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Na*/H™ exchanger regulatory factor (NHERF) is an adapter pro-
tein that is responsible for organizing a number of cell receptors and
channels. NHERF contains two amino-terminal PDZ (postsynaptic
density 95/disk-large/zonula occluden-1) domains that bind to the
cytoplasmic domains of a number of membrane channels or recep-
tors. The carboxyl terminus of NHERF interacts with the FERM
domain (a domain shared by protein 4.1, ezrin, radixin, and moesin)
of a family of actin-binding proteins, ezrin-radixin-moesin. NHERF
was shown previously to be capable of enhancing the channel activ-
ities of cystic fibrosis transmembrane conductance regulator
(CFTR). Here we show that binding of the FERM domain of ezrin to
NHEREF regulates the cooperative binding of NHERF to bring two
cytoplasmic tails of CFTR into spatial proximity to each other. We
find that ezrin binding activates the second PDZ domain of
NHEREF to interact with the cytoplasmic tails of CFTR (C-CFTR),
so as to form a specific 2:1:1 (C-CFTR),"NHERF-ezrin ternary
complex. Without ezrin binding, the cytoplasmic tail of CFTR
only interacts strongly with the first amino-terminal PDZ
domain to form a 1:1 C-CFTR-NHERF complex. Immunoprecipi-
tation and immunoblotting confirm the specific interactions of
NHEREF with the full-length CFTR and with ezrin in vivo. Because
of the concentrated distribution of ezrin and NHERF in the api-
cal membrane regions of epithelial cells and the diverse binding
partners for the NHERF PDZ domains, the regulation of NHERF
by ezrin may be employed as a general mechanism to assemble
channels and receptors in the membrane cytoskeleton.

Na"/H™ exchanger regulator factor (NHERF)? is an adaptor protein
that is responsible for organizing membrane channels and receptors (1,
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2). NHERF was originally identified as an essential cofactor for inhibit-
ing a transmembrane transporter sodium-hydrogen exchanger isoform
3 (NHE3) by the cAMP-dependent protein kinase A in the kidney prox-
imal tubule cells (1). However, subsequent studies find that NHERF is
densely distributed in the apical membranes of polarized epithelial cells
of several mammalian tissues (2, 3) and that NHERF participates in
organizing the trafficking, localization, and membrane targeting of a
large number of membrane receptors and channels to which NHERF
binds (3-12).

NHERF is a multidomain and multivalent protein that recruits differ-
ent signaling partners. The amino terminus of NHERF contains two
modular PDZ (name derived from the first three proteins that this
domain was identified postsynaptic density 95/disk-large/zonula occlu-
den-1) domains, PDZ1 and PDZ2 (see Fig. 1). The NHERF PDZ
domains bind to the consensus PDZ-binding motif D(S/T)X(V/I/L) (X
denoting any amino acid residue) at the carboxyl termini of a number of
membrane channels or receptors (13—19). The carboxyl terminus of
NHERF recognizes the FERM domain (a conserved domain that is
shared by protein 4.1, ezrin, radixin, and moesin) of a family of cytoskel-
etal actin-binding proteins, ezrin-radixin-moesin, which are collectively
denoted as ERM proteins (Fig. 1). Thus, NHEREF is also responsible for
bridging the interactions between cell membrane and the cytoskeletal
actin networks.

As a membrane cytoskeleton adapter protein, NHERF enhances the
efficiency and specificity of membrane processes by forming multipro-
tein macromolecular complexes (20). For example, recent compelling
evidence demonstrates that the macromolecular complexes recruited
by NHERF can form homo- and hetero-oligomers between cystic fibro-
sis transmembrane conductance regulator (CFTR) and other mem-
brane proteins to facilitate the efficient function of CFTR (21, 22,
21-25). CFTR is the most dominant Cl~ channel in several epithelial
tissues, where it is responsible for salt and fluid transport (26). The
CFTR CI™ channel is cAMP-dependent protein kinase- and ATP-reg-
ulated. Impaired transport activities by CEFTR are related to the genetic
disease of cystic fibrosis (27). The PDZ domains of NHERF interact with
the PDZ-binding motif DTRL at the carboxyl terminus of CFTR (3, 13,
28). Electrophysiological studies from Foskett’s group show that the
interactions of NHERF with CFTR can stimulate CFTR channel activi-
ties (24). Another study from the same group finds that phosphorylation
of Ser-162 in the PDZ2 domain of NHERF by protein kinase C disrupts
the binding between PDZ2 and CFTR and abolishes the ability of
NHERF to stimulate CFTR gating (29). Based on these studies,
Raghuram et al. (29) have proposed that when both PDZ domains of
NHERF bind to two cytoplasmic tails of CFTR, the formed complex
brings two CFTR monomers together and increases the open probabil-
ity of CFTR channels. These studies together with the finding that
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another four PDZ-containing CFTR-associated protein of 70 kDa
(CAP70) interacts with the carboxyl-terminal tails of CFTR to generate
a more active CFTR channel (23), demonstrating that multi-PDZ-do-
main adapter proteins promote the association of CFTR and stimulate
CFTR channel activities.

In addition to promoting CFTR-CFTR interactions, NHERF also
organizes the interaction between ,-adrenergic receptor and CFTR
(25). By recruiting both CFTR and B,-adrenergic receptor, NHERF can
physically cross-link B,-adrenergic receptor and CFTR into a single
signaling complex. Consequently, B,-adrenergic receptor exercises its
regulation on CFTR activities through NHERF (21, 22).

