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ABSTRACT: ERM (Ezrin-Radixin-Moesin) proteins are key cross-linkers of the plasma membrane and
the actin cytoskeleton. They are regulated by the intramolecular association of the N-terminal FERM
(band-four point one, Ezrin, Radixin, Moesin) and C-terminal CERMAD (ERM association domain)
domains (N/C interaction), which masks the binding surfaces of the domains for other molecules. The
N/C interface is characterized by the highly distributed binding of CERMAD through aâ-strand and four
R-helices to a globular FERM. Though it is a target for multiple regulatory signals, little is known about
the dynamics/thermodynamics governing this interface. Recent implications of Ezrin in cancer metastasis
have increased the necessity to understand this regulatory switch. In this study, we report residue-specific
stabilities of Ezrin CERMAD at the Ezrin N/C interface obtained using hydrogen-deuterium exchange
NMR. These stabilities vary across secondary structural elements and identify F583 and L586 as key
anchor residues for the most stable element,RD. Macroscopic N/C binding energetics, obtained using
isothermal titration calorimetry (ITC) reveals a high affinity (Kd )176 nM) enthalpy-driven binding (∆H
) -26 kcal/mol,T∆S ) -17 kcal/mol) at 25°C at pH 7 in MES and phosphate buffers. A 10-fold
increase in affinity was observed for measurements in acetate buffer, suggesting that an acetate-like molecule
might promote the repressed form of the complex, possibly through interaction with the F2 subdomain of
FERM, which resembles the acyl-CoA binding protein. In summary, our results have illustrated the dynamic
nature of this regulatory interface and provide a foundation for investigating the role of regulatory signals
on the stability of this interface.

While many different cancer types have been identified
and studied, the biological and molecular mechanisms
underlying their metastatic spread are very similar. With
metastasis responsible for a majority of cancer deaths,
significant effort has been dedicated to the identification of
the molecules and the establishment of the connections
between different events involved in this elaborate phenom-
enon (1). Ezrin is one such molecule that has been recently
implicated in transformation, metastasis and tumor progres-
sion from microarray data (2-4), cultured cells (4-6), and
mouse model systems (3, 6).

Ezrin is a member of the Ezrin-Radixin-Moesin (ERM1)
family of proteins that are directly involved in regulated
interactions between the actin cytoskeleton and the plasma
membrane. These interactions are required for basic cellular
activities that include control of cell morphology, vectorial
transport of ions and nutrients, reception and transduction
of signals involved in cell-cell communication, cell motility
and survival, and adhesion to adjacent cells or the extracel-
lular matrix (7). Among the myriad interacting partners of
Ezrin are adhesion molecules such as CD44 (8, 9) and

ICAM-1 and 2 (9, 10), adapter molecules such as EBP50
(11) and E3KARP (11, 12), and signaling molecules such
as RhoGDI (13), Dbl (14) and FAK (15). It thus serves as a
molecular hub, linking and controlling different cellular
signaling events (16). Since all the above activities are also
associated with the metastatic capabilities of cells, a complete
understanding of Ezrin function and regulation is vital to its
future role as a possible diagnostic marker and/or therapeutic
metastatic target.

ERM proteins are composed of a C-terminal tail domain
(CERMAD, ∼110 residues) that binds to cortical f-actin
filaments, an N-terminal FERM (band Four-point-one, Ezrin-
Radixin-Moesin homology,∼300 residues) domain that
binds to plasma membrane proteins (17), and a central
R-helical domain, whose structure and possible roles in ERM
protein function have only recently come to light (18). The
FERM domain localizes the ERM proteins to the plasma
membrane where they have dynamic and regulatory roles in
membrane-associated processes (7, 16). It either directly
binds to cytoplasmic domains of transmembrane proteins
such as CD44 (9) or indirectly through adapter proteins such
as EBP50 (19). Through the two separate binding functions
of the FERM and CERMAD domains, ERM proteins
dynamically cross-link the plasma membrane to the cortical
cytoskeleton, and lie at the heart of dynamic membrane
functions such as endocytosis, exocytosis, and cortical
signaling.

