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ABSTRACT: By means of the quartz crystal microbalance (QCM) and scanning force microscopy (SFM),
the adsorption of ezrin, a member of the ezrin/radixin/moesin protein family, onL-R-phosphatidylinositol-
4,5-bisphosphate (PIP2) containing solid-supported membranes was investigated. An increase in the PIP2

content in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membranes resulted in an increased
amount of bound ezrin strongly supporting the crucial role of PIP2 for ezrin recruitment to membranes.
No ezrin adsorption to membranes composed of pure POPC was detected. To characterize the binding
process in more detail, the kinetics and reversibility of ezrin adsorption were investigated by the QCM
technique, showing that the protein remains partly bound after rinsing with pure buffer, which we suspected
to be a result of lateral interactions between the proteins. SFM images revealed the formation of two-
dimensional ezrin clusters on PIP2-doped POPC membranes. Time-elapsed SFM images show that the
growth of protein domains occurs from a few nucleation sites. The QCM data in conjunction with the
results obtained by SFM led us to propose that the binding process of ezrin occurs in a positive cooperative
manner. When lateral interactions of the proteins on the membrane were taken into account, we were
able to simulate the kinetics obtained from time-resolved QCM readouts by employing a model developed
by Minton. On the basis of the kinetic analysis, we were also able to reconstruct the adsorption isotherm.

The plasma membrane-cytoskeleton interface is a dy-
namic structure, participating in a variety of cellular events.
Nevertheless, only a few proteins have been identified that
provide a direct link between components of the cytoskeleton
and the plasma membrane. Among these, the ezrin/radixin/
moesin (ERM)1 family of proteins functions as membrane-
cytoskeleton linkers, thereby determining cell shape and
motility, participating in signal-transduction pathways, and
regulating the connection between membrane proteins and
the cytoskeleton (1-4). Characteristically, proteins of the
ERM family are organized in two distinct domains, called
N-terminal ERM association domain (N-ERMAD) and

C-terminal ERM association domain (C-ERMAD). The
C-terminal domain of ERM proteins harbors a F-actin-
binding site consisting of 34 amino acids, which are highly
conserved in the protein family (5), whereas the N-terminal
domain mediates the binding to membrane proteins and
lipids.

Ezrin, a member of the ERM protein family, was first
isolated and purified as a cytoskeletal component of intestinal
microvilli (6). It consists of the N-ERMAD, followed by a
predictedR-helical region, which is thought to have a high
potential to form coiled-coil structures, and terminates in the
C-ERMAD (7). The binding of ezrin to membrane proteins
occurs in either an indirect manner mediated by scaffolding
proteins such as ERM-binding phosphoprotein 50 (EBP50)
(8) or directly as observed for the receptor for hyaluronate,
CD44 (9-11), and for intercellular adhesion molecule-2
(ICAM-2) (10, 12). Moreover, a direct interaction of ezrin
with lipid bilayers containingL-R-phosphatidylinositol-4,5-
bisphosphate (PIP2) has been reported (13-15), and the
presence of PIP2 seems to facilitate the binding of ezrin to
membrane proteins (14, 16). Although not very abundant in
membranes, PIP2 fulfils important roles in regulating mem-
brane trafficking, membrane-cytoskeleton linkage, and
several cell-signaling events (17-20). In general, the binding
of PIP2 to proteins is mediated by certain domains, of which
the pleckstrin homology (PH), the epsin N-terminal homol-
ogy (ENTH), and the 4.1 and ERM (FERM) domains are
the best characterized ones (20). Ezrin contains a binding
site for PIP2 that is localized in its N-terminal domain. It
has been shown that the association of ezrin with PIP2-
containing vesicles can be almost completely abolished by
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mutagenesis of the PIP2-binding motifs (21). Furthermore,
under physiological conditions, ezrin discriminates between
PIP2, phosphatidylinositol-4-monophosphate, phosphatidyli-
nositol, and phosphatidylserine (13). In light of these
findings, PIP2 emerges as a determinant for the conforma-
tional activation process of ezrin (15). In monomeric ezrin,
N-ERMAD and C-ERMAD are tightly associated, thus
leaving ezrin in an inactive, so-called dormant state, in which
the F-actin- and membrane-binding sites are usually masked.
The activation of ezrin can occur upon threonine phospho-
rylation in the C-terminal domain, resulting in a conforma-
tional change of the protein (1, 22, 23). Recently, an
alternative pathway of activating ezrin has been proposed
on the basis of the finding that the interaction of S100P with
ezrin can at least partially activate ezrin in a Ca2+-dependent
manner (24).