The ERM proteins to which NHERF binds are also important linkers
between cell membranes and the cytoskeletal networks (30-32). The
ERM proteins are localized in the apical actin-rich regions of polarized
epithelial cells. They contribute to the functional organizations of spe-
cialized cell membrane domains in which many transmembrane chan-
nels and receptor reside and are localized. The association of NHERF
with sodium-hydrogen exchanger isoform 3 (NHE3) and ezrin is also
shown to be essential for cAMP-mediated phosphorylation and inhibi-
tion of NHE3 (33). The conformation and activity of the ERM proteins
are considered to be negatively regulated by intramolecular interactions
(34). In the inactive state of ezrin, the amino-terminal FERM domain of
ezrin of ~300 amino acid residues is proposed to bind to the carboxyl
terminus of ezrin with high affinity through a head-to-tail autoregula-
tory mechanism (35). After ezrin is activated by phosphorylation and/or
phospholipid binding, the FERM domain releases the carboxyl terminus
of ezrin. The activated FERM domain binds to NHERF, whereas the
carboxyl-terminal domain of ezrin interacts with the actin filaments of
the cytoskeleton network (36 —38).

The above cell biological and physiological studies demonstrate the
important physiological roles of NHERF in organizing membrane chan-
nels and receptors. It has also been proposed that the interaction of
NHERF with membrane channels and transporters and with ezrin pro-
motes the anchoring of these membrane proteins to the actin cytoskel-
eton to maintain their functions (33, 39). However, how NHERF inter-
acts with ezrin to regulate the assembly of membrane proteins is not
known. Here we report a combination of biophysical and in vivo studies
to show that ezrin regulates the cooperative assembly of CFTR cytoplas-
mic domains by NHERF. Due to the high distributions of NHERF and
ezrin in the apical membranes of polarized epithelial cells, the ezrin-
regulated cooperative formation of NHERF recruited macromolecular
complexes may be employed as a general mechanism to control the
assembly and function of membrane channels and receptors by the
membrane cytoskeleton.

MATERIALS AND METHODS

Protein Expression and Purification—The cDNAs encoding the full-
length human NHERF-1 and ezrin were purchased from American
Type Culture Collection (ATCC, Manassas, VA). The cDNA encoding
the human CFTR was kindly provided by Dr. J. Kevin Foskett (Univer-
sity of Pennsylvania). We have employed the pET 100/D-TOPO and
pET 151/D-TOPO expression systems (Invitrogen) to express proteins
in Escherichia coli. Both the pET100/D-TOPO and the pET151/D-
TOPO encode amino-terminal 6X His tags. The pET151/D-TOPO
vector also encodes a V5-epitope tag at the amino terminus of the
expressed proteins, whereas the pET100/D-TOPO vector expresses an
amino-terminal Xpress-epitope tag in the expressed proteins.

The ¢cDNA regions encoding the amino acid sequences of 11-99
(PDZ1), 150-240 (PDZ2), 11-240 (PDZ1-PDZ2), 150358 (PDZ2-
CT), 11-358 of NHERF, the FERM domain of ezrin 1-298 of ezrin
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FIGURE 1. Anillustration of the PDZ domains of NHERF along the primary sequence.
The carboxyl terminus of NHERF, called the FERM-binding domain, recognizes a family of
cytoskeleton actin binding ERM proteins. The amino-terminal FERM domain and the
carboxyl terminus of ezrin are also shown.

(ezFERM), and the last 70 amino acid residues (1411-1480) at the car-
boxyl terminus of CFTR (C-CFTR) were amplified by PCR, respectively.
The PCR products were inserted in the expression vectors. After trans-
formation of the plasmids in BL21(DE3) cells, the cells were grown on
large scale, harvested by centrifugation, and re-suspended with 30 ml of
suspension buffer per liter of culture containing 20 mm sodium phos-
phate buffer (pH 7.5), 150 mm NaCl, 0.1 mM phenylmethylsulfonyl flu-
oride, and 10 mMm imidazole.

The proteins were first purified by a HiTrap chelating column (Amer-
sham Biosciences) pre-charged with Co*>" and pre-equilibrated with the
binding buffer (20 mMm phosphate, 0.1 mm phenylmethylsulfonyl fluo-
ride, 10 mMm imidazole, and 0.5 M NaCl, pH 7.5). The proteins were then
further purified and analyzed by gel filtration chromatography using an
AKTA fast-protein liquid chromatograph (Amersham Biosciences)
with a Superdex 200 10/30 column (Amersham Biosciences). The
molecular masses of the expressed proteins, calculated according to
their amino acid sequences, were 14.0 kDa for PDZ1, 14.2 kDa for PDZ2,
27.0 kDa for PDZ2-CT, 29.4 kDa for PDZ1-PDZ2, 42.3 kDa for NHERF,
39.2 kDa for ezFERM, and 12.5 kDa for C-CFTR. The protein concen-
trations were determined by UV absorbance at 276 nm using the extinc-
tion coefficients calculated by the website ExXPASy Proteomics Server
(us.expasy.org/).