The cross-linking function of ERM proteins is regulated
by an intramolecular FERM/CERMAD interaction that
masks their respective intermolecular binding surfaces (17).
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This intramolecular N/C association is weakened both by
phosphorylation of a specific threonine in CERMAD (T558
in Moesin, T567 in Ezrin, and T564 in Radixin) (20-22)
and by binding of phosphatidylinositol-4,5-bisphosphate
(PIP2) to FERM (23). While significant information is
available on the mechanisms of activating ERM proteins,
little is currently known about the cellular signals and
signaling molecules that might be involved in promoting the
repressed state.

The X-ray crystal structure of the noncovalent Moesin
FERM/CERMAD complex (referred to hereafter as the N/C
complex) revealed that FERM (297 residues) is composed
of three subdomains: F1 (residues 4-82) resembles ubiq-
uitin, F2 (residues 96-195) resembles acyl-CoA binding
protein, and F3 (residues 204-297) resembles the PTB
(phosphotyrosine binding), PH (plextrin homology), and
EVH1 (enabled/VASP homology 1) domains (17). In con-
trast, CERMAD (residues 488-577) does not adopt a
globular structure but binds in five distinct, apparently
independent interactions. The CERMAD fold comprises five
major elements: oneâ-strand (â1) and fourR-helices (RA-
RD). Additionally, a 20-residue segment betweenâ1 andRA
contains one turn each of a 310 helix (310) and anR helix
(R) (Figure 1a). These CERMAD elements are spread over
a large interface and bury 2700 Å2 of the FERM surface.
On the basis of this structure, it was predicted that each of
these five elements would contribute to the tight binding of
CERMAD to FERM (17).

Numerous biochemical, cell biological, and structural
studies have contributed toward the understanding of the
regulatory mechanisms controlling this interface. While
X-ray structures have provided high-resolution maps of ERM
proteins, the pictures they portray are static and relative
stabilities of the different regions of the interface can only
be predicted from the observed structural interactions.
Consequently, our understanding does not yet include a
dynamic or thermodynamic description of this unusual
binding interface. Currently, neither the measured affinity
of CERMAD for FERM nor the relative stabilities of its

five secondary structural elements are known. Local stability
is particularly critical in extended binding interfaces such
as those found in the ERM family of proteins, especially
considering that each of these regions might be targets of
different regulatory signals. NMR is a powerful tool for
examining the thermodynamics of interactions on a residue-
specific basis, while isothermal titration calorimetry (ITC)
provides a macroscopic description of the thermodynamics
of the system.

Here, we report both a microscopic, residue-specific
evaluation of CERMAD stability in the Ezrin N/C complex
obtained using hydrogen-deuterium exchange (HX) NMR
experiments and the macroscopic thermodynamics of the
system obtained using ITC. A hierarchy of stability is
observed among the five secondary structural elements, with
the C-terminal residue of CERMAD being the most stable
residue, reflecting the macroscopic∆Gbind. Functional rel-
evance of the observed local stabilities are discussed in
relation to the global, macroscopic binding thermodynamics
of the system. These studies have also yielded a serendipitous
result suggesting a mechanism by which a small molecule
might promote the repressed form of the complex. Given
the high level of sequence identity (7) and functional
redundancy of ERM family members (24, 25), knowledge
gained from these studies of the N/C interaction in Ezrin
should be of general applicability to Moesin and Radixin.

MATERIALS AND METHODS

Construction of the Ezrin FERM/CERMAD Complex
Homology Model.Among the currently available structures,
the structure of the N/C complex exists only for Moesin
(PDB-ID 1EF1 (17) and 2I1J (18)). However, the high
sequence identity between the Ezrin and Moesin sequences
(67% identity for CERMAD and 87% for FERM) allowed
the construction of a homology model of the Ezrin FERM/
CERMAD complex. Although a crystal structure of the active
Ezrin FERM is available (PDB-ID 1NI1), the structural
differences between the active and dormant FERM domains,
as detailed in Smith et al. (26), require that a model for the