In this study, we investigated in detail the interaction of
ezrin with solid-supported membranes containing PIP2. In
particular, the influence of the PIP2 content in the membrane
upon ezrin binding and its reversibility was analyzed by
means of the quartz crystal microbalance, which allows for
the determination of thermodynamic and kinetic parameters
in a label-free fashion because of the correspondence of the
frequency change to the number of adsorbed molecules (25,
26). Brisson and co-workers (27-30) have shown that a
combination of the quartz crystal microbalance (QCM) and
scanning force microscopy (SFM) (31, 32) allows for a
detailed analysis of the formation process of lipid bilayers
and protein adsorption on lipid membranes. We used a
combination of QCM and SFM to elucidate the interaction
of ezrin to PIP2-containing membranes, suggesting a positive
cooperative binding.

EXPERIMENTAL PROCEDURES

Materials. The phospholipids 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and PIP2 were purchased
from Avanti Polar Lipids (Alabaster, AL). The 5 MHz
overtone polished AT-cut quartz crystals (plano-plano) were
from KVG (Neckarbischofsheim, Germany). Gold used for
the working electrodes was obtained from Cressington
(Valencia, PA). Silicon wafers were from Silicon Materials
(Landsberg, Germany). All chemicals were of the highest
purity available. Water was purified first through a Millipore
water purification system Milli-RO 3 plus and finally with
a Millipore ultrapure water system Milli-Q plus 185 (specific
resistance) 18.2 MΩ/cm) (Billerica, MA).

Protein Purification.Recombinant expression and puri-
fication of ezrin is described in detail elsewhere (24). Briefly,
transformedEscherichia colicells [strain BL21(DE3)pLysS]
containing the bacterial expression vector pET 28a+
(Novagen) encoding wild-type ezrin with an N-terminal
histidine tag were grown to an OD600 of 0.6. Recombinant
protein expression was induced by adding isopropyl-â-D-
thiogalactopyranoside to a concentration of 1 mM. After 3
h, cells were harvested by centrifugation (5000g for 10 min
at 4 °C) and resuspended in lysis buffer [50 mM Tris/HCl,
20 mM imidazole/HCl, 300 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 10 mMâ-mercaptoethanol,
1 mM phenylmethylsulfonylfluoride (PMSF), and 10µM
leupeptin at pH 7.5]. Subsequently, the cells were lysed by
sonication. The lysates were centrifuged for 1 h and 100000g

at 4 °C, and the supernatant was applied to a Ni-
nitrilotriacetic acid (Ni-NTA) agarose column (Qiagen,
Hilden, Germany) equilibrated in lysis buffer. The column
was washed twice with lysis buffer containing 25 mM
imidazole/HCl at pH 7.5 and 35 mM imidazole/HCl at pH
7.5, respectively. Ezrin was eluted with 300 mM imidazole/
HCl, 10 mM â-mercaptoethanol, and 1 mM PMSF at pH
7.5 and stored at 4°C.

Vesicle Preparation. Mixed lipid films composed of POPC
[10 mg/mL in chlorofom/methanol (1:1)] doped with various
amounts of PIP2 [1 mg/mL in chloroform/methanol/water
(8:1:1)] were prepared under a stream of nitrogen followed
by 3 h under vacuum at 35°C and stored at 4°C.
Multilamellar vesicles (MLVs) were formed by first swelling
the lipid films in buffer solution (20 mM Tris/HCl, 50 mM
KCl, 0.1 mM EDTA, and 1 mM NaN3 at pH 7.4) for 30
min followed by vortexing them 3 times for 30 s every 5
min. Large unilamellar vesicles (LUVs) were produced from
MLVs by pressing them through a polycarbonate membrane
with 100 nm pore diameters using a miniextruder (Liposo-
Fast, Avestin, Canada).

Vesicle Co-sedimentation Assay.Prior to the experiments,
ezrin was dialyzed against 20 mM Tris/HCl, 50 mM KCl,
0.1 mM EDTA, and 1 mM NaN3 at pH 7.4 followed by
determination of the protein concentration (33). Freshly
prepared MLVs were incubated with ezrin for 20 min at 20
°C. Final concentrations were 1.4µM (protein) and 0.5 mg/
mL (lipid). MLVs were centrifuged at 4°C and 15000g for
20 min. A sample was taken from the supernatant. Subse-
quently, the supernatant was carefully removed, and the pellet
was washed with buffer solution to remove nonspecifically
bound protein followed by a centrifugation for 20 min at
15000g and 4 °C. Samples were again taken from the
supernatant and pellet. For sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) analysis, all
samples were treated with 0.175 M Tris/HCl, 5% SDS (w/
v), 15% glycerol (v/v), 0.06 g/L bromphenol blue, and 0.3
M dithiothreitol (DTT) at pH 6.8 and heated for 5 min at
100 °C, and equivalent amounts of pellet and supernatant
fractions were then analyzed in 12.5% SDS-polyacrylamide
gels stained with Coomassie Brillant Blue (34).

