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ABSTRACT: The plasma membrane—cytoskeleton interface is a dynamic structure involved in a variety of
cellular events. Ezrin, a protein from the ERM family, provides a direct linkage between the cytoskeleton and
the membrane via its interaction with phosphatidylinositol 4,5-bisphosphate (PIP,). In this paper, we investi-
gate the interaction between PIP, and ezrin in vitro using PIP, dispersed in a unimolecular way in buffer. We
compared the results obtained with full-length ezrin to those obtained with an ezrin mutant, which was
previously found not to be localized at the cell membrane, and with the N-terminal membrane binding domain
(FERM domain) of ezrin. We show that PIP, induced a conformational change in full-length ezrin. PIP, was
also found to induce, in vitro, the formation of oligomers of wild-type ezrin, but not of mutant ezrin. These
oligomers had previously been observed in vivo, but their role is yet to be clarified. Our finding hints at a
possible role for PIP, in the formation of ezrin oligomers.

Phosphoinositides make up a particular class of lipids present
in cell membranes, which have very important physiological
roles (/). Their structures share a common inositol ring bearing
one, two, or three phosphate groups, and their glycerol moieties
link both a saturated and an unsaturated alkyl chain. Phospha-
tidylinositol (4, 5) bisphosphate [PI(4,5)P, or PIP,]' is the most
abundant phosphoinositide at the plasma membrane and has the
ability to interact with a wide range of proteins (2—4). It is now
well documented that PIP, regulates cytoskeleton—plasma mem-
brane interactions, membrane trafficking, exocytosis, endocyto-
sis, and the activation of enzymes (2, 5—7). While it is mostly
located at the inner leaflet of the plasma membrane, PIP, is also
present in the nucleus (8).

Of the proteins involved in the linkage between components of
the cytoskeleton and the plasma membrane, the proteins of the
ezrin, radixin, moesin (ERM) family are recognized as being
important regulators in the connection between membrane
proteins and the cytoskeleton (9—117). ERM proteins are organized
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in three distinct domains: (i) the N-terminal membrane-binding
domain, which is shared by the ERM proteins and by protein 4.1
and is termed the FERM domain (9), (i) an o-helical domain,
and (iii) the C-terminal actin-binding domain. Ezrin, one member
of this family, is largely found in intestinal microvilli and in
filopodia (12).

Within the cell, ezrin can exist in two different states, either
dormant or inactive, when the N- and C-terminal domains are
tightly associated, thereby masking the F-actin and membrane
binding sites (via intra- or intermolecular association) (13), or
open, i.e., active, when the N-terminus is accessible for membrane
binding and the C-terminus is accessible for actin binding. The
activation of ezrin requires separation of the N- and C-terminal
domains, a process that is dependent on binding with PIP, at the
membrane (9, 14). It is followed by phosphorylation of the
threonine 567 residue in the C-terminal domain, resulting in a
conformational change in the protein and its subsequent binding
to F-actin (14, 15). The FERM domain consists of three lobes
(F1, F2, and F3). Experimental evidence showing that the lysine
pairs located in subdomains F1 and F3 of the ezrin FERM
domain play an important role in the binding of ezrin to multi-
lamellar vesicles containing PIP, has been obtained (/4). In
addition, the crystal structure of the radixin FERM domain
complexed with 1P, the polar head of PIP, (/6), suggests the
presence of a basic cleft located between subdomains F1 and F3.
Both sites are likely to contribute to the binding of the FERM
domain to PIP,.

Ezrin in vivo is found mostly as monomers but also exists as
oligomers (/7). The formation of ezrin oligomers has been the
subject of only a few in vivo and in vitro studies. Ezrin purified
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from placenta is known to exist both as a monomer and as a
dimer (/8), and oligomers are major cytoskeletal components of
placental microvilli (/7). Stimulation of human A431 cancer cells
with epidermal growth factor induces the rapid formation of
oligomers in vivo (/4). The role of the phosphorylation of T567
(mimicked by the T567D mutant) was investigated and is thought
to regulate the transition from membrane-bound oligomers to
active monomers (/9), suggesting that the active ezrin linker is a
monomer. In addition, in gastric parietal cells, the oligomers are
thought to be the membrane-bound dormant form of ezrin (20).
In vitro experiments evidenced that the T567D mutation has a
minor effect on the biochemical activation of ezrin and that the
coiled-coil region does not drive dimer formation (21). However,
the roles of ezrin oligomers are yet to be clarified. Moreover, until
now, the role of PIP, in the formation and stabilization of ezrin
oligomers has never been investigated.