FIGURE 1: (a) Homology model of the Ezrin FERM (blue)/CERMAD (red) complex. The secondary structural elements of CERMAD are
marked in the model. (b)1H-15N HSQC overlay of free (MW, 13.2 kDa; black) and bound CERMAD (MW of complex, 48 kDa; green).
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dormant Ezrin FERM domain be built. The sequence
alignments between Ezrin and Moesin CERMADs (aa 497-
586 in Ezrin) and Ezrin and Moesin FERMs (aa 1-297 in
Ezrin) and the structure of the dormant Moesin N/C complex
(PDB-ID 1EF1) published in Pearson et al. (17) were used
for the construction of the Ezrin homology model. Homology
models for dormant Ezrin FERM and bound CERMAD were
constructed separately using Swiss-Model (27, 28). A
structural model for the Ezrin N/C complex was then
generated using Swiss-Pdb viewer (29) as follows. The
resulting Ezrin FERM and CERMAD models were each
structurally aligned with their corresponding domains in the
dormant Moesin N/C complex (PDB-ID 1EF1) using the
Magic Fit function, and the Ezrin residues were then selected
and merged into a single layer using the Create merged layer
from selection function. Then, the new layer was saved as a
single pdb file to form the final model for the complex
(Figure 1a).

Protein Expression and Purification.The CERMAD gene
(residues 475-586, a gift from Professor Anthony Bretscher,
Molecular Biology and Genetics, Cornell University, Ithaca,
NY) was cloned into a pET28 a(+) expression vector with
an amino terminal 6-His tag and a HRV 3c protease
recognition sequence inserted between the tag and protein
(30). The protein was expressed in BL21 DE3E. coli cells
at 37°C in M9 minimal medium in the presence of 30µg/
mL kanamycin (Sigma) and purified from a 1.5 L culture.
For isotopic labeling, cells were grown in sterile filtered M9
medium made up in 99.96% D2O (Cambridge Isotope
Laboratories, Inc.), containing 1 g/L15N NH4Cl (Spectra
Stable Isotopes) and/or 3 g/L13C D-Glucose (Cambridge
Isotope Laboratories, Inc.). In order to acclimate cells to
deuterated medium, the cells were first grown overnight in
5 mL of LB medium with 25% D2O. Then 50µL of this
culture was transferred into 5 mL of M9 medium in 50%
D2O and grown for 24 h. This procedure was repeated with
75% D2O. Finally, 2× 0.5 mL of the 75% D2O M9 culture
was added to 2× 50 mL of M9 medium and∼99% D2O,
and grown for 24 h. Each 50 mL culture was added to 700
mL of ∼99% D2O M9 media in a 2.8 L baffled flask. The
cells were grown with vigorous shaking and induced with 1
mM IPTG (Acros Organics) at OD600nm of 1.1. Cells were
harvested 3 h after induction by centrifugation (5000g) at
4 °C for 10 min and were stored at-80 °C for future use.
All purification steps were carried out at 4°C. The frozen
cells were thawed on ice and lysed in 30 mL of buffer A
(50 mM NaH2PO4, 300 mM NaCl, and 5 mM Imidazole at
pH 8.0), supplemented with 60µL of protease inhibitor (PI)
cocktail (Sigma), 1 mM PMSF (Sigma), and 1 mg/mL of
lysozyme (Sigma). The lysed cells were sonicated and cleared
by centrifugation at 11,000g for 40 min. The supernatant
was filtered (0.8 micron filter) and passed over 3 mL bed
volume of Ni beads (Qiagen) equilibrated in buffer A. The
column was washed in 20 bed volumes of buffer A and 20
bed volumes of buffer B (50 mM NaH2PO4, 300 mM NaCl,
and 10 mM imidazole at pH 8.0).

The 3c protease gene was amplified from the HRV-14 viral
genome (a gift from Professor Glyn Stanway, University of
Essex, U.K.) and cloned into a pET28a(+) vector as
described elsewhere (30). The protein was expressed as an
amino terminal 6-His tag fusion protein in BL21 DE3E.
coli cells. The cells were grown in 250 mL of LB medium

in the presence of 30µg/mL kanamycin and induced at
OD600nmof 0.6-0.8 with 1 mM IPTG. Harvesting and protein
purification was done as described above with the only
exception being that the lysis buffer did not contain any
protease inhibitors. A 1.5 mL bed volume of Ni beads was
used for immobilizing the protein. Pure His-tag cleaved
CERMAD was obtained by mixing the CERMAD loaded
Ni beads with a batch of 3c protease loaded Ni beads for
5-6 h, followed by subsequent collection of the cut protein.
The pure, untagged CERMAD was then dialyzed into the
desired buffer (SnakeSkinT dialysis tubing, 3.5K MWCO,
Pierce Biotechnology Inc.) and concentrated to 0.4 mM for
ITC studies (Amicon Ultra-15 centrifugal filter devices, 5K
MWCO, Millipore) or combined with FERM for the forma-
tion of the N/C complex for NMR studies.