Solution Light Scattering Experiments—Light scattering experiments
were performed on a DynaPro Molecular Sizing Instrument with
Dynamics V6 data analysis software (Protein Solutions, Inc.). This
instrument has the capability of conducting both static light scattering
and dynamic light scattering experiments simultaneously. Static light
scattering determines the absolute molecular weight of the protein or
protein complex in solution, whereas dynamic light scattering measures
the hydrodynamic radius R, and estimates the monodispersity of the
protein samples. Before light scattering experiments, the samples were
centrifuged at 10,000 rpm for 5 min to remove dust. About 24 ul of
protein solution was then loaded to the DynaPro cell. At least 60 acqui-
sitions (10 s/acquisition) were collected for each sample. The average of
these acquisitions is reported. Light scattering experiments were con-
ducted at 25 °C.
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Surface Plasmon Resonance—Surface plasmon resonance (SPR)
experiments were carried out on BIAcore 1000 instrument. The hydro-
gel matrix of a BIAcore CM5 Biosensor chip was activated by N-hy-
droxysuccinimide and N-ethyl-N'-[3-(diethylamino)propyl]carbodiim-
ide. For studying the binding between C-CFTR and the differently
truncated forms of NHERF (or the NHERF-ezFERM complex), the sen-
sor chip was coated with C-CFTR by injecting 3 ul of C-CFTR at 5
pg/ml in 10 mm sodium acetate, pH 5.2, over the activated SPR sensor
chip. For studying the binding of e2zZFERM to NHERF (or ezFERM bind-
ing to the C-CFTR-NHERF complex), the sensor chip was coated with
ezFERM by injecting 3 ul of 10 pg/ml ezZFERM in 10 mM sodium ace-
tate, pH 5.2, over the activated surface. Uncross-linked ligand was
washed away, and uncoated sites were blocked by 1 M ethanolamine, pH
8.5. The ligand density was controlled by the maximum binding
response signal ranging from 150 to 200 response units (RUs). The
analytes, NHERF, PDZ2-CT, PDZ2-CT-ezFERM, NHERF-ezFERM, at a
series of concentrations were injected over the C-CFTR-coated surface
at 50 pl/min for 3 min, respectively. The analytes, NHERF or
C-CFTR-NHERF complex, were injected over the ezZFERM-coated sen-
sor chip.

The response curves were obtained by subtracting the background
signal, generated from a control cell injected with the same analyte but
without ligand coating of the hydrogel matrix to remove the bulk refrac-
tive index effects. The nonspecific binding was corrected by subtracting
the signal generated from buffer alone. The binding curve reached an
equilibrium plateau in all cases. The RU value corresponding to the
plateau was taken as a measure to obtain the binding curves. The bind-
ing curves were fit to either the monovalent binding model to obtain K,
or to the bivalent binding model to obtain K, or K, (40).

Cell Culture and Delivering Proteins in Mammalian Cells—BHK cells
were kindly provided by Dr. Gergely L. Lukacs (the Hospital for Sick
Children, Toronto). The BHK cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum at
37 °C in a humidified 5% CO, atmosphere. The cells were grown in a
6-well plate with wells of 30-mm diameter.

The BioTrek Protein Delivery Regent (Stratagene) was used to deliver
NHERF or the NHERF-ezFERM complex in BHK cells. Purified NHERF
and the NHERF-ezFERM complex were diluted to 150 pg/ml using
phosphate-buffered saline buffer. The purified NHERF has an amino-
terminal V5-epitope tag, and the purified ezFERM has an amino-termi-
nal Xpress-epitope tag. About 100 ul of the diluted protein solution was
transferred to the tube containing the lyophilized BioTrek reagent. The
lyophilized reagent was resuspended by pipetting the protein solution
up and down for 3-5 times. The BioTrek-protein mixtures were then
left at room temperature for ~5 min. Serum-free medium was then
added to the tube to a final volume of 500 ul.

When the cell density reached 50—60% confluence, the culture
medium was removed from the wells by aspiration. The cells were
washed once with serum-free medium. After 500 ul of fresh serum-free
medium was added to each well, 500 ul of the BioTrek-protein mixture
was added dropwise to the cells. The cell culture plate was then incu-
bated at 37 °C and 5% CO, in a humidified incubator for 4—5 h before
immunoprecipitation experiments. When delivering both NHERF and
ezFERM in BHK cells, we first delivered ezFERM in cells 2 h before
delivering NHEREF in cells. The cells were then incubated for 2 h after
NHERF was delivered.

Immunoprecipitation and Immunoblotting Experiments—Cell
monolayers in 30-mm-diameter wells were washed with phosphate-
buffered saline buffer followed by lysis in radioimmune precipitation
assay buffer at 4 °C. About 10 ug of mouse anti-V5 antibody (Invitro-
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FIGURE 2. Gel filtration characterization of different truncated constructs of NHERF.
Light scattering analysis of NHERF solution shows that NHERF is a monomer when the
protein concentration is below 1.3 mg/ml (see TABLE ONE).

gen) was added to 500 ug of cell lysate, and the mixture was shaken in a
cold room for 4 h to pull-down NHERF. Protein G PLUS-agarose beads
(Santa Cruz Biotechnology) of 20 ul were added, and the mixture was
shaken in a cold room overnight. The beads were then spun and washed
three times with 750 ul of radioimmune precipitation assay buffer and
re-suspended in 50 ul of SDS-PAGE sample buffer. In another experi-
ment, ~10 ug of mouse anti-Xpress antibody (Invitrogen) was added to
500 ug of cell lysate to pull-down ezFERM.

After electrophoresis, proteins in the SDS-PAGE gel were transferred
to nitrocellulose membranes by semi-dry blotting. The membranes
were then blocked in 5% fat-free milk in TBS-T (10 mm Tris-HCI, pH
7.5, 150 mm NaCl, 0.05% Tween-20) for 3 h at room temperature. The
primary rabbit anti-CFTR antibody (Alomone Laboratory) was used for
detecting CFTR, mouse anti-V5 antibody for NHERF detection, or
mouse anti-Xpress antibody for ezZFERM detection. The primary anti-
body was added to the blots and incubated overnight in blocking solu-
tion. The following day the blots were washed with TBS-T buffer for
three times and then incubated with the secondary antibody (anti-
mouse-horseradish peroxidase for mouse anti-V5 and anti-Xpress pri-
mary antibodies, or anti-rabbit-horseradish peroxidase for rabbit anti-
CFTR primary antibody) for 1 h at room temperature and washed for
three times with changes of TBS-T buffer. The blots were then devel-
oped by enhanced chemiluminescent detection ECL (Pierce) for
analysis.

Solution Small Angle X-ray Scattering—The SAXS experiments were
performed with an in-house apparatus (Rigaku/Osmic, Inc.) with a Q
range from 0.009 to 0.30 A~ where Q =4rsin(0/2)/) is the magnitude
of the scattering vector, 6 is the scattering angle, and A is the wavelength
of the x-ray. Data treatments have been described previously (41, 42).