A survey of the literature shows that interactions of proteins
with PIP, were studied in vitro using either PIP, inserted into
biomimetic membranes such as large unilamellar vesicles (PIP,
LUVs) (22, 23), giant unilamellar vesicles (PIP, GUVs) (24, 25)
and supported bilayers (26, 27), or PIP, directly introduced into
solution (28—30). In our study, we investigated the interactions of
full-length ezrin and of the ezrin FERM domain with PIP,, which
was directly introduced into solution without any other lipids.
We also compare data obtained with wild-type ezrin and with an
ezrin mutant.

This paper is organized as follows. Using a combination of
fluorescence spectroscopy, isothermal titration calorimetry, and
proteolysis experiments, we will first show that a conformational
change in ezrin is induced by the interaction of ezrin with the
entire PIP, molecule, while no conformational change is detected
if PIP, interacts solely with the FERM domain. Such conforma-
tional change does not occur when only the polar headgroup of
the PIP, molecule (IPs) is present, or when the length of the acyl
chains of synthetic PIP, analogues is too short. We found that
PIP, interacts with the FERM domain but does not induce a
substantial conformational change in the FERM domain. In
addition, we will provide experimental evidence that PIP, induces
the formation of multimers of wild-type ezrin, which represent a
small but non-negligible fraction of the total protein. We will also
compare the experimental data obtained with wild-type ezrin to
those obtained with an ezrin mutant, which had previously been
shown not to be localized at the cell plasma membrane. We will
discuss our results in terms of the possible sites of interaction of
PIP, with ezrin.

EXPERIMENTAL PROCEDURES

Materials. The sodium salt of L-o-phosphatidylinositol (4, 5)
bisphosphate (PIP,) was purchased from Lipid Products (Surrey,
Great Britain). PIP, is extracted from a natural source and thus
contains both unsaturated and saturated acyl chains. Synthetic
PIP, analogue molecules with various alkyl chain lengths (C16,
C8, and C4), and the polar head of PIP,, inositol triphosphate
(IP3), were purchased from Echelon Bioscience. Monoclonal
antibodies (IgG,g) against PIP, were purchased from Assay
Designs (Ann Arbor, MI). Dimethyl sulfoxide (DMSO), dithio-
threitol (DTT), and sodium dodecyl sulfate (SDS) were purchased
from Sigma (St. Louis, MO). 1-Palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine (POPC) was obtained from Avanti Polar
Lipids (Alabaster, AL). Ezrin (wild type and mutant) was kept
at 4 °C in a buffer containing 70 mM NaCl and 25 mM 2-
(N-morpholino)ethanesulfonic acid (MES) at pH 6.2 (MES-NaCl
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buffer). For the experiments, the buffer was brought to pH 7.4
with 30 mM Tris (MES-Tris-NaCl buffer containing 0.5 mM
EGTA, hereafter called ezrin buffer). The FERM domain was
kept at 4 °C in a buffer containing 20 mM Tris at pH 7.4

Ezrin Production and Purification. The expression and
purification of wild-type (WT) ezrin and of the ezrin FERM
domain (residues 1—333) cloned in the pGEX 2-T vector have
already been described (37). The expression of a full-length ezrin
mutant possessing six lysine residue mutations (K63N, K64N,
K253N, K254N, K262N, and K263N) introduced into the
pGEX-2T vector has also been described previously (/4). This
6N ezrin mutant was found not to interact with large unilamellar
vesicles made of a mixture of POPC and PIP, (PIP, LUVs)
(ST Figure 1 of the Supporting Information) and not to be
localized at the membrane of epithelial cells (/4). Both wild-type
ezrin and the ezrin mutant were obtained using the same
purification procedure. Of note, the ezrin 6N mutant had been
designed on the basis of the analysis of the primary structure of
ezrin prior to the determination of the structure of the radixin
FERM domain by Hamada et al. (/6). The structural data
provided by Hamada et al. evidenced the presence of a binding
site for IP5 (the headgroup of PIP,) located between lobes F1 and
F3, which contains a “basic cleft” (K278, R273, R275, and
R279). These four residues differ from the residues mutated by
Barret et al. (14).

Intrinsic Fluorescence of Tryptophan. The intrinsic fluo-
rescence of the tryptophan residues in full-length ezrin and in the
FERM domain was measured using a fluorescence spectrometer
(Series 2 luminescence spectrometer, SLM-Aminco Inc., North-
ampton, MA). The excitation wavelength was set at 292 +
2.5 nm, and the emission was acquired over 300—400 nm. The
ezrin (wild type and mutant) concentration was fixed at 1 uM and
the FERM domain concentration at 7.5 uM. Experiments were
performed at least four times on two independent protein
preparations.