The FERM gene (aa, 1-297) in a pQE16 expression
vector (a gift from Professor Anthony Bretscher, Molecular
Biology and Genetics, Cornell University, Ithaca, NY) was
expressed in BL21 DE3E. coli cells. The cells were grown
in 1 L of LB medium in the presence of 100µg/mL
ampicillin at 37°C prior to induction. After induction with
1 mM IPTG at OD600nm of 0.9, the cells were grown at 25
°C for 4 h and harvested as described above. All purification
steps were carried out at 4°C. The cells were lysed in 20
mL of buffer C (200 mM KH2PO4 at pH 7.0), supplemented
with 20µL of PI cocktail and 1 mg/mL lysozyme. The lysed
cells were sonicated and cleared by centrifugation at 11,-
000g for 40 min. The cleared supernatant was filtered and
loaded onto a 5 mL bedvolume hydroxyl apatite column
(Macroprep Ceramic Hydroxyapatite Type I 80µm, Biorad)
equilibrated in buffer C. The column was washed in 20 bed
volumes of the same buffer. Pure FERM was eluted from
the column using 10 mL of 0.6 M KH2PO4 at pH 7.0 and
dialyzed (SnakeSkinT dialysis tubing, 3.5K MWCO, Pierce
Biotechnology Inc.) into the desired buffer for ITC studies.

The N/C complex was formed by adding purified CER-
MAD dialyzed into buffer C (SnakeSkinT dialysis tubing,
3.5K MWCO, Pierce Biotechnology Inc.), to FERM im-
mobilized on a hydroxyl apatite column. After a 10 bed
volume wash in buffer C, the complex was eluted in 12 mL
of 0.4 M KH2PO4 at pH 7.0, dialyzed (SnakeSkinT dialysis
tubing, 3.5K MWCO, Pierce Biotechnology Inc.) into the
NMR buffer (Walpole’s acetate at pH 5.6, 5 mM DTT, 0.1%
sodium azide, and 0.1% v/v PI cocktail, Sigma), and
concentrated to∼0.5 mM (Amicon Ultra-15 centrifugal filter
devices, 10K MWCO, Millipore) for NMR studies. This
method of purification ensures excess FERM since free
CERMAD passes through the column during column washes.

NMR Experiments for Structure Verification.TROSY
versions of the HNCO, CT-HNCA, HNCACB, and HNCO-
CA triple resonance experiments (implemented in Biopack,
Varian Inc.) were run on an{15N/13C} and>90% deuterated
CERMAD/natural abundance FERM complex in a Varian
Inova 600 MHz spectrometer at 30°C to obtain chemical
shift assignments for structural analysis.15N-edited NOESY
experiments (80 ms, 100 ms, and 150 ms mixing times) were
run on an{15N/2H}-CERMAD/natural abundance FERM
sample to obtain through-space connectivities. All spectra
were processed using NMRPipe/NMRDraw (31) and ana-
lyzed using Sparky (32). Chemical-shift values were refer-
enced using DSS as described in detail elsewhere (33, 34).
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Isothermal Titration Calorimetry.Both FERM (∼3 mL)
and CERMAD (∼300µL) were dialyzed (Slide-A-Lyzer 3.5
MWCO Dialysis Cassettes, Pierce Biotechnology Inc.) for
12-18 h into the same buffer bath (2 L volume). Measure-
ments were made in three different buffers of the same ionic
strength at pH 7.0 and in acetate buffer at pH 6.0. The
solutions used were 100 mM sodium acetate (pH adjusted
using glacial acetic acid), 100 mM MES (pH adjusted using
10 M NaOH), and phosphate buffer (17.4 mM KH2PO4 and
27 mM Na2HPO4·2H2O at pH 7.0). All samples were
degassed for 10 min prior to use, and all measurements were
carried out in duplicate. ITC experiments were run in a
Calorimetry Sciences Corp. (Lindon, UT) Nano-ITC Series
III instrument at 25°C. The reaction cell was filled with
∼1.4 mL of 10µM FERM, and CERMAD (0.2 mM) was
titrated into the cell in 25 injections of 4µL each, with
constant stirring at 150-200 rpm throughout the experiment
and 240 s between each injection. The heat of ligand dilution
was obtained from the average heat of the last few injections
after complete saturation of FERM. This value was sub-
tracted from all of the injection points during data analysis.