QCM. To investigate lipid protein interactions, the QCM
was used in the active mode as described elsewhere (35). In
brief, an AT-cut quartz plate with a 5 MHz fundamental
resonance frequency was mounted in a fluid cell made of
Teflon in such that the solid-supported membrane was
exposed to the aqueous solution. Spring contacts were
connected to the gold electrodes of the quartz plate with an
oscillator circuit (TTL SN74LS124N, Texas Instruments,
TX), which was driven by a power supply (E3630A, Agilent
Technologies, CA) at 4 V direct current (DC) voltage. The
change in frequency of the quartz resonator was recorded
using a frequency counter (53181A, Agilent Technologies,
CA) connected to a computer. Supplied with an inlet and an
outlet connecting the Teflon cell to a peristaltic pump, the
setup allows for the addition of the protein solution from
outside the cell. The entire system was placed in a water-
jacketed Faraday cage thermostated at 20°C.

Preparation of Solid-Supported Bilayers on Gold.Prior
to use, the gold electrodes (0.25 cm2) of a 5 MHz AT-cut
quartz plate (14 mm in diameter) were cleaned in argon
plasma (Plasma cleaner, Harrick, NY) for 5 min. The quartz
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plate was mounted into a Teflon cell, and one side was
exposed to a 1 mMethanolic octanethiol solution for 1 h.
Subsequently, the gold surface was rinsed first with ethanol
and then with buffer solution (20 mM Tris/HCl, 50 mM KCl,
0.1 mM EDTA, and 1 mM NaN3 at pH 7.4) to remove
nonbound octanethiol. The completeness of the self-as-
sembled monolayer was monitored by impedance spectros-
copy (Solartron Instruments, Farnborough, U.K.). A capaci-
tance of 2.0( 0.2 µF/cm2 indicated a successful chemi-
sorption. The formation of the second monolayer composed
of POPC and PIP2 was achieved by incubation of the
octanethiol monolayer with LUVs (0.5 mg/mL) for 1 h at
room temperature to induce fusion of the vesicles on the
hydrophobic monolayer. The quality of the resulting solid-
supported bilayer was analyzed by impedance spectroscopy.
Capacitance values of 1.1( 0.2 µF/cm2 confirmed a
successful preparation of bilayers. The remaining vesicles
were removed by rinsing the cell with pure buffer solution.

SFM.Measurements were carried out with a commercial
scanning force microscope (Dimension 3100 with Nanoscope
IIIa A/D controller, Veeco Instruments, Santa Barbara, CA)
and Si3N4 cantilevers (OMCL-TR 400 PSA, Olympus,
Japan). All topographs were measured in TappingMode in
liquids with a scan speed according to the scan size, about
1-2 lines per second (frame size, 3-40 µm).

Preparation of Solid-Supported Membranes on Silicon
Dioxide. First, silicon (0.5 × 1.5 cm2) was thoroughly
cleaned with isopropanol and water and then placed in an
aqueous solution of 1% (v/v) HF at room temperature for
15 min to remove the native silicon oxide layer. After the
hydrophobic silicon was intensively rinsed with water, it was
incubated in an aqueous solution of NH3 and H2O2 (5:1:1
water/NH3/H2O2) at 70 °C for 15 min to produce a newly
grown thin hydrophilic silicon oxide layer. Immediately after
rinsing with water, these silicon substrates were mounted in
a sample holder and incubated with the vesicle suspension.
If the substrates were not immediately used, they were stored
under water for a maximum of a week and treated with an
oxygen plasma for 10 min prior use.

Prior to the addition of a suspension of LUVs (0.3 mg/
mL) in 20 mM Tris/HCl, 50 mM KCl, and 0.1 mM EDTA
at pH 7.4 to the hydrophilic silicon surface, CaCl2 (2 mM)
was added to the suspension to increase the adhesion and
spreading of the vesicles to the surface. The silicon surfaces
were incubated for 1-2 h and subsequently rinsed with
buffer solution containing 15 mM EDTA, followed by rinsing
with 20 mM Tris/HCl, 50 mM KCl, and 0.1 mM EDTA at
pH 7.4.

RESULTS

Interaction of Ezrin with Vesicles Containing Different
Amounts of PIP2. Among other properties, ezrin is known
to interact with PIP2 via its N-terminal domain (13, 21). To
first characterize the interaction of ezrin with PIP2, vesicle
co-sedimentation assays were performed with MLVs com-
posed of POPC and various amounts of PIP2. Figure 1 reveals
that ezrin is more efficiently sequestered into the liposome
pellet when the PIP2 content exceeded 3 mol %. The
interaction is specific because pure POPC vesicles did not
bind ezrin in the co-sedimentation assay (data not shown).