The reduced scattering data are plotted as scattering intensity /(Q)
versus Q profiles. The radius of gyration R,, which is related to the size
and shape of a protein, can be obtained from the Guinier approximation
(43, 44), In I(Q) = In 1(0) — (1/3)Q2Rg2, by linear least squares fitting in
the QR, < 1 region. The forward scattering intensity /(0) is linearly
proportional to the molecular weight of the protein complexes. Inverse
Fourier transformation of I(Q) gives the length distribution function
P(r), which is the probability of finding two scattering points at a given
distance r from each other in the measured macromolecule. P(r) func-
tions were generated by the program GNOM (45). The value at which
P(r) becomes 0 reflects the maximum molecular dimension D, of the
macromolecule averaged over all orientations. The shape of P(r) func-
tion and the value of D,,,, can be used to deduce the macromolecular
shape and the distance between two domains within the protein. The

max

program DAMMIN (46) was used to reconstruct the low resolution
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Summary of molecular masses and size information about NHERF and the complexes by light scattering experiments
Species and stoichiometry” in complex Molecular mass by SLS | Calculated molecular mass R, by DLS”
kDa A
NHERF at 1.3 mg/ml 453 £ 0.3 42.3 46.0 £ 0.5
NHERF/ezFERM (1:1) at 1.0 mg/ml 81.2*+0.2 81.5 52.0 = 0.4
C-CFTR/NHEREF (1:1) at 1.3 mg/ml 551 * 04 54.8 51.3 * 0.6
PDZ2-CT/ezFERM (1:1) at 1.8 mg/ml 67.5*+0.3 66.2 474 * 04
C-CFTR/PDZ2-CT/ezFERM (1:1:1) at 1.6 mg/ml 78.8 £ 0.4 78.7 52.0 £ 0.5
(C-CFTR),/NHERF/ezFERM (2:1:1) at 2.7 mg/ml 108.3 £ 0.4 106.5 63.0 £ 0.5
C-CFTR/NHERF/ezFERM (1:1:1) at 1.0 mg/ml 94.8 £ 0.7 (at 11.3ml)“ 94.0 582 £ 0.6
94.4 + 0.3 (at 11.9ml)* 58.1+ 0.5
“ The stoichiometry of the complexes was obtained from the molecular weights measured by SLS.
? The hydrodynamic radius obtained from DLS.
¢ The fractions were taken from fractions P1 and P2 during gel filtration as shown in Fig. 6
three-dimensional molecular structures from SAXS data. The program
Situs (47) was used to dock the fragments of known crystal structures 100 C-CFTRNHERF, NHERF
(PDZ1 and ezFERM) to the low resolution structures. More details about . FA
the procedures for reconstruction of the three-dimensional molecular 2 80- 1‘ Ill. II' ".I
images from solution SAXS data have been described previously (48). E 1 fH
2601 an
RESULTS 5 N
The Cytoplasmic Tail of CFTR and NHERF Form a Discrete Complex g 404 1 "'_'.J
with 1:1 Stoichiometry 2 i \
< 20 i C-CFTR
As an adapter protein, NHERF organizes the assembly of protein S
complexes. It is of interest to know the oligomer states and the global 0 — : — ]
conformation of the intact NHERF to understand how NHERF provides 8 10 1‘2 14 16 18
a scaffold for protein binding partners in complexes. Our gel filtration elution volume (ml)

and light scattering experiments show that the oligomeric states of
NHERF are concentration-dependent. At protein concentrations of
above 5 mg/ml, the oligomerization of NHERF is apparent (data not
shown). However, when the protein concentration is lowered to below
1.3 mg/ml, both gel filtration and light scattering experiments show that
NHEREF exists as a monomer with a measured molecular mass of 45.3
kDa (Fig. 2 and TABLE ONE). As we show in the following studies, it is
the monomeric state of NHERF that is responsible for interacting with
the cytoplasmic tail of CFTR and the FERM domain of ezrin. NHERF
monomer is thus the functional form in this study. The NHERF dimeric
and higher oligomeric states probably play an inhibitory role to prevent
NHERF from binding to other partners.

The stoichiometry and binding affinity of C-CFTR to the intact
NHERF were determined by a combination of gel filtration, solution
static light scattering, dynamic light scattering, and SPR experiments.
After 25.0 uMm NHERF was incubated with C-CFTR at different molar
ratios overnight, the formed complex was separated by gel filtration
(Fig. 3). The gel filtration chromatograms with the incubation molar
ratios of C-CFTR to NHERF at 1:1 and 2:1 are shown in Fig. 3. All molar
ratios of incubation produce only one new peak, which is eluted at
~12.9 ml. Light scattering experiments show that the eluted complexes
do not aggregate and have a molecular mass of 55.1 kDa (see TABLE
ONE), which suggests the formation of a 1:1 C-CFTR-NHERF complex.

SPR experiments were conducted to determine the affinity and stoi-
chiometry of NHERF to C-CFTR binding. Fig. 44 shows the C-CFTR to
NHERF binding curve obtained from SPR experiments, which can be
best fitted by the bivalent equilibrium binding model (40) with two quite
different dissociation constants, K,; = 288 nm and K;, = 1098 nm. We
then performed a series of SPR experiments to compare the C-CFTR
binding properties of individual PDZ domains. These different trunca-
tions are PDZ1, PDZ2, the two tandem PDZ1-PDZ2, and PDZ2-CT

NOVEMBER 11, 2005 «VOLUME 280+-NUMBER 45

FIGURE 3. C-CFTR and NHERF form a complex with 1:1 stoichiometry. Using gel
filtration to identify the formation of the C-CFTR-NHERF complex. The solid line s the
equimolar incubation of C-CFTR-NHERF, and the dashed line is the 2:1 incubation. Light
scattering experiments on the gelfiltration eluted C-CFTR-NHERF complex (at 1.3 mg/ml)
gives a molecular mass of 55.1 kDa, indicating a 1:1 stoichiometry of binding.