All data were fit to a single site binding model (35) using
Bindworks (version 3.1.5, Calorimetry Sciences Corp. Lin-
don, UT) to yield the stoichiometry (n), association constant
(Ka) and observed enthalpy change (∆Ho) for the binding
reaction. The number of protons (N) gained (positiveN) or
released into the buffer (negativeN) upon formation of the
protein complex was obtained from the observed enthalpy
change (∆Ho) measured at the same pH and ionic strength
using two buffers with different ionization enthalpies (∆Hb).
The ionization enthalpy of a given buffer corresponds to the
enthalpy change associated with the release of a proton from
the buffer (36, 37). Using the fundamental relationship∆Ho

) ∆Hi + N × ∆Hb, a plot of ∆Ho versus∆Hb yields a
straight line with N as the slope and∆Hi as they-axis
intercept (36). For this purpose, ITC measurements were
obtained in both MES (∆Hb

MES ) 3.71 ( 0.01 kcal/mol,
(37)) and Phosphate (∆Hb

Ph°s ) 1.22( 0.01 kcal/mol, (37))
buffers at pH 7.0, 25°C, and an ionic strength of 0.1. The
free energy change (∆G) and the entropy change (∆S) for
the binding reaction were obtained from the fundamental
relationships∆G ) -RTln Ka andT∆S) ∆Hi - ∆G, where
R is the universal gas constant (1.986 cal K-1mol-1), andT
is the absolute temperature.

Hydrogen-Deuterium Exchange (HX).All HX experi-
ments were run with{15N/2H}-CERMAD/natural abundance
FERM samples in acetate. HX data was collected at pH
values of 5.8, 6.0, 6.45, and 7.0. For pH valuesg6.0 (beyond
the buffering capacity of acetate), the protein was exchanged
into a deuterium-based solution containing 100 mM sodium
acetate (deuterated) with pH adjusted to the desired value
using glacial acetic acid (deuterated). pH measurements were
made using an ISFET stainless steel pH probe (IQ Scientific
Instruments) and used without any correction. Sample pH
was measured after the completion of data collection. The
protein in water-based buffer was rapidly exchanged into
the deuterated buffer using Zeba desalting columns (Pierce
Biotechnology Inc.). There was typically a 7-9 min lag time
between the start of exchange and initiation of data collection.
1H-15N HSQC spectra were collected over a period of 4-7
days depending on the remaining signal. The first four
HSQCs were each collected for 40 min (with 16 transients
and 64 increments). The number of transients (nt) was
progressively increased for later time points. Peak volumes
were extracted using the nonlinear spectral line shape
modeling program, nlinLS (Frank Delaglio, NIH/NIDDK),
scaled appropriately to account for the differentnt values
and fit to an exponential decay to obtain the observed
exchange rate constant,kex. The time since exchange was
taken as the midpoint of each experiment. The intrinsic
exchange ratekint for each residue of CERMAD was
calculated, taking into account temperature at pH and salt
conditions (see Table 1 in Supporting Information) (38).

RESULTS

Backbone Resonance Assignments of Bound CERMAD.
The solubility of the Ezrin N/C complex was found to be
the highest in acetate buffer (100 mM acetate at pH 5.6, 5
mM DTT, 0.1% sodium azide, and 0.1% v/v Protease
Inhibitor Cocktail, Sigma). All NMR experiments were
performed on Ezrin N/C complex samples in this buffer.
Because of the large size of the N/C complex (∼50 kDa),
{15N/2H}- or {15N/13C/2H }-CERMAD/(natural abundance)
FERM complex samples were used to run all NMR experi-
ments. Backbone resonance assignments have been com-
pleted for 101 out of 108 residues (excluding prolines)
with H484, A501, S504, R509, N513, E515, and R529
remaining unassigned. The assignments have been deposited

Table 1: Predicted NOE cross-peaks from the Homology Model

HN

(CERMAD)
structural
element group

approximate
distance (Å) ambiguous? observed?