Chemical Cross-Linking with DSP. To cross-link ezrin,
dithiobis(succinimidyl propionate) (DSP) (Pierce Chemical Co.,
Rockford, IL), a homobifunctional thiol-cleavable cross-linker,
was used as previously described (18). Aliquots (30 L) from each
sample were incubated for 15 min at room temperature in
dimethylformamide into which DSP was dissolved at a concen-
tration of 4 mM. The reactions were stopped when the mixtures
were boiled in Laemmli sample buffer under nonreducing con-
ditions. In all experiments, the final concentration of dimethyl-
formamide was less than 5%.

Western Blot. Ezrin was put into contact with PIP, in
solution. The concentration of ezrin was fixed at 4 uM, and the
concentration of PIP, varied between 0 and 30 uM. After a
15 min incubation of ezrin with PIP; in solution, 20 uL of these
samples was analyzed on a 10% SDS—PAGE gel and then
transferred to an Immobilon-P transfer membrane (Millipore,
Molsheim, France) using a semidry electroblotter (Integrated
Separation Systems, Hyde Park, MA). The blots were blocked
with 5% nonfat dry milk and probed directly with an anti-NTER
antibody (custom-made gift from C. Roy) and a peroxidase-
conjugated anti-PIP, (Assay Designs). All blots were developed
by enhanced chemiluminescence. In some experiments, the blots
were stripped according to the manufacturer’s instructions and
then reprobed with other reagents.

Proteolysis. Ezrin at 4 uM was incubated at room tempera-
ture in the presence of 0.14 uM chymotrypsin (Boehringer,
Mannheim, Germany) in a buffer containing 20 mM Tris-HCI
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(pH 7.4), 0.1 mM EDTA, and 15 mM mercaptoethanol (final
volume of 30 #L), in the presence or absence of PIP,. The reaction
was stopped by addition of 1 mM phenylmethanesulfonyl
fluoride. Fractions were analyzed by gel electrophoresis, blotting,
and reaction with a polyclonal antibody raised against the
purified recombinant N-terminal domain of ezrin as previously
described (32).

Isothermal Titration Calorimetry (ITC). The sample cell
was loaded with ~1.4 mL of ezrin at 5 uM or the FERM domain
at 4 uM. The reference cell contained the ezrin buffer. Titrations
were conducted using a 400 uL syringe filled with a PIP, solution
at 90 uM in ezrin buffer while the contents were stirred at
300 rpm. Injections were started after the baseline stability had
been achieved. A titration experiment consisted of 28 consecutive
injections of 10 uL for a duration of 20 s at 5 min intervals. To
correct for the heat effects of the PIP, solution, control experi-
ments were performed by injection of PIP, into the ezrin buffer.
The heat released by dilution of the PIP, in the cell was negligible.
The resulting data were fitted to a one-binding site model using
MicroCal ORIGIN software supplied with the instrument. The
standard molar enthalpy change for binding (AH) and the
binding constant (K') were determined. The standard molar free
energy change (AG) and the standard molar entropy change (AS)
for the binding reaction were calculated by the fundamental
equations of thermodynamics:

AG = —RTInK

_AH-AG

AS
T

Three independent titrations on two different ezrin and FERM
domain batches were performed.

Light Scattering. Light scattering measurements were taken
on a standard setup. The sample was placed at the center of a
thermostated AMTEC goniometer and was illuminated with an
argon ion laser (514.5 nm). A Brookhaven BI9400 correlator was
used to calculate the normalized time autocorrelation function of
the scattered intensity. The scattering angle varied between 50°
and 110°. The size distribution of the scatterers was determined
by fitting the time correlation function using the non-negative
least-squares (NNLS) method. The ezrin concentration was fixed
at 12.5 uM. The PIP, concentrations varied between 0 and
40 uM. Before the measurement, the solutions were filtered
through a polycarbonate membrane with a pore size of 0.22 um.
The duration of one measurement at one given scattering angle
was ~20 min.

RESULTS

We investigated ezrin—PIP, interactions when the PIP, con-
centration in buffer varied from 0 to 40 uM. Because PIP,
molecules are believed to self-assemble in micelles at concentra-
tions larger than a critical micellar concentration (cmc), we first
verified the state of PIP, molecules in the ezrin buffer. In the
literature, the cmc of PIP, in several low-ionic strength buffers
has been evaluated using different techniques. Values for the cmc
ranged between 10 and 60 uM (30, 33). Results obtained via static
and dynamic light scattering under our experimental conditions
(ezrin buffer containing 70 mM NaCl) indicated that no micelle
was present (SI Figure 2 of the Supporting Information) and thus
that the PIP, was dispersed in a unimolecular fashion.