Interaction of Ezrin with Solid-Supported Membranes
Containing Different Amounts of PIP2. To elucidate the

influence of the PIP2 concentration on ezrin adsorption
on a membrane in more detail, binding was recorded
quantitatively by the QCM technique, while the molecular
organization was visualized by SFM. For QCM measure-
ments, we used 5 MHz quartz plates with solid-supported
membranes composed of an octanethiol monolayer and
a second phospholipid monolayer of either pure POPC
or POPC doped with various amounts of PIP2. Figure 2A
shows typical time courses of frequency shifts of the quartz
plate upon the addition of 0.1µM ezrin in 20 mM Tris/HCl,
50 mM KCl, 0.1 mM EDTA, and 1 mM NaN3 at pH 7.4.
The decrease in resonance frequency is proportional to the
amount of adsorbed ezrin on the lipid layer.∆f is defined as
the difference between the actual resonance frequencyf(t)
and f(t ) 0). The largest ezrin coverage of the membrane

FIGURE 1: SDS-PAGE analysis of the co-sedimentation of ezrin
(1.4µM) with MLVs (0.5 mg/mL) consisting of POPC doped with
PIP2 as indicated. The vesicle assays were carried out in 20 mM
Tris/HCl, 50 mM KCl, 0.1 mM EDTA, and 1 mM NaN3 at pH
7.4. Supernatants (S1), supernatants after washing (S2), and pellets
(P) were subjected to SDS-PAGE, and proteins were visualized
by Coomassie staining. To unambiguously identify ezrin, a sample
of pure protein without vesicles was added. M) molecular-weight
marker.

FIGURE 2: (A) Time courses of the frequency shifts upon the
addition of 0.1µM ezrin (arrow) to solid-supported membranes
composed of POPC and various amounts of PIP2 in 20 mM Tris/
HCl, 50 mM KCl, 0.1 mM EDTA, and 1 mM NaN3 at pH 7.4. (B)
Mean∆fe values obtained after the adsorption of 0.1µM ezrin to
solid-supported membranes composed of POPC and various
amounts of PIP2 in 20 mM Tris/HCl, 50 mM KCl, 0.1 mM EDTA,
and 1 mM NaN3 at pH 7.4.
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was observed at a PIP2 concentration of 10 mol %. To keep
the PIP2 concentrations in a physiologically relevant range,
we did not investigate concentrations larger than 10 mol %.
A reduction of the PIP2 concentration decreases the resonance
frequency shifts, indicating that less protein has been bound
to the membrane. A total of 0.5 and 1 mol % PIP2 in the
membrane led to almost the same frequency shift. In the
absence of PIP2, the resonance frequency of the quartz plate
was not altered, confirming the specificity of ezrin for the
receptor molecule PIP2. Figure 2B summarizes the maximum
frequency shifts as a function of the PIP2 concentration. The
mean - ∆fe values after 20 min after protein addition
obtained are 42( 1 Hz (n ) 3) for 10 mol % PIP2, 27.6(
0.3 Hz (n ) 7) for 3 mol % PIP2, 14.7( 0.3 Hz (n ) 6) for
2 mol % PIP2, 3.6( 0.5 Hz (n ) 5) for 1 mol % PIP2, and
4.9 ( 0.5 Hz (n ) 4) for 0.5 mol % PIP2.

The question arose of how the protein is arranged on the
planar membrane and how the PIP2 concentration influences

the packing of the protein on the surface. To address these
questions, we employed SFM. For SFM experiments,
vesicles composed of a mixture of POPC and PIP2 were
spread on oxidized silicon wafers. Bilayer formation was
analyzed by visualizing the lipid bilayers on the silica
substrates by SFM (Figure 3A). A very smooth surface was
monitored with no particular features, demonstrating the
formation of almost complete bilayers and a homogeneous
distribution of the receptor lipids. No domain formation could
be observed. In rare cases, small holes were identified as
defects of the bilayer, which confirmed the existence of a
membrane. A height analysis of these holes showed a depth
of 4-5 nm (Figure 3AI), which is in good accordance with
the theoretical height of a lipid bilayer. To obtain this
reference value if no defects were present in the prepared
lipid bilayer, a scan window was scratched in the bilayer,
employing large forces at high scan velocity.