(with the PDZ1 domain removed from NHERF). The obtained dissoci-
ation constants are summarized in TABLE TWO. The binding affinity
of PDZ1 for C-CFTR (K, = 298 nM) is over 16-fold stronger than that of
PDZ2 (K, = 4800 nm). PDZ2 and PDZ2-CT have similar binding affin-
ities for C-CFTR (K, = 4800 nm for PDZ2, and K, = 5300 nM for
PDZ2-CT). PDZ1-PDZ2 has a bivalent binding behavior similar to that
of NHERF.

Comparing the dissociation constants of C-CFTR-NHERF binding
with those of the variously truncated NHERF constructs, we are able to
assign the bivalent C-CFTR-NHERF dissociation constant K, as
C-CFTR/PDZ1 binding, which is strong, and K, as C-CFTR/PDZ2
binding, which is weak (see TABLE TWO). TABLE TWO also shows
that the PDZ1 domain in the construct of PDZ1-PDZ2 and in the full-
length NHERF do not show any changes in binding affinity for C-CFTR
when compared with that of the individual PDZ1 domain, suggesting
that the binding affinity of PDZ1 to C-CFTR is high and remains
changed by truncations.

The FERM Domain of Ezrin and NHERF Form a Tight Binary Complex
with 1:1 Stoichiometry

Previous studies have identified the interaction between NHERF
and the FERM domain of ezrin (ezFERM) (49). We have examined
the affinity and the stoichiometry of NHERF binding to ezFERM by
gel filtration, light scattering, and SPR experiments. After 10.0 um
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ezFERM was incubated with different molar ratios of NHERF over-
night, the formed complexes were eluted at a retention volume of
~12.6 ml in the gel filtration chromatogram. Fig. 54 shows the for-
mation of the complex of NHERF with ezFERM by a gel filtration
experiment.

Light scattering experiments on the eluted complex show that the
NHERF-ezFERM complex does not form aggregates and has a discrete
hydrodynamic radius of R,, = 54 A (TABLE ONE). The molecular mass
of the complex, measured by light scattering is 81.2 kDa (TABLE ONE),
suggesting that NHERF and ezFERM form a 1:1 complex. The stoichi-
ometry of the NHERF-ezFERM complex was further verified by the
monovalent binding behavior in SPR experiments with a dissociation
constant of K, = 19 nM (see Fig. 5B). These experiments show a strong
and specific 1:1 binding between NHERF and ezFERM.
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Binding of ezFERM to NHERF Activates the PDZ2 Domain and
Changes the Stoichiometry of NHERF to C-CFTR Binding

Two Types of 1:1:1 Ternary Complex Formed between C-CFTR and
NHERF-ezFERM—After C-CFTR was incubated with the binary
NHERF-ezFERM complex at equimolar ratio, the complex could be
identified and separated by gel filtration (Fig. 6A4). At equimolar ratio of
incubation of C-CFTR with NHERF-ezFERM, two peaks P1 and P2 are
observed on the gel filtration chromatogram at retention volumes of
11.3 and 11.9 ml, respectively. Light scattering experiments show that
the molecular masses of these two fractions are the same, to be 94.8 and
94.4 kDa, respectively (see TABLE ONE). The gel filtration and light
scattering results thus suggest that the two kinds of ternary complexes
have the same binding stoichiometry of 1:1:1, presented as
C-CFTR'NHERF-ezFERM.
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TABLE TWO

Summary of the binding constants measured by SPR
The K, values are obtained from the plots of the response unit of equilibrium
plateau against the analyte concentrations by fitting into either monovalent or
bivalent model. K;, was assigned to the binding affinity of the PDZ1 domain of
NHEREF, and K, to that of PDZ2, respectively.
Monovalent analyte K,
nm
PDZ1 298 = 10
PDZ2 4800 * 300
PDZ2-CT 5300 £ 200
PDZ2-CT/ezFERM 202+ 3
Bivalent analyte K, K,
nm
PDZ1-PDZ2 283 =42 1247 = 120
NHERF 288 + 32 1098 = 96
NHERF/ezFERM 204 = 39 16 =2
50
A
ANHERF-ezFERM
5 404
4
E
£304
A
1)
7 20
]
32
< 404
0 ===y T T —=
10 12 14 16 18 20
60
B
504
40+
5 30
o
20
104
0 T J T
1 10 100 1000
[NHERF] (nM)

FIGURE 5. NHERF and ezFERM form a complex with 1:1 stoichiometry. A, gelfiltration
chromatography shows the complex formed when equimolar NHERF and ezFERM are
incubated. Light scattering shows that the molecular weight of the complex is 81.2 kDa
(see TABLE ONE), indicating the formation of a 1:1 hetero-dimer. B, equilibrium SPR
analysis of NHERF-ezFERM binding. The line is a fit to the monovalent binding model with
Ky =19 nm.