T497 â strand Hγ, Hδ of L273 4.06, 3.45 no no
T 497 â strand Hâ of D251 4.24 no no
T497 â strand ring protons of F249 4.45 no no
R517 310 Hâ of Y565 3.94 no no
E520 R Hâ of D196 2.70 yes no
L531 RA Hδ of L123 4.37 yes no
L534 RA ring protons of W174 3.68, 4.03 no no
R542 Loop Hδ of H160 3.82 no no
H554 RB Hδ of L233 4.25 yes no
K564 RC Hγ of T519 4.67 no no
K564 RC Hγ of E198 4.78 yes no
R569 RC Hâ, Hγ of E515 4.67,4.56 yes no
I580 RD ring protons of F239 3.81, 4.11 no yes
E582 RD Hδ of I237 4.58 no no
F583 RD Hδ of I237 3.19 no yes
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in the BioMagResBank (accession number 7161) and are
reported elsewhere (39).

Formation of the N/C Complex Coincides with CERMAD
Folding.A comparison of the1H-15N HSQC spectra of{15N/
2H} CERMAD in the absence and presence of excess FERM
clearly indicates that free CERMAD is predominantly
unstructured with poor chemical-shift dispersion (Figure 1b).
Conversely, bound CERMAD is well structured except for
the first∼18 residues, which are disordered based on their
sharp peaks, clustered toward the center of the spectrum.
The corresponding region in Moesin CERMAD was also
poorly ordered in the Moesin crystal structures (17, 18).
CERMAD in the absence of FERM is known to be very
sensitive to proteolytic cleavage, and it has been suggested
that free CERMAD cannot adopt the same fold as that
observed in the Moesin N/C crystal structure (17, 18). The
lack of stable structure in free CERMAD rationalizes its
sensitivity to proteolysis and demonstrates that the formation
of the N/C complex involves the folding of CERMAD. An
alternate purification protocol yielding the complex with
excess{15N/2H}-CERMAD yields1H-15N HSQC spectra with
distinct populations for free and bound CERMAD, indicating
that these two populations are in slow exchange (data not
shown).

NMR Data Is Consistent with the Homology Model.
Chemical shifts and NOEs were used to assess the validity
of the homology model constructed as described above. The
CR and C′ chemical-shift indices (40, 41), calculated using
the CSI program (PENCE/CIHR-Group, Joint Software
Centre, University of Alberta) (42), confirm all five major
secondary structural elements of CERMAD and indicate that
the first 20 residues are predominantly random coil except
for a short stretch ofâ-strand in the beginning of CERMAD
(477-481) (Figure 2a). On the basis of the recent structure
of full-length Moesin (18), these residues (disordered in the
crystal structure) could potentially extend theâ sheet of either
the F3 or the F1 subdomains of FERM. Sequentialdnn values
were observed for all four majorR helices, further validating
the homology model (Figure 2b). NOE cross-peaks to protons
on FERM can verify the packing of CERMAD on the FERM
surface, but such interdomain cross-peaks were very limited
because of the deuteration of CERMAD, which left only
exchangeable protons (primarily backbone HNs) for NOE
observations. On the basis of the Ezrin N/C homology model,
a total of 15 NOEs between CERMAD backbone HNs and
FERM protons are predicted (Table 1). Of these, 5 were
ambiguous (intraresidue or sequential CERMAD resonances
fall within the expected range of FERM proton chemical
shift), and HNs not inRC orRD are expected to be weakened
because of low stability (see below). Of the remaining, only
2 are within a distance of 4.0 Å and were indeed observed
(Figure 2c). Finally, a plot of CERMAD amide proton
chemical shift versus homology model-derived H-bond
length displays the expected correlation (43, 44), further
supporting the homology model (Figure 2d). Thus, multiple
forms of NMR data are fully consistent with the homology
model, with CERMAD secondary structure confirmed by
CSI, short-range NOEs, and the correlation between hydro-
gen bond length and amide proton chemical shift, and the
N/C interface supported by two long-range interdomain
NOEs observed in the most stable region of the complex.