Interaction of PIP, with Full-Length Ezrin and with the
FERM Domain. Isothermal titration calorimetry (ITC) was
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used to investigate the interactions between PIP, and full-length
ezrin and between PIP, and the FERM domain of ezrin. Figure 1
shows the heat exchange measured for each injection of PIP, into
the ITC sample cell containing a solution of ezrin (Figure 1A) and
a solution of FERM domain (Figure 1B). The binding curves
obtained from a plot of the heats (from each injection) against the
molar ratio of PIP; to ezrin (and of PIP, to the FERM domain)
are shown in panels C and D of Figure 1, respectively. They
confirm that the PIP, molecules interact with both full-length
ezrin and the FERM domain. The experiments demonstrate,
however, very distinct behaviors of the two species. The interac-
tion of PIP, with full-length ezrin was endothermic (Figure 1C),
while the interaction with the FERM domain was exothermic
(Figure 1D). We measured a AH of 12 &+ 4 kJ/mol for ezrin and a
AH of —6 £ 2 kJ/mol for the FERM domain [these values
correspond to three independent measurements (mean + stan-
dard deviation) performed on two different protein batches]. The
entropic contribution was favorable in both cases, as TAS
was positive: TAS = 48 £ 8 kJ/mol for ezrin, and TAS =30 £
3 kJ/mol for the FERM domain. Interestingly, the free energies
(AG = AH — TAS) of the interaction are on the same order
of magnitude for ezrin and the FERM domain. We find AG =
—36 £+ 12 kJ/mol for ezrin and AG = —36 £ 5 kJ/mol for the
FERM domain. Interestingly, the dissociation constants (Ky =
1/K) are therefore on the same order of magnitude for full-length
ezrin and for the FERM domain, ~0.4—0.6 «M. Additional
experiments (intrinsic fluorescence spectroscopy and mild
proteolysis) were performed to elucidate further the contrasted
behavior of full-length ezrin and the FERM domain despite
similar affinities with PIP,.

PIP; Induced a Conformational Change in Full-Length
Ezrin. We show in Figure 2A the evolution of the fluorescence
emission spectra of wild-type ezrin upon addition of PIP, at
increasing concentrations. In these experiments, the protein
concentration was fixed at 1 uM and the PIP, concentration
varied between 0 and 40 uM. We observed that the fluorescence
intensity strongly decreased when the PIP, concentration
increased, while the position of the peak of fluorescence intensity
(at ~336 nm) did not vary significantly. In Figure 2B, the
percentage of the decrease in fluorescence (taken at the peak of
the fluorescence signal), also called quenching, is plotted as a
function of the PIP, concentration. A hyperbola-like increase in
quenching was measured, with a maximum quenching of 54 +
8%. For comparison, we also measured the quenching for the
interaction of ezrin with different synthetic derivatives of PIP,
with various alkyl chain lengths of 16, 8, and 4 carbons (called
C16-PIP,, C8-PIP,, and C4-PIP,, respectively). The effects of
IP5, the polar headgroup of PIP,, an inert lipid, POPC, and a
standard surfactant, SDS, were also measured. Figure 1C dis-
plays the quenching of these different compounds when their
concentration is 40 uM, which corresponds to the plateau value.
Interestingly, while the decrease in fluorescence reached 54 £ 8%
for native PIP,, the maximum quenching was approximately half
of this value for C16-PIP,. The C8-PIP, was slightly above
the noise, which was estimated to be ~10%. Values for PIP,
analogues with shorter chains as well as for IP;, POPC, and SDS
were within the noise value. Thus, the effect of PIP, was
significantly more pronounced than the effect of all the other
species.

Measurements were also performed with the ezrin 6N mutant
that contains six mutations of lysine residues, all located in the
FERM domain (K63N, K64N, K253N, K254N, K262N, and
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FIGURE 1: Isothermal titration calorimetry experiments of the interaction of ezrin (A and C) and the FERM domain (B and D) with native PIP,.
Raw data for sequential 10 L injections of 90 uM PIP, into a solution of ezrin at 5 uM (A) and of the FERM domain at 4 uM (B). Titration curves,
heat observed on each injection vs the molar ratio of PIP; to ezrin (C) and PIP, to the FERM domain (D). Data were fitted to a one-binding site
model. Symbols are experimental data, and lines represent the best fit. The interaction with PIP, was exothermic for ezrin and endothermic for the

FERM domain.

K263N) (14). A significant quenching, comparable to that
measured for wild-type ezrin, was also measured (Figure 2B,D).
However, a major difference is that the binding curve of PIP, with
WT ezrin follows a hyperbolic trend, which is typical of specific
interactions, whereas that of PIP, with the ezrin 6N mutant
cannot be fitted by a hyperbolic function. Instead, the quenching
appears roughly proportional to the concentration of PIP,. This
type of binding curve is typical for nonspecific interactions. This
result will be discussed in the next section.