The different elution volumes of the two peaks during gel filtration
reflect a significant difference in sizes and molecular shapes of these two
1:1:1 complexes. The fraction eluted at 11.3 ml is a ternary complex with
C-CFTR bound to the first PDZ domain of the binary NHERF-ezFERM
complex, whereas that elutes at 11.9 ml is the one with C-CFTR binding
to the second PDZ domain. This is because the binding of C-CFTR at
the PDZ1 domain of NHERF-ezFERM binary complex can cause the
ternary complex to be more elongated, and thus to have a larger size
than the other ternary complex with C-CFTR binding to the middle
PDZ2 domain. However, the hydrodynamic radii of the two peak frac-
tions measured by dynamic light scattering are similar with R, = 58.2
and 58.1 A, respectively (TABLE ONE), suggesting a rapid re-equilibra-
tion of the two complexes during dynamic light scattering measure-
ments. In summary, these experiments suggest that the PDZ2 domain of
NHERF in the NHERF-ezFERM complex has an increased binding affin-
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FIGURE 6. Binding of ezFERM to NHERF changes the stoichiometry of NHERF bind-
ing to C-CFTR. A, gel filtration analysis of the different C-CFTR-NHERF-ezFERM com-
plexes. B, dynamic light scattering on the (C-CFTR),"NHERF-ezFERM ternary complex at
2.7 mg/ml. Because only one intensity distribution peak is observed, the measured pro-
tein and protein complexes are monodispersed. The scattered intensity normalized by
protein concentration gives a molecular mass of 108.3 kDa, suggesting the formation of
a ternary complex with 2:1:1 stoichiometry.

ity to the cytoplasmic tails of CFTR, as compared with that in the intact
NHERF alone.

Formation of the 2:1:1 (C-CFTR) yNHERF-ezFERM Ternary Complex—
We then incubated C-CFTR with the NHERF-ezFERM complex at 2:1
molar ratio. Gel filtration chromatogram of this incubation shows a
single peak P3 (see Fig. 64). The elution volume of this peak fraction at
11.1 ml suggests that a complex is formed during gel filtration, which is
larger than both the 1:1:1 C-CFTR-NHERF-ezFERM complexes. Light
scattering analysis of this peak fraction shows that this ternary complex
does not aggregate, with a hydrodynamic radius being R,, = 654, sug-
gesting the formation of a discrete complex (see Fig. 6B and TABLE
ONE). The molecular mass measured by light scattering is 108.3 kDa
(TABLE ONE), indicating a 2:1:1 binding stoichiometry and the forma-
tion of (C-CFTR),"NHERF-ezFERM ternary complex.

The SPR analysis suggests that the C-CFTR to NHERF-ezFERM bind-
ing curve is best fitted with the bivalent equilibrium binding model with
two dissociation constants K,; = 204 nm and K ;, = 16 nM (see Fig. 44
and TABLE TWO). Fig. 44 shows that the binding affinity of C-CFTR
for the NHERF-ezFERM binary complex is significantly different from
that of C-CFTR to NHERF binding, in terms of both the magnitude of
the SPR RU signals and the positions of the mid points of the binding
curves. First, the K, of C-CFTR to NHERF-ezFERM binding has
decreased by nearly 69-fold when compared with the K,, (TABLE
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NHERF by antiV5 —>
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FIGURE 7. Immunoprecipitation and immunoblotting to determine the interaction
of NHERF with CFTR and with ezFERM in mammalian cells. Lane 7 is the immunoblot
of the full-length CFTR from the BHK cell lysate. Lane 2 is the immunoblot of CFTR and
NHERF of the immunoprecipitation complex from BHK cells after NHERF is delivered in
cells. Lane 3 is the immunoblot of CFTR, NHERF, and ezFERM of the immunoprecipitation
complex from BHK cells after both ezFERM and NHERF are delivered in the BHK cells.

TWO) of C-CFTR to NHERF binding. Secondly, the RU signal of the
C-CFTR and NHERF-ezFERM interaction is nearly twice that of
C-CFTR to NHERF binding when the two binding events reach their
respective saturation points. Thus the SPR analysis shows that, as a
result of binding ezFERM to NHERF, NHERF changes its stoichiometry
of interaction with C-CFTR, with the formation of a 2:1:1
(C-CFTR),'NHERF-ezFERM complex versus a 1:1 C-CFTR-NHERF
complex.

Next, we identify which PDZ domain of NHERF has an increased
binding affinity for C-CFTR when the FERM domain of ezrin is bound
to the NHERF carboxyl terminus. We have compared the binding
behaviors of C-CFTR to differently truncated constructs of NHERF.
TABLE TWO shows that the K, of PDZ1 to C-CFTR binding is similar
to K, of PDZ1-PDZ2 to C-CFTR binding. The K, of PDZ1 is also
similar to the K,; of NHERF and that of NHERF-ezFERM complex.
Thus, comparing the K, values of PDZ1 in different truncation con-
structs and in different complex forms suggests that the PDZ1 domain
of NHERF has an intrinsically high binding affinity for C-CFTR, and
that its binding affinity is not affected by ezrin binding to NHERF, or by
the presence of the PDZ2 domain of NHERF.

To examine how PDZ2 changes its C-CFTR binding properties, we
have analyzed the binding properties of a truncated construct PDZ2-
CT, with the second PDZ domain and the carboxyl terminus intact.
Without binding of ezZFERM at the carboxyl terminus of PDZ2-CT, the
affinity of PDZ2-CT for C-CFTR is weak with a K; = 5300 nM (see
TABLE TWO and Fig. 4B). The binding affinity of PDZ2-CT for
C-CFTR is as weak as that of the individual PDZ2 domain for C-CFTR.
However, when the carboxyl terminus of PDZ2-CT is bound to
ezFERM, the affinity C-CFTR for PDZ2-CT-ezFERM is significantly
increased with a K, = 202 nM (see Fig. 4B and TABLE TWO). Light
scattering experiments shows that PDZ2-CT-ezFERM can form a dis-
crete 1:1 complex (see TABLE ONE). The SPR and light scattering
experiments suggest that it is the PDZ2 domain of NHERF that has an
increased binding affinity to C-CFTR when the FERM domain of ezrin is
bound to the carboxyl terminus of NHERF.