FIGURE 3: SFM images showing the topography (TappingMode) of solid-supported membranes with different amounts of PIP2 in 20 mM
Tris/HCl, 50 mM KCl, 0.1 mM EDTA, and 1 mM NaN3 at pH 7.4. (A) Membrane containing 3 mol % PIP2 before the addition of ezrin.
(AI) Cross-section along the line shown in A. Membranes containing (B) 0.5 mol % PIP2, (C) 1 mol % PIP2, (D) 2 mol % PIP2, (E) 3 mol
% PIP2, and (F) 10 mol % PIP2 after the addition of 1µM ezrin. In CI and FI, the corresponding cross-sections along the lines shown in
C and F are presented.
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The adsorption of protein was initiated by injecting ezrin
into the solid-supported membrane at a final concentration
of 1 µM. At various adsorption times, SFM images were
taken at room temperature. Because the adsorption process
is diffusion-limited, coverage increased rather slowly com-
pared to the kinetics monitored by QCM, where the solution
was in constant flow. Adsorption was called complete if no
further adsorption was observed by SFM. Representative
topographic images of membranes after adsorption of ezrin
are depicted in parts B-F of Figure 3 as a function of the
PIP2 concentration. At low PIP2 concentrations, only a small
area of the surface is covered by ezrin. Small protein
aggregates with a height of 1.8( 0.2 nm as deduced from
histogram analysis are observed, which are attributed to
attractive lateral interactions between ezrin molecules, i.e.,
positive cooperative binding of ezrin to the membrane. An
increase in surface coverage is observed with an increasing
PIP2 concentration, which is in agreement with the QCM
results. An almost complete surface coverage was monitored
at a PIP2 concentration of 3 mol %. A further increase in
the PIP2 concentration up to 10 mol % results in a further
increased protein coverage, consistent with the QCM results.
The formation of a protein monolayer was analyzed by height
analysis. The height profile depicted in Figure 3FI of an area,
where a defect in the protein layer on top of a defect-free
lipid bilayer occurs, shows a height difference of∼2-3 nm,
which confirms a monomolecular protein arrangement.

In Figure 4, the protein coverage as obtained by pixel
analysis from the topography images is given as a function
of the PIP2 concentration in the membrane. The results are
in good agreement with those of the QCM measurements.
An almost identical protein coverage at a PIP2 concentration
of 0.5 and 1 mol % in the solid-supported membrane is
observed. With an increasing PIP2 concentration, the surface
coverage increases up to a maximum protein coverage of
about 70%.

ReVersibility of Ezrin Adsorption.As a mediator between
the plasma membrane and the cytoskeleton, ezrin appears
to play a crucial role in the dynamics of actin formation. To
function as such, reversibility of binding is of major
importance. We investigated in detail the reversibility of ezrin
adsorption and the lateral distribution of proteins after
desorption by means of QCM and SFM. Figure 5 shows the
time-resolved adsorption and desorption upon the addition
of 0.3 µM ezrin as obtained by the QCM technique. The
protein was first added to a solid-supported POPC/PIP2 (97:
3) membrane in 20 mM Tris/HCl, 50 mM KCl, 0.1 mM
EDTA, and 1 mM NaN3 at pH 7.4, which resulted in a

decrease in resonance frequency, indicating a successful
adsorption of protein onto the membrane. A total of 1100 s
after injection of the protein solution, the system was flushed
with pure buffer to initiate ezrin desorption, resulting in an
increase in resonance frequency (Figure 5). The observed
desorption process indicates that ezrin remains partly bound
to the membrane. Interestingly, experiments carried out with
the same ezrin concentration show a variable ratio of
adsorption to desorption (data not shown). At a given ezrin
concentration of 0.1µM, the obtained frequency shifts at
equilibrium varied between 23 and 32 Hz. After the
desorption process was initiated by flushing the system with
pure buffer solution, the change in resonance frequency
varied between 4 and 17 Hz. Because the lipid receptor (PIP2)
is homogeneously distributed and no domain formation
occurs in the membrane (see Figure 3A), the “irreversibly”
bound protein fraction and its variation as observed in the
monitored time period are attributed to a positive cooperative
lateral interaction of ezrin molecules on the membrane
surface (36-38), while it is known that ezrin does not form
oligomers (n > 2) in solution (37, 38). To further elucidate
the desorption process, SFM measurements were performed.
Figure 6 shows an image of a POPC/PIP2 (90:10) lipid
bilayer on which ezrin had been adsorbed before the
specimen was rinsed thoroughly with buffer. Prior to flushing
with buffer, the surface was completely covered with protein.
After flushing with buffer, some large defect areas with a
depth of∼2 nm are clearly discernible, while most of the
protein still remained bound to the surface. Apparently, the
protein desorbs preferentially in certain areas, while in others,
it remains completely membrane-bound, which might be
ascribed to lateral protein-protein interactions increasing the
overall affinity of the protein to the membrane considerably.
On the basis of the results obtained above, we propose a
positive cooperative binding process of ezrin to PIP2-doped
membranes; i.e., attractive lateral protein-protein interactions
occur when the protein is bound to the surface. To further
confirm this hypothesis, we performed time-elapsed SFM
images of a PIP2-containing membrane after the addition of
ezrin. As shown in Figure 7, the ezrin monolayer grows
starting from a few nucleation sites, governed by attractive
lateral interactions of the proteins on the membrane.

On the basis of these results, we intended to describe the
adsorption and desorption kinetics obtained by QCM with a
cooperative model developed by Minton (39, 40). Figure 8
shows a schematic drawing of the conceivable kinetic
pathways proposed by Minton (40). Briefly, the model

FIGURE 4: Mean values of the protein coverage as obtained from
pixel analysis of the SFM images depending upon the PIP2 content
in the solid-supported membranes. The values are averages of at
least four images.