As the quenching observed here for full-length ezrin is not
associated with a change in the maximum of the emission
spectrum and to rule out the possibility that the simple binding
of PIP, may change the tryptophan fluorescence intensity, we
also measured the intrinsic fluorescence of the FERM domain in
the presence of PIP,. The quenching of FERM as a function of
PIP, concentration is shown together with the data for full-length
ezrin in Figure 2B. Although the shapes of the curves are similar
in the two cases, the absolute values of the quenching are much
weaker for the FERM domain. We indeed measured a much
lower maximum quenching for the FERM domain (21 + 3%)
than for full-length ezrin (54 &+ 8%) (Figure 2B,C). This suggests
that the trend observed for the intrinsic fluorescence of full-length
ezrin is not uniquely due to a change in tryptophan fluorescence
upon binding of PIP, to the FERM domain. Instead, it may be
ascribed to a conformational change in ezrin.

To confirm the effect of PIP, on the conformation of ezrin, we
verified the sensitivity of ezrin to mild proteolysis using chymo-
trypsin (/4). Figure 3A follows the degradation of ezrin over
90 min after the addition of the enzyme. This was compared with
experiments in which PIP, was introduced 5 min after the enzyme
(Figure 3B). Chymotrypsin was found to degrade ezrin in
~90 min (Figure 3A). However, the presence of PIP, added at
early times noticeably increased the level of ezrin proteolysis.
Indeed, after only 5 min, major degradation products of ezrin
with a molecular mass of <24 kDa were visible (Figure 3B). The
enhanced sensitivity of ezrin to proteolysis in the presence of PIP,
is in agreement with a PIP,-induced conformational change of
the ezrin that will render the whole protein more accessible to the
enzyme. This result is in agreement with the intrinsic fluorescence
spectroscopy measurements. Similarly, the degradation of the
FERM domain [band visible at ~35 kDa (/4)] was enhanced in
the presence of PIP,: intact FERM was still present after
incubation for more than 90 min with chymotrypsin, whereas
the degradation of the FERM domain was completed after less
than 60 min in the presence of PIP,.

PIP; Induced the Formation of Ezrin Multimers. The size
of ezrin in solution was investigated by dynamic light scattering
measurements. We show in Figure 4A the correlation function
for ezrin in buffer, which can be well fitted with a decaying
monoexponential functional form, with a unique characteristic
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FIGURE 2: (A) Emission fluorescence spectra of wild-type ezrin
(1 uM) in the presence of native PIP; in solution (from 0 to 40 uM)
as indicated in the legend. (B) Relative decrease in the maximum
fluorescence emission, as a function of PIP, concentration, as
deduced from the spectra shown in panel A for wild-type ezrin (@)
and for the ezrin FERM domain (O). The data for the ezrin 6N
mutant are also plotted (M). Data are means = the standard deviation
of three independent experiments performed on one protein batch.
For wild-type ezrin and FERM domain data, the lines are hyperbolic
fits of the experimental results, and for ezrin 6N mutant data, the line
is a linear fit of the experimental results. (C) Maximum quenching for
wild-type ezrin in the presence of native PIP,, synthetic PIP, ana-
logues with different acyl chain lengths (16, 8, and 4), IPs, the polar
head of PIP,, POPC, and SDS. (D) Maximum quenching measured
for WT ezrin as compared to the FERM domain (ezrin 1 —333) and to
the ezrin 6N mutant in the presence of native PIP,. In this latter case,
the value of quenching at 40% PIP, was plotted as no plateau was
observed. Data are means =+ the standard deviation four independent
experiments performed on two different protein batches.

time, 7. We measured that 7 is inversely proportional to wave
vector ¢ (SI Figure 3 of the Supporting Information). From the
slope, we derived the hydrodynamic diameter, Dy, of the
scattering object. We found Dy = 8.0 & 0.2 nm, in good agree-
ment with previous estimates of the ezrin diameter determined by
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gel filtration (27) and by fluorescence correlation spectros-
copy (34). In the presence of PIP,, the overall decrease in the
correlation function slowed and the data could no longer be fitted
with a simple exponential form (Figure 4A). This indicates the
presence of more than one characteristic time, hence of more than
one species in solution. Panels B and C of Figure 4 show the size
distribution in intensity extracted from the correlation functions
for ezrin alone (Figure 4B) and for ezrin interacting with PIP,
(Figure 4C). With or without PIP,, a peak around 6—12 nm was
systematically identified, which corresponds to ezrin in the
monomeric form. In the presence of PIP,, a bimodial distribution
is measured: larger species, whose average sizes range from ~20
nm for a PIP, concentration of 5 uM to ~30 nm for a PIP,
concentration of 40 uM, coexist with monomeric ezrin. The
diameter of the different species in solution is represented as a
function of the PIP, concentration in Figure 4D. We further
verified that the PIP, alone in solution did not give any measur-
able correlation functions (data not shown) over the whole range
of PIP, concentrations investigated. The larger species can thus
be identified as ezrin oligomers.