Thus, the results show that binding of the FERM domain of ezrin at
the NHERF carboxyl terminus change the stoichiometry of C-CFTR to
NHEREF interaction. We also demonstrate that it is the PDZ2 domain of
NHEREF that has an increased binding affinity for C-CFTR, whereas the
binding affinity of PDZ1 remains unchanged by ezrin binding.

Immunoprecipitation and Immunoblotting Show the Specific Interac-
tions of NHERF with Full-length CFTR and with the FERM Domain of
Ezrin in Vivo—W e have conducted immunoprecipitation and immuno-
blotting experiments to determine the interactions of NHERF with
ezFERM and with the full-length CFTR in BHK cells. BHK cells gener-
ated by Lukacs’ group can constitutively express full-length CFTR (50,
51).In Fig. 7, lane I shows the immunoblotting of CFTR from the BHK
cell lysate.
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FIGURE 8. SPR analysis of the decreased binding affinity of ezFERM for NHERF when
C-CFTR is bound to NHERF. The solid square is the binding of NHERF to ezFERM. The
open square is the binding of C-CFTR-NHERF to ezFERM. The lines are fittings to the
monovalent binding model.

We first determined the interaction of NHERF with CFTR in BHK
cells. After the purified NHERF (with an amino-terminal V5 epitope
tag) was delivered in BHK cells for 4 -5 h, the cells were lysed. Anti-V5
antibody was used to pull down NHERF in immunoprecipitation.
Immunoblotting shows that the immunoprecipitated complex contains
both the full-length CFTR and NHERF (see lane 2 of Fig. 7).

The purified ezFERM and NHERF were then delivered separately in
BHK cells to determine the interactions of NHERF with CFTR and with
ezFERM in cells. The purified ezFERM contains an amino-terminal
Xpress-epitope tag. Anti-V5 was used to pull-down the NHERF during
immunoprecipitation. Immunoblotting shows that the immunopre-
cipitated complex contains CFTR, NHERF, and ezFERM, see lane 3 of
Fig. 7. Similar results to that shown in Fig. 7 are obtained by using
anti-Xpress antibody to pull down ezFERM during immunoprecipita-
tion. Thus, the immunoprecipitation and immunoblotting results show
that NHERF specifically interacts with the full-length CFTR and with
the FERM domain of ezrin to form a ternary complex in vivo.

The amount of the immunoprecipitated complex that we have loaded
in lanes 2and 3 of Fig. 7 are the same during SDS-PAGE electrophoresis.
A comparison of the band intensities of CFTR bands in lanes 2 and 3
suggests that the NHERF-ezFERM complex can bind more CFTR in
BHK cells. Thus, Fig. 7 shows that in vivo study also indicates that
NHERF-ezFERM has an increase binding affinity to CFTR. However, we
believe that the biophysical methods we reported in this study are more
rigorous to determine the binding affinity and stoichiometry of the
complexes than immunoprecipitation experiments (52).

Binding of C-CF1R to the First PDZ Domain of NHERF Decreases the
Binding Affinity of the Carboxyl Terminus of NHERF to the FERM
Domain of Ezrin—SPR was used to analyze the binding of the FERM
domain of ezrin to the C-CFTR-NHERF complex. After incubation
of equimolar C-CFTR and NHERF, the binary complex was sepa-
rated by gel filtration. The C-CFTR-NHERF binary complex at vari-
ous concentrations was injected over an ezFERM domain-coated
SPR sensor chip. The results, shown in Fig. 8, suggest that the bind-
ing between the FERM domain of ezrin and the binary complex
C-CFTR-NHERF is monovalent with a dissociation constant K, =
125 nM (also listed in TABLE TWO), which is over 6-fold higher than
that of ezZFERM to NHERF binding (K, = 19 nmM) without the pres-
ence of C-CFTR. The NHERF in the C-CFTR-NHERF complex thus
has an obviously lower binding affinity for e2ZFERM than NHERF
alone.

The Three-dimensional Architecture of the (C-CFTR)»NHERF-ezFERM
Ternary Complex—We then determined the low resolution structure of
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FIGURE 9. Solution SAXS analysis of the C-CFTR-NHERF-ezFERM ternary complex. A, scattering profile of the ternary complex (C-CFTR),‘NHERF-ezFERM at 1.6 mg/ml. The lines are
ab initio fits with x> = 1.5. The inset is the Guinier plot data. The lines are the linear fittings to the Guinier plots (in the QR4 = 1 region) to obtain the radii of gyration. B, P(r) functions
of the (C-CFTR),"NHERF-ezFERM ternary complex. C, the molecular envelope of the (CFTR)2:NHERF-ezFERM ternary complex reconstructed from SAXS. 1, side view; 2, a looking-down
view; 3, alooking-up view, opposite to that shown in 2. The available crystal structures of the FERM domain of ezrin (Protein Data Bank Code: 1NI2.pdb) and the PDZ1 domain of NHERF
(Protein Data Bank Code: 1G90.pdb) are docked to the reconstructed envelope. The graphics are generated using VMD (65).

the 2:1:1 (C-CFTR),NHERF-ezZFERM ternary complex by SAXS. The DISCUSSION

SAXS-measured complex has a radius of gyration R, = 62.2 A (Fig. 94,

. P & & ( s In this study, we have demonstrated that binding of the FERM

inset). The complex adopts an elongated conformation with the maximum o of e y i ] ¢ onificant]

dimension D, = 200 A for the 2:1:1 complex (see Fig. 9B). The overall domain of ezrin at the carboxyl terminus of NHERF significantly
increases the binding affinity of the NHERF PDZ2 domain for the

three-dimensional molecular envelope of the ternary complex recon- i ‘
structed from SAXS is shown in Fig. 9C. In Fig. 9C, we can identify the two carboxyl terminus of CFTR. Our results thus suggest that ezrin can
positively regulate the cooperative binding of NHERF to C-CFTR.