FIGURE 5: Representative time course of the adsorption of ezrin
(a) to a solid-supported POPC/PIP2 (97:3) membrane in 20 mM
Tris/HCl, 50 mM KCl, 0.1 mM EDTA, and 1 mM NaN3 at pH
7.4, followed by desorption of ezrin (b). The frequency shift as a
result of protein adsorption is-∆fads) 39 ( 1 Hz forcezrin ) 0.30
µM. The final value obtained for desorption is-∆fdes ) 29 ( 1
Hz.
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comprises the formation of monolayer surface clusters, which
are assumed to grow by the reversible adsorption of protein
molecules to pre-existing clusters. We kept the nomenclature
as proposed by Minton (40). All of the depicted processes
can be described through their forward and backward rate
constants. In principle, one can distinguish between two
pathways of adsorbate cluster growth. In the first case, the
soluble protein adsorbs on a vacant surface space at a forward
rate constantk1f. T1 marks the transition state for this initial
process. After deposition, the adsorbed protein diffuses to
the edge of the protein cluster (k2f) followed by accretion,
thus increasing the size of the cluster. T2 illustrates the
transition state for this process. The second process covers
the deposition of soluble proteins onto a cluster (k3f) and
subsequent insertion into it. In accordance with Minton, this
will be called piggyback deposition, and its transition state
is illustrated in T3. The reversibility of the individual
processes is expressed by the backward rate constantsk1b,
k2b, andk3b, respectively.

Adjusting the values forc* ) K1
adsc, k1b, Uc, k2f

0 , andJ,
we simulated adsorption and desorption time courses and
compared them with the experimental data obtained from
the QCM measurements.c* is an affinity-scaled solution
concentration of the protein;K1

ads) k1f/k1b is the thermody-
namic equilibrium association constant for adsorption of the
protein from solution;c is the concentration of the protein
in solution; k1b is the backward rate constant for surface
protein desorption;Uc is the potential energy of a single
adsorbate-adsorbate contact in the cluster;k2f

0 is the for-
ward rate constant for surface protein addition; andJ is a

dimensionless constant allowing for piggyback deposition
on pre-existing clusters. The higherJ, the more likely a
piggyback event occurs. We used the circular cluster model
that assumes circular footprints of the ezrin clusters withi
) 1-100 (39, 40). In Figure 9, representative time courses
are depicted. The arrows indicate the points of flushing the
system with buffer solution. The upper parts of the panels
show data points derived from QCM measurements using
solid-supported membranes composed of POPC/PIP2 (97:3)
in 20 mM Tris/HCl, 50 mM KCl, 0.1 mM EDTA, and 1
mM NaN3 at pH 7.4. To compare the experimental with the
simulated data, it is necessary to translate the frequency
readouts from the QCM measurements into surface coverage.
This is achieved by the assumption that the maximum surface
coverage according to the SFM measurements is 70%, which
corresponds to the experimentally obtained maximum fre-
quency shift of 43 Hz. The lower parts of the panels show
the simulated data points, which were obtained by varying
the above-mentioned parametersc*, k1b, Uc, k2f

0 , and J to
obtain the best accordance with our experimental data. The
value ofUc was set to-5RT for all shown simulations. A
negative value ofUc represents attractive lateral interactions
between the proteins, i.e., a positive cooperative binding
process. To start with, we did not allow for the pathway of
piggyback deposition, and hence,J was set to 0. The variation
of the other parameters resulted in the curves shown in parts
A and B of Figure 9. The simulated curves are in good
accordance with the experimental data, emphasizing that the
selected model is suitable to describe the adsorption and
desorption processes of ezrin. Sometimes, we observed a
“drift” during the adsorption process of ezrin as illustrated
in Figure 9C. As indicated by the arrow, the drift could be
stopped by flushing the system with buffer solution. In these
cases, the experimental data could best be described by
allowing the piggyback deposition as a second minor
pathway; hence,J was set to a small value of 5× 10-4. The
result is depicted in the lower part of Figure 9C.

To further validate the selected model, we generated an
equilibrium adsorption isotherm by variation of the protein
concentration in solution, keeping the other parameters at
constant values ofk1b ) 9 × 10-4 s-1, k2f

0 ) 0.05 s-1, K1
ads

) 108 M-1, Uc ) -5RT, and J ) 0, and compared the
isotherm with that obtained by plotting the equilibrium
frequency shifts- ∆fe of our QCM results obtained at
different ezrin concentrations. The adsorption isotherm was
monitored using a lipid mixture of POPC/PIP2 (97:3), which
reflects the content of PIP2 in natural membranes (41) and
is sufficient for high ezrin coverage (see Figure 1).