We performed Western blot assays to confirm that PIP,
induced the formation of ezrin oligomers. For comparison, we
also investigated the behavior of the ezrin 6N mutant. We
employed a protocol already established by Bretscher (18), which
makes use of a homobifunctional reagent, DSP, to chemically
cross-link ezrin multimers. Solutions of wild-type ezrin or the
ezrin 6N mutant in the interaction with PIP, were analyzed by
Western blotting using either an antibody raised against the
N-terminal domain of ezrin (Figure 5A,C) or anti-PIP, anti-
bodies (Figure 5B,D). Under control conditions (no PIP, in
solution), only ezrin monomers were present as just a single band
was detected (Figure SA, left band). Interestingly, an intense
band corresponding to a higher molecular mass was detected in
the presence of PIP,, when the anti-N-terminal antibody was
used. This band may be attributed to a dimer of ezrin as its
molecular mass is ~120 kDa. The formation of ezrin oligomers
was better visualized when the cross-linker DSP was used. As
shown by the broad bands in panels A and B of Figure 5, ezrin
oligomers with higher molecular masses were formed (~180—
220 kDa) that also contained PIP,. This qualitatively proved that
PIP, was irreversibly linked to ezrin oligomers.

For the ezrin 6N mutant, the Western blot confirmed that PIP,
interacts with the mutant, as PIP, was immunodetected at a
molecular mass equal to that of ezrin (Figure SD). However, very
interestingly, only ezrin monomers were formed as a single band
was detected with the anti-N-terminal antibody (Figure 5C). This
demonstrates the crucial role of the mutated amino acids in the
formation of ezrin oligomers.

DISCUSSION

Interaction of PIP> with Full-Length Ezrin and with the
FERM Domain. Binding affinities of full-length ezrin and of
the FERM domain of ezrin were determined using ITC. Similar
values for the dissociation constant, Ky, between 0.4 and 0.6 uM,
were measured for the two species. It is, to the best of our
knowledge, the first experimental determination of the affinity
between PIP, and the FERM domain. Similar values for the
FERM domain and ezrin could be expected because PIP,
interacts solely with the FERM domain. However, similar values
for the FERM domain and ezrin show also that the interactions
between PIP, and the FERM domain are not hindered in full-
length ezrin. This is a new and valuable piece of information.
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the presence of PIP,, indicating the presence of species larger than ezrin monomers. Size distribution of the species in solution, for ezrin alone (B)
and for ezrin with PIP, at a concentration of 5 uM (C), as deduced from the correlation functions using the NNLS method. In the absence of PIP,,
one species (ezrin monomer, diameter of ~8 nm) was detected, whereas two species were detected (ezrin monomer and ezrin oligomers) in the
presence of PIP,. (D) Diameters of the different species in solution as a function of PIP, concentration. White circles correspond to ezrin
monomers and black circles to ezrin oligomers. Errors bars correspond to the width of the size distribution like those shown in panels B and C.

We note, moreover, that the measured dissociation constants consistent with the fact that acyl chains of PIP, may play a role in
were ~1 order of magnitude smaller than those measured the interaction with ezrin as seen in the intrinsic fluorescence of
previously between full-length ezrin and PIP, LUVs (34). Inter- ezrin interacting with PIP, acyl chain analogues.

actions between ezrin and PIP, in solution thus appear to be Conformational Changes in Ezrin. Several experiments

slightly stronger than those between ezrin and PIP, LUVs. This is were performed to investigate the possible conformational
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FIGURE 5: Western blot of ezrin (A and B) and the ezrin 6N mutant (C and D) in the presence or absence of PIP, and in the presence or absence of
DSP as a cross-linker. (A) Ezrin immunolabeling with antibodies directed against the N-terminal domain shows the presence of species with higher
molecular masses, both with and without the cross-linker. The formation of species with higher molecular masses was dependent on the PIP,
concentration. For the ezrin mutant (C), no large species was present. (B) PIP, immunolabeling with anti-PIP, antibodies revealed that the
interaction between ezrin and PIP, was resistant to denaturation by SDS and PIP, was associated with the high-molecular mass species (B). On
the other hand, PIP, was only detected at the molecular mass of ezrin for the ezrin 6N mutant (D). The dashes indicate the positions in the gel of the

molecular mass markers (80, 116, and 180 kDa).