lobes representing the two C-CFTR molecules being anchored to the PDZ1

and PDZ2 domains of NHERF. At the other end of the envelope of the #As a T esult of ezrin binding, a specific ternary complex

ternary complex, the triangular shape representing e2zFERM can be identi- (C-CFTR),NHERF-ezFERM of 2:1:1 stoichiometry is formed, in which

fied. Fig, 9C shows that the distance between the two C-CFTR lobes is ~70  two C-CFTR molecules are anchored to NHERF. The immunoprecipi-
tation and immunoblotting experiments demonstrate the specific inter-

A (shown in Fig. 9C), a value that is close to the reported diameter of ~66 A
of a CFTR dimer channel from a freeze-fracture electron microscopy  actions of NHERF with the full-length CFTR and with ezrin in vivo.
study (53). An organized actin cytoskeleton network is believed to be required
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FIGURE 10. A model to show the regulation of
NHERF by ezrin which changes the stoichiome-
try of NHERF to CFTR binding. TMD, transmem-
brane domain; NBD, the nucleotide-binding
domain; R, the regulatory domain. After ezrin
binds to the carboxyl terminus of NHERF, the PDZ2
domain is activated to bind to C-CFTR. As a result,
NHERF brings two CFTR cytoplasmic tails into
proximity to each other. The schematic also shows
that the carboxyl terminus of ezrin binds to the
filamentous actin.
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for the cAMP-dependent activation of CFTR channels (54). The specific
(CFTR),"NHERF-ezrin interaction provides a pathway to transmit sig-
nals from the cytoskeleton actin network to regulate CFTR activities.
Ezrin is a cytoskeleton actin linker protein. When the intact ezrin is in
the inactive state, the amino-terminal FERM domain self-associates
with the last 30 amino acid residues of ezrin carboxyl terminus (34).
Ezrin is considered to be activated upon phosphorylation at Tyr-145,
Tyr-353, and/or Thr-567 (55-57) and by phospholipid binding (31).
The activated ezrin releases its own carboxyl terminus from the FERM
domain. The exposed FERM domain can then bind to the carboxyl
terminus of NHERF (37), whereas the carboxyl terminus of an activated
ezrin can bind to actin filaments (31). Thus, we propose a model of
sequential protein-protein interaction events, consisting of initial ezrin
activation (Fig. 10), followed by ezrin to NHERF binding. The subse-
quent activation of PDZ2 enables NHERF to bring two CFTR carboxyl
termini into proximity to each other, and as a result, to generate a more
active CFTR channel. Consequently, the regulatory signals can be trans-
mitted from the cytoskeletal actin network. Other members in ERM
family might also adopt this mechanism to interact with NHERF in
transmitting the regulatory signal from the cytoskeletal network to reg-
ulate transmembrane proteins.

In Fig. 8, we have also shown that the presence of C-CFTR in the
PDZ1 domain of NHERF reduces the affinity of the NHERF carboxyl
terminus for ezFERM by ~6-fold. The reduction in binding affinity
suggests that binding of C-CFTR to the PDZ1 domain of NHERF can
negatively regulate the interaction of NHERF with ezFERM. The nega-
tive cooperativity implies that the (CFTR),"NHERF-ezFERM assembly
may not play a significant role in transmitting signal from CFTR to the
actin cytoskeletal network. Rather, the transmission of signal is unidi-
rectional. That is, the signal is transmitted from the actin cytoskeletal
network to ezrin and then to the CFTR channel. Alternatively, this
weakened NHERF-ezrin interaction, due to the binding of CFTR to the
PDZ1 domain of NHEREF, can also serve as a feedback loop to weaken
the interaction of the PDZ2 domain with CFTR, by uncoupling ezrin
binding to NHERF. As a result, the stimulation of CFTR channel due to
the activation of NHERF by ezrin is weakened. Nevertheless, the overall
2:1:1 complex (C-CFTR),"NHERF-ezFERM is stable, which may indi-
cate that the binding of C-CFTR to the PDZ2 domain of NHERF stabi-
lizes the interaction between the NHERF carboxyl terminus and ezrin.

Our findings have broad implications, because the ezrin-modulated
NHEREF binding stoichiometry changes may also affect the specificity of
NHEREF binding to other NHERF target proteins that contain the PDZ
domain binding motifs. For example, regulation of the activity of the
transmembrane transporter Na™/H"* exchanger 3 (NHE3), of which
NHEREF is an essential cofactor, also requires ezrin and/or an intact
cytoskeletal actin network for optimal function (33, 58). The target pro-
teins may also include the platelet-derived growth factor receptor (8),
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B,-adrenergic receptor (3), CIC-3B channel (59), Na*/H™" exchanger 3
(NHE3) (60), PTH1 receptor (61), Yes-associated protein 65 (62), phos-
pholipase C-f3; (63), and NHERF phosphorylation kinase GRK6A (64).
Ezrin may participate directly in regulating the activities of these target
proteins by modulating the stoichiometry of their interactions with
NHERF. The formation of these multiprotein complexes can influence
the spatial arrangements of numerous receptors and channels.

To summarize, our results reveal that ezrin is a regulator that can
positively control the cooperative binding of NHERF with the cytoplas-
mic domains of CFTR, thus modulating the stoichiometry of C-CFTR to
NHEREF interaction. In Fig. 10, we have proposed a model to show the
assembly of a CFTR macromolecular complex that is regulated by
NHERF whose binding stoichiometry to CFTR is in turn modulated by
ezrin. This model is supported by our small angle x-ray scattering study
of the three-dimensional architecture of the C-CFTR-NHERF-ezZFERM
ternary complex (see Fig. 9C). Due to the abundant distribution of
NHERF and ezrin in polarized epithelial cells, the same mechanisms can
be employed to regulate the activities of other membrane channels and
receptors by the membrane cytoskeleton.
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