Figure 10 shows the QCM results of the adsorption
isotherm together with the calculated curve using the Minton
model. In accordance with our results obtained from the
kinetic simulations, we assumed that no piggyback deposition
occurs and that the adsorption process of ezrin follows in a
cooperative fashion. Importantly, all values of the parameters
used for simulating the isotherm are in the same range as
those determined by the kinetic simulations. In fact, the
equilibrium values were extracted from the simulated kinetics
at exactly the same time as the experimental data. Figure 10
shows the experimental data (9) together with simulated
equilibrium values (s) underlining that indeed cooperative
interactions between the proteins govern the adsorption

FIGURE 6: (A) SFM image showing the topography (TappingMode)
of a solid-supported membrane (10 mol % PIP2) after the adsorption
of ezrin and after rinsing the sample thoroughly with buffer. (B)
Cross-section along the line shown in A.
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process. In conjunction with the SFM measurements, a
cooperative adsorption process of ezrin to PIP2-doped POPC
membranes is a highly likely event.

DISCUSSION

By means of the quartz crystal microbalance technique,
the interaction of ezrin with PIP2-containing solid-supported
membranes was investigated in detail. The QCM has
been proven to be a versatile tool to monitor protein-
lipid interactions in a label-free and time-resolved manner
(25, 26, 30). In a first approach, we studied the influence
of the PIP2 concentration in the membrane on ezrin
binding. The specificity of the protein for the receptor lipid

PIP2 was demonstrated by a control, in which ezrin
was added to a neat POPC membrane and no binding
was observable. The amount of bound ezrin increases with
increasing PIP2 concentrations in the membrane, which
is in agreement with the vesicle co-sedimentation assays.
The sensitivity of the QCM measurements is, however,
significantly higher than that of the vesicle co-sedimentation
assay. At PIP2 concentrations of 0.5 and 1 mol %, only
negligible binding was detected in the vesicle assays but
unambiguous binding was monitored by the QCM experi-
ments.

To gather information about the lateral arrangement of
membrane-bound ezrin and its dependence on the PIP2

content in the membrane, SFM was employed, allowing the
visualization of membranes and membrane-bound proteins
on a nanometer scale (28, 29, 31, 32). POPC membranes
containing PIP2 do not show any particular features but
appear rather smooth, indicating a uniform distribution of
the lipids, i.e., excluding the formation of membrane
domains. Thus, we conclude that PIP2 does not form lipid
domains embedded in a POPC matrix under the conditions
chosen. This is in agreement with the results of Denisov et
al. (42), who monitored a random distribution of acidic lipids
in the plane of the membrane by fluorescence microscopy.
The addition of ezrin to membranes composed of POPC and
0.5 and 1 mol % PIP2 results in protein domains with an
average height of 1.8( 0.2 nm. This is characteristic for

FIGURE 7: Time-elapsed SFM images showing the topography (TappingMode) of a solid-supported membrane (3 mol % PIP2) after the
addition of ezrin. (A) 12 h after the addition of ezrin (cezrin ) 0.35µM) and (B) after 18.5 h, (C) 24 h, and (D) 36 h incubation time with
ezrin (cezrin ) 1.5 µM).

FIGURE 8: Schematic illustration of the kinetic model adapted from
Minton (40) showing the kinetic pathways and the corresponding
transition states. The growth of protein clusters on the surface can
either occur through direct deposition (T1) followed by accretion
(T2) or by piggyback deposition (T3) and incorporation into the
cluster.
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the formation of ezrin protein clusters bound in a monomo-
lecular fashion. In comparison with a height of approximately
4 nm of the crystalline N-terminal domain of ezrin (43), the
measured height is about half of that, which may be a result
of mechanical deformation caused by the SFM tip (44, 45).
The formation of protein clusters is supposed to be a result
of lateral protein-protein interactions. The propensity of
ezrin to form dimers and oligomers has been reported by

others (36-38, 46). Higher ordered adducts of ezrin have
been found in extracts of placental microvilli and in gastric
parietal cells. In addition, it has been shown that epidermal
growth factor (EGF) stimulation of human epidermoid
carcinoma cells induces the rapid formation of ezrin oligo-
mers.

The PIP2-binding motif of ezrin contains several lysine
residues, which are crucial for the PIP2 interaction (21).
Binding of an ezrin molecule to PIP2 may induce a
recruitment of additional PIP2 molecules toward the protein,
which would result in a PIP2 depletion of the residual
membrane. It has been shown that binding of basic peptides
to membranes leads to the formation of lateral domains
enriched in PIP2 (42). Because of this process, it is likely
that not all PIP2 molecules are accessible for further ezrin
adsorption. At PIP2 concentrations of 3 mol % and larger,
an almost complete coverage of the surface is observed by
SFM. If one calculates the surface coverage of ezrin,
assuming that one PIP2 molecule occupies an area of 70 Å2

(47) and binds one ezrin molecule, which covers an area of
about 5000 Å2 (43, 48), a maximum coverage is expected at
a PIP2 content of 2 mol %. However, the statistical evaluation
of the SFM data shows that at a PIP2 content of 2 mol %
the surface coverage is around 30%, which is around half
of that expected from the calculation. Besides experimental
uncertainties, an explanation for this discrepancy might be
found in a preferential localization of PIP2 molecules
underneath an ezrin molecule.