changes experienced by ezrin molecules upon interaction with
phosphoinositides and to compare the behavior of full-length
ezrin and the FERM domain. Tryptophan fluorescence is
sensitive to the polarity of its environment (35). In general, a
decrease in fluorescence emission indicates that the tryptophans
are in a more polar environment. Ezrin possesses seven trypto-
phan residues; six are located in the FERM domain, and one
is located in the coiled coil. Their precise location is shown in
Figure 6, where the tryptophan residues have been colored blue.
In the dormant state, the C-terminal domain interacts with the
N-terminal domain (Figure 6A). In our experiments, the decrease
in the fluorescence of full-length ezrin upon addition of PIP, and
the fact that the FERM domain was much less sensitive to PIP,
suggest a conformational change in ezrin, with an opening of the
molecule through a disruption of the C-terminal—N-terminal
interaction. This would lead to exposure to a more polar
environment of the six tryptophan residues located in the FERM
domain. Blank measurements performed using POPC and SDS
did not show any quenching and thus demonstrated that a
specific interaction was probed. Data obtained with the polar
head of PIP, and with PIP, analogues with shorter acyl chains
strongly suggested a role for at least one of the two alkyl chains in
the natural PIP, molecule as the quenching was drastically
reduced when the length of the acyl chain diminished.

The structure of the FERM domain (Figure 6B) shows the
presence of a hydrophobic pocket, rich in phenylalanine and
tryptophan residues. On the basis of this structural observation,
differences measured on ezrin for the different PIP, analogues
and for the PIP, headgroup might be related to interactions
of acyl chains with the FERM domain via this hydrophobic
pocket. Interestingly, recent experimental studies also attribute
a role to PIP, acyl chains in the interactions of PIP, with

proteins (36) (37): in particular, data for the interactions between
cofilin and synthetic PIP, analogues also indicated that a minimum
acyl chain length was required for the interaction to occur (36).
Molecular dynamics simulations have also suggested a role for the
acyl chains in gelsolin—PIP; interactions in a model membrane (37).

Full-length ezrin is already known to be sensitive to chymo-
trypsin (/4). The rate of proteolysis is dependent on the con-
formational state (more or less compact) of the protein.
Importantly, the presence of PIP, noticeably enhanced the
sensitivity of ezrin to chymotrypsin, implying a less compact
state of the protein, in agreement with an opening of the protein.
This is effectively what was expected from the analysis of the
structural changes that occur upon activation (/6, 38). Mild
proteolysis experiments indicate also a conformational change in
the FERM domain in the presence of PIP,. This result is
consistent with the quenching data, where a small, as compared
to that measured for ezrin, but noticeable quenching has been
measured in the case of the FERM domain. This may be related
to a slight conformational change in the FERM domain caused
by PIP, binding, as suggested by Hamada et al. (/6), who
determined the structure of the FERM domain of radixin with
IP5, the headgroup of PIP,.

Furthermore, the ITC data are also compatible with an
opening of full-length ezrin upon interaction with native PIP,.
Indeed, our results show that the interaction of PIP, with the
FERM domain is enthalpy-driven, as expected for a charge—
charge interaction between the phospholipid headgroups and the
FERM domain. Conversely, the interaction between PIP, and
ezrin is driven by favorable entropy, dominating an unfavorable
enthalpy contribution. This thermodynamic signature is in
agreement with an increase in flexibility obtained through an
opening of the ezrin molecule.
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FIGURE 6: Three-dimensional visualization of full-length ezrin (derived from the moesin Protein Data Bank entry 211K) and of the ezrin FERM
domain (Protein Data Bank entry 1GC6) by Rasmol. (A) Three-dimensional structure of ezrin. The FERM domain is colored gray, the o-helical
region red, and the C-terminus green. The tryptophan residues are colored blue and the phenylalanine residues yellow. The C-terminal domain is
masking the FERM domain and the tryptophan residues in the FERM domain. (B) Structure of the FERM domain cocrystallized with 1P;
(black). The hydrophobic pocket, indicated by an arrow, is represented by a black ellipse.

Overall, our results thus demonstrated that PIP, interacts with
full-length ezrin and induces a conformational change in the
protein. Tryptophan data suggested on the other hand that
synthetic PIP, analogues with alkyl chains shorter than those
of native PIP, were not able to induce a complete conformational
change in the ezrin.

Comparison between WT Ezrin and the Ezrin 6N Mu-
tant. The quenching data show that PIP, interacted with the 6N
ezrin mutant but in a manner different from that with which it
interacted with WT ezrin. The results suggested the presence of
nonspecific interactions between the mutant and PIP, and of
specific interactions with WT ezrin and PIP,. The very different
interaction observed in the case of the 6N ezrin mutant indicates
that there might be another binding site for PIP,, distinct from
the basic lysine residues identified by Barret et al. (/4). A good
candidate is the basic site proposed by Hamada (/6), who
determined the ezrin FERM domain structure. This basic cleft
contains arginine residues (R273, R275, and R279) and a lysine
residue (K278); all these residues are different from the residues
mutated in this study (see Figure 10 of ref 34 for the visualization

of the residues identified by Hamada and of those identified by
Barret). Our quenching experiments suggest that this interaction
is not specific.