Enthalpy-Dominated Nanomolar Affinity of the N/C Com-
plex Does Not InVolVe a Net Gain or Loss of Protons.A
macroscopic perspective on the thermodynamics of binding
of CERMAD to FERM was obtained through ITC measure-
ments. The resulting isotherms were fit well by single-site
binding curves (Figure 3a) and yielded the expected stoi-
chiometry of 1 (Table 2). The∆Ho values obtained in MES
(∆Hb

MES ) 3.71( 0.01 kcal/mol, (37)) and phosphate buffers
(∆Hb

Ph°s ) 1.22( 0.01 kcal/mol, (37)) at pH 7.0 were es-
sentially equal (-26.5( 0.5 kcal/mol), as were the associa-
tion constants (Ka ) (5.70 ( 0.16)× 106 M-1), indicating
that no net protonation/deprotonation accompanies binding
(i.e., N ) 0, ∆Ho ) ∆Hi) under these conditions (Table 2).
These ITC results further show that formation of the N/C
complex is in the nanomolar range of affinity (Kd ) 1/Ka )
175 nM) and is driven by a large favorable change in
enthalpy that outweighs an unfavorable loss of entropy.

N/C Complex Affinity Is Significantly Enhanced in 100
mM Acetate.For comparison of macroscopic thermodynamic
parameters with the residue-specific stabilities obtained by
NMR, ITC measurements were also made in 100 mM acetate
at pH 6.0 and 7.0 (Table 2). Surprisingly, the measured
affinity at pH 7.0 (Kd ) 20 nM) was nearly 9-fold stronger
than the affinity in MES and phosphate at the same pH, with
a larger favorable change in enthalpy (-34.6 ( 0.5 kcal/
mol) and a larger unfavorable change in entropy (-24.1(
0.4 kcal/mol) (Figure 3b and Table 2). Although lowering
the pH to 6.0 significantly altered∆H and T∆S (∆∆H )
-2.4 kcal/mol,∆(T∆S) ) -2.7 kcal/mol), enthalpy/entropy
compensation resulted in only a marginal decrease in affinity
(Kd ) 32.1 ( 0.6 nM; ∆∆G ) +0.3 kcal/mol). Notably,
the effects of protonation/deprotonation event(s) accompany-
ing binding in acetate would be minimal because of its very
small intrinsic heat of ionization (∆Hb ) 0.12( 0.01 kcal/
mol, (37)).

Hydrogen Exchange Measurements ReVeal Variation in
Stability across CERMAD Secondary Structural Elements
in the N/C Complex.An amide proton in a protein exists in
equilibrium between the closed or exchange-incompetent
state (NHcl) and the open or exchange-competent state
(NHop), governed by the opening and closing rate constants,
kop andkcl, respectively (45). The interpretation ofkex values
depends on the exchange mechanism (EX1 or EX2) dis-
played by each amide proton, which in turn is dictated by
the relative magnitudes ofkint and kcl (46). In the EX2
condition (kint , kcl), the ratio ofkint to kex yields a protection
factor (P) which can be translated into apparent free energy
of opening,∆Gopen. In the EX1 condition (kint . kcl), kex

directly reports thekop for that amide proton (46).
HX data was collected at four different pH values (5.8,

6.0, 6.45, and 7.0) in 100 mM sodium acetate (Table 3). At
pH 5.8, the first 40 min HSQC spectrum showed 35 peaks
corresponding to protected residues (Figure 4a), and 9 of
these remained significantly above the noise level after 106
h of data collection. Seven of the above nine peaks mapped
to RD of CERMAD in the homology model and the
remaining two toRC. Of the 35 protected peaks, 28 yielded
sufficient data for the determination ofkex values, providing
quantitative representation of all secondary structural ele-
ments except for theâ-strand, which exchanged too rapidly
(Table 3). As expected, all 35 protected residues are hydrogen
bonded in the homology model. Amide protons of residues
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FIGURE 2: Consistency of homology model with NMR data. (a) Filtered CR and C′ chemical shift indices, calculated using the CSI program
(PENCE/CIHR-Group, Joint Software Centre, University of Alberta). Secondary structure from the homology model is indicated between
the plots for CR and C′. Theâ-strand is not detected in the C′ filtered CSI because of the lack to complete assignments. (b) Example of a
series of NOESY strips showing sequential connectivity inRD. (c) NOESY strips showing cross-peaks to FERM residues across the
interface. (d) Plot showing correlation between isotropic amide proton chemical shift and hydrogen bond length. The difference between
the observed chemical shift and random coil values (∆δ ppm) (94) is plotted against the hydrogen bond length,d Å (distance between
amide proton and carbonyl oxygen). The best fit line through the filled diamonds represents ad-3 dependence of∆δ (45). The open squares
indicate outliers whose anomalous behavior can be explained by ring current shifts and/or the presence of local positive or negative charges.
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in the first turn of each helix showed no protection since
they do not participate in the regular hydrogen bonding of
the helix backbone. One exception is V527, the third residue
of RA, which is hydrogen bonded to the side chain of N524
in the homology model and showed quantifiable protection.