To further investigate the dynamics of the binding process
of ezrin to solid-supported membranes composed of POPC/
PIP2 (97:3), we investigated the reversibility of ezrin
adsorption by means of QCM and SFM measurements. It
appears that upon removing ezrin from solution only part of
the ezrin molecules readily desorbs from the membrane,
while a significant part of the proteins remains bound to the
bilayer. Together with the SFM results demonstrating the
formation of protein clusters upon adsorption, we propose
that a positive cooperative binding of ezrin, i.e., occurrence
of lateral protein-protein interactions, is responsible for the
observations. On the basis of our findings, we attempted to
model the kinetics and thermodynamics of ezrin adsorption
by employing a kinetic model developed by Minton (39, 40).
The model includes the formation and subsequent growth
of monolayer surface clusters of adsorbed molecules. Using
this model, it was possible to generate adsorption and
desorption curves that reproduce those monitored by means
of QCM, supporting the idea of a positive cooperative
binding of ezrin to PIP2-containing lipid bilayers. In par-

FIGURE 9: Representative time courses of adsorption and desorption
of ezrin in comparison with simulated data. The experiments were
carried out using solid-supported POPC/PIP2 (97:3) membranes in
20 mM Tris/HCl, 50 mM KCl, 0.1 mM EDTA, and 1 mM NaN3
at pH 7.4. The applied ezrin concentrations are (A)cezrin ) 0.06
µM, (B) cezrin ) 0.30µM, and (C)cezrin ) 0.07µM. The obtained
frequency shifts of the QCM measurements were transformed into
protein surface coverage, assuming that the maximum frequency
shift of 43 Hz corresponds to a surface coverage of 0.7. The upper
part of the panels shows data points derived from QCM measure-
ments, and the lower part of the panels shows the simulated data
points. Simulation parameters:Uc ) -5RT throughout and (A)c*
) 13, k2f

0 ) 0.015 s-1, J ) 0, andk1b )3.5 × 10-4 s-1; (B) c* )
200,k2f

0 ) 0.025 s-1, J ) 0, andk1b )10 × 10-4 s-1; and (C)c*
) 5, k2f

0 ) 0.08 s-1, J ) 5 × 10-4, andk1b )7 × 10-4 s-1.

FIGURE 10: Experimental (9) and simulated (s) adsorption
isotherm of ezrin, binding to a solid-supported POPC/PIP2 (97:3)
membrane in 20 mM Tris/HCl, 50 mM KCl, 0.1 mM EDTA, and
1 mM NaN3 at pH 7.4. Simulation parameters:k1b ) 9 × 10-4

s-1, k2f
0 ) 0.05 s-1, K1

ads ) 108 M-1, Uc ) -5RT, andJ ) 0.
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ticular, it was demonstrated that the partial “pseudo-irrevers-
ible” binding behavior is a result of the positive cooperative
binding of ezrin. Noteworthy, it was not possible to use a
Langmuirian kinetic to describe the data properly. It was
moreover found that permitting piggyback deposition of ezrin
on pre-existing clusters may account for the slowly evolving
second time-dependent increase in surface coverage that was
sometimes observed in the kinetic curves at higher coverage.
Many examples are found in the literature, where positive
cooperativity is described in surface biochemistry. For
instance, it has been reported for annexin A5 binding to
supported lipid bilayers (30), for the adsorption of lysozyme
onto Si(Ti)O2 surfaces (49), for the adsorption of ferritin and
fibrinogen onto hydrophilic and hydrophobic silicon surfaces
(50), and even for antigen-antibody interactions (51).

Not only the binding kinetics but also the equilibrium
coverage for various ezrin concentrations reconstructed with
the kinetic Minton model are very similar to those obtained
from QCM measurements, revealing that the intrinsic
adsorption constantK1

ads of ezrin binding to PIP2 in the
absence of lateral protein interactions amounts to 108 M-1.
Because the adsorption isotherm has been reconstructed from
kinetic data and not by an equilibrium model based on the
scaled particle theory (52), one has to be aware of the fact
that the extracted data are not truly equilibrium values.

In summary, we propose a model in which PIP2 is
uniformly distributed in a solid-supported POPC membrane
and interacts with high specificity with ezrin, resulting in a
cooperative adsorption of an ezrin monolayer to the surface.
The interaction with PIP2 may result in a (partial) activation
of ezrin that could help to establish a cooperative lateral
interaction between ezrin molecules. In particular, only ezrin
clusters might play an important role in connecting F-actin
with the membrane.
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