Very interestingly, by determining the structure of full-length
(dormant) moesin, Tesmer and co-workers (39) have shown that
this IP5 binding site is sterically blocked by the linker region in
dormant moesin (Figure 7 of ref 39). Our experiments would
thus suggest that this IP; binding site is unmasked in the 6N
ezrin mutant and that PIP, can interact with the mutant via
this basic cleft. Of note, this 6N mutant can interact non-
specifically with PIP, in solution but cannot interact with PIP,
inserted in the membrane LUVs (SI Figure 1 of the Supporting
Information), which also suggests a role for the flexibility and
exposure of PIP, in the interaction. In other words, the
phosphate groups of PIP, may interact slightly differently
with ezrin or the ezrin mutant when PIP, is constrained by
neighboring lipids.

On the basis of our data, we therefore propose that the lysine
residues located in lobes F1 and F3 (K53, K54, K253, K254,
K263, and K264) are those involved in the specific interaction
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of ezrin with PIP, but that other basic residues located in
the basic cleft can reinforce this interaction in a nonspecific
manner.

Formation of Ezrin Oligomers and Clusters. Western blot
and DLS data showed the formation of ezrin oligomers during
interaction with PIP, in solution. The size of the oligomers
extracted from DLS (diameter between 20 and 30 nm) was
compatible with the molecular mass of the oligomers measured
in the Western blot. Importantly, the Western blots revealed
that the oligomers contained both ezrin and PIP,, which
suggests that the interaction is tight and resists the disruption
by SDS. Very interestingly, similar findings have already been
observed by Nakamura et al. for platelet moesin (40). These
authors observed a shift in moesin from its normal migration
position to slower-migrating species, which was specific to
PIP,. Unfortunately, they did not investigate whether PIP,
was associated with moesin. In addition, previous confocal
observations (43) have shown that the interaction of ezrin with
giant unilamellar vesicles made of a mixture of phospholipids,
cholesterol, and PIP, (PIP, GUVs) led to clusters of PIP, and
ezrin at the membrane of the GUVs. This might be connected
with PIP,-induced ezrin multimer formation in solution. In the
case of the ezrin 6N mutant, although some interaction was
still observed with PIP, in solution, no oligomer formation
was observed. This indicates that the mutated lysine residues in
the FERM domain play a crucial role in the formation of ezrin
oligomers.

Possible Relevance in Vivo. The consequences of the
ezrin—PIP, interactions may be important in vivo. The oligo-
merization of ezrin has been observed in vivo (19, 21), but the role
of PIP, in this interaction has never been investigated more
precisely in vitro. PIP, is indeed of utmost importance for the
localization of ezrin at the plasma membrane. The fact that
PIP, may be primordial for oligomerization highlights the
possible role of ezrin during events related to membrane and
cytoskeletal morphological changes (47). During bleb retrac-
tion, for instance, the membrane needs to constantly follow
the movement of the cytoskeleton as its movement is not
governed by protrusion forces (42). A hypothesis is that ezrin
may create clusters of PIP, within the membrane, which
has already been seen on PIP, GUVs (43), and like in an
the autoamplification loop, PIP, may induce ezrin oligomer-
ization. Such a process would be a very efficient means
of increasing the quantity of ezrin at the membrane—
cytoskeleton activity areas.

CONCLUSIONS

We showed that native PIP, induced a conformational change
in recombinant ezrin and in the FERM domain. By comparing
data obtained with full-length ezrin and with a 6N mutant, we
suggest that different residues located in the FERM domain are
all important in the binding to PIP, and contribute to the specific
and nonspecific interaction of the ezrin with PIP,. Interestingly,
PIP, in solution was able to induce ezrin oligomer formation, a
process that was elucidated here for the first time. This process of
PIP,-induced oligomer formation in vitro may be related to the
formation of oligomers already observed in vivo but whose origin
had until now remained unexplained. The possible role of PIP, in
ezrin oligomers may be important for the effective targeting of
ezrin at the plasma membrane and its subsequent association
with actin filaments during morphogenesis.
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Cosedimentation assay of the ezrin 6N mutant with PIP,
LUVs (SI Figure 1), scattered intensity as measured by light
scattering as a function of the concentration of native PIP, in
ezrin buffer (SI Figure 2), and measurement of the size of ezrin by
dynamic light scattering (SI Figure 3). This material is available
free of charge via the Internet at http://pubs.acs.org.
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