PTHR interactions are transient. PDZ domains bind
their ligands with modest affinities (K, = ~1 um), which makes
them appropriate for reversible and adaptable interactions (47).
The terminal methionine of the PTHR carboxyl-terminal PDZ
motif, ETVM, has been hypothesized to impart a lower affinity
for NHERF1 PDZ domains (40). Receptors lacking PDZ-inter-
acting motifs and cells expressing the PTHR, but not NHERF1,
nevertheless localize to apical cell membranes (13, 48), imply-
ing that direct NHERF1 interactions do not fully account for
receptor targeting to apical cell membranes. Thus, it is likely
that other proteins participate in apical targeting of certain
membrane-delimited receptors, including the PTHR. The
PTHR interacts directly with the cytoskeletal adaptor protein
ezrin, which was suggested to subserve this adapter function
(40). Ezrin-PTHR interactions, however, seem not to be suffi-
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cient to direct apical PTHR localization insofar as distal kidney
cells, which lack NHERF1 and express the PTHR and abundant
ezrin, but the receptor localizes entirely to basolateral mem-
branes (49). Nonetheless, ezrin may play a role in PTHR
clustering.

It has been proposed that a ternary complex comprised of the
PTHR, NHERF1I, and ezrin is formed by the interaction of the
FERM domain of ezrin with the intracellular carboxyl-terminal
tail of the PTHR (40). The sodium-hydrogen exchanger-3
(NHE-3), which like the PTHR possesses an atypical PDZ rec-
ognition motif, STHM, also binds directly to ezrin (50). Fur-
thermore, NHE-3 binds both to NHERF1 and ezrin to form a
ternary complex (51). The presence of these low affinity, atyp-
ical motifs in the PTHR and NHE-3 in conjunction with their
ability to form ternary complexes raises the possibility that
NHERF]1 facilitates receptor/transporter and ezrin-actin cyto-
skeleton interactions rather than forming a stable component
of the complex. A similar process may account for the signaling
switch of the PTHR between Ga,, and Ge, induced by NHERF1
(12, 14). The ability of NHERF1 to engage the ezrin-actin cyto-
skeleton and also Ge, while concurrently interacting with the
PTHR is consistent with the view that dynamic exchange
occurs between effector proteins and NHERF1. Hence,
NHERF1 may mediate ezrin and G, interactions with the
PTHR by transiently and reversibly binding these proteins and
increasing their proximity. The presence of specific proteins
with the ability to interact in a discrete subcellular environment
may accelerate and prioritize directed signaling pathways. The
acceleration of signaling may be the most important contribu-
tion of a multi-PDZ scaffold, in which receptors, G proteins,
and effectors are expressed at low abundance (52).

The present results show that the mobility of NHERF1 rap-
idly increases after PTHR stimulation. We postulate that upon
agonist binding, the receptor undergoes a conformational
change that weakens its affinity for NHERF1 and accounts for
the rapid dissociation of NHERF1 from the receptor, even when
the receptor is irreversibly immobilized at the plasma mem-
brane. Consistent with such an argument, the t,, for recovery of
NHERF1 after FRAP in the absence of PTHR is similar to that
for NHERF1 in the presence of the PTH-stimulated PTHR.
This finding suggests rapid dissociation of NHERF1 from the
receptor upon PTH stimulation. This conclusion is also sup-
ported by the prompt redistribution of the PTHR away from
areas of colocalization with NHERF1 upon PTH addition.

Although NHERF1 dynamically interacts with the PTHR, it
nonetheless delays ligand-induced PTHR internalization (15,
17). In this setting, we propose that ezrin mediates NHERF1
interaction with the cytoskeleton, thereby retarding PTHR
endocytosis by transiently stabilizing the receptor in a multi-
protein complex at the cell membrane. In this setting, NHERF1
interferes with B-arrestin binding to the PTHR, thus enhancing
PTHR membrane retention (16). The formation of the PTHR-
NHERF1-ezrin complex may sterically interfere with 3-arrestin
binding to the PTHR. Our results show that NHERF1 does not
interact with B-arrestins under resting or PTHR-stimulated
conditions. The absence of direct interactions of NHERF1 with
B-arrestin is entirely consistent with the lack of a PDZ recogni-
tion motif in mammalian B-arrestins. Further, in the absence of

35028 JOURNAL OF BIOLOGICAL CHEMISTRY

NHERF], the interaction of the PTHR with B-arrestin2 was
rapid and plateaued by 80 s, whereas in the presence of
NHERF], the interaction between the PTHR and B-arrestin2
was delayed by 380 s and not complete for 8 min. Moreover, the
ty, values of NHERF1-PTHR and PTHR-B-arrestin colocaliza-
tion suggest antecedent dissociation of NHERF1 from the
receptor with delayed recruitment of B-arrestins. Thus, traf-
ficking of B-arrestins to the receptor and consequent receptor
internalization may be impeded, whereas NHERF1 or the ezrin-
actin cytoskeleton complex is bound to the receptor. However,
a ternary complex of PTHR-NHERF1 and $-Arrestin has been
described (23). Such an interaction may transiently occur when
B-arrestins are recruited to the receptor and NHERF1 is being
released. This brief interaction could be stabilized by cross-
linking agents (23). In our hands, after PTH stimulation, full-
length HA-tagged PTHR showed negligible coimmunoprecipi-
tation with B-arrestin in the presence of NHERF compared
with strong interaction in the absence of NHERF (16). Further,
the formation of a PTHR-NHERF1-B-Arrestin ternary com-
plex was undetectable in the absence of a cross-linking agent.
Alternatively, PTHR-NHERF1-B-Arrestin complexes may
form in CHO cells, which do not express ezrin.

The present results show that NHERF1 not only decreases
PTHR internalization upon PTH stimulation but also favors
receptor rearrangement in long lasting cell surface clusters.
PDZ-mediated interactions can cluster GPCR cargo to the actin
cytoskeleton (53). According to this model, the maturation of
clathrin-coated pits is interrupted when PDZ-containing
GPCRs are present in the cargo, resulting in delayed recruit-
ment of dynamin and subsequent inhibition of clathrin-coated
pit scission. Thus, NHERF1 tethers the PTHR to the actin cyto-
skeleton under basal conditions, whereas ezrin links stimulated
receptors to clathrin-coated pits. According to this view, under
resting conditions NHERF1 and ezrin stabilize the PTHR at the
plasma membrane. Upon PTHR activation, NHERF1 dissoci-
ates from the PTHR, and ezrin tethers the receptor to the actin
cytoskeleton, stabilizing PTHR clusters at the cell surface and
delaying the scission of clathrin-coated pits. The dynamic inter-
actions of NHERF1 with the receptor and the ability of
NHERF1 to engage multiple adapter and trafficking proteins in
a spatially and temporally coordinated manner is a key mecha-
nism modulating PTHR function. Similar behavior is likely to
extend to the interactions between NHERF1 and other GPCRs
and transporters possessing PDZ-binding motifs.
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