Protection Factors Indicate a Range in Stability across
the FiVe Main Secondary Structural Elements of CERMAD.
Residues inâ1 andRB are the least protected, indicating
that these regions are significantly more dynamic than the
other three helices (Figure 5). Notably, most of the residues
of RB have high kint values, making quantitative HX
measurements more difficult. HelicesRC andRD are the
most protected and show relatively uniform ln(P) values
across the hydrogen-bonding network of each helix, indicat-
ing cooperative unfolding. While the individual errors in ln-
(P) are much smaller than the standard deviation of these
values within each helix, it should be noted that errors in
kint values have not been considered. In contrast, residues of
RA display a periodic variation in protection, with residues
on the face packed against FERM (e.g., Q528 and L531)
more protected than those on the solvent accessible face (e.g.,

Q530, T533, and S536) (Figure 6). HelixRA is the longest
helix of CERMAD and is curved, with longer and weaker
hydrogen bonds on the outer convex surface (e.g., S536 with
a hydrogen bond length of 2.36 Å) than in the packed
concave surface (e.g., S535 with a hydrogen bond length of
1.99 Å). Other such helices with similar protection patterns
have been observed in coiled coil leucine zippers (47) and
surface helices oftrp-repressor (48). Notably, the HX-derived
∆Gopen values across CERMAD are all less than∆GITC

(except for L586, discussed below), indicating that exchange
occurs predominantly via local fluctuations.

Residues ofRC and RD Show Reduced Stability below
pH 7.0. In order to identify the appropriate exchange
mechanism (EX1 or EX2) for protected residues, plots of
log kex vs log kint were generated. When protein stability is
unperturbed by pH, a slope of 1 in this plot indicates EX2
exchange and a slope of 0, EX1 exchange (49, 50). It is
possible for different residues within a given protein to
exhibit different exchange regimes, as has been observed for
example in the Lac headpiece bound to DNA (51). F583 is
not considered in the set of residues fromRD because it

FIGURE 3: Representative ITC raw data (top panels) and integrated heats and data fits (bottom panels) for the titration of 0.2 mM CERMAD
into 10 µM FERM in (a) 100 mM MES at pH 7.0 and (b) 100 mM sodium acetate at pH 7.0.

Table 2: Summary of ITC Results for the Titration of 0.2 mM CERMAD into 10µM FERMa

pH 7.0 pH 6.0

parameter MES phosphate acetate acetate

n, stoichiometry 0.91( 0.05 0.93( 0.02 0.91( 0.07 1.03( 0.02
Ka (× 107 M-1) 0.57( 0.01 0.57( 0.03 5.0( 0.7 3.1( 0.06
Kd (nM) 175( 3 176( 9 20( 3 32.1( 0.6
∆G (kcal/mol) -9.21( 0.01 -9.20( 0.04 -10.5( 0.1 -10.2( 0.1
∆H (kcal/mol) -26.8( 0.2 -26.2( 0.12 -34.6( 0.5 -37.0( 0.3
T∆S(kcal/mol) -17.8( 0.01 -17.0( 0.09 -24.1( 0.4 -26.8( 0.2

a The results reported are (average( standard deviation) of two independent measurements.
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does not decay significantly at pH 6.45 and 7.0; therefore,
exchange rates could not be obtained. Residues I580-E582,
E584, and A585 ofRD exhibited a slope of 0.37 ((0.06)
and residues L568-R572 ofRC a slope of 0.41 ((0.13)
(Figure 7a and b). Both sets of residues within each element
significantly deviate from EX1 or EX2 kinetics (i.e., the slope
is neither 0 nor 1) but display slopes within uncertainty of
each other. Three scenarios can be considered to explain this
deviation, where these residues inRC andRD (1) are in EX2
limit, but their stability decreases below pH 7.0; (2) transition
from EX2 to EX1 kinetics as pH is increased; and (3) are in
EX1 limit, but their stability increases below pH 7.0.

As presented above, ITC results indicate that|∆Gbind| is
in fact ∼0.3 kcal/mol lower at pH 6.0 than at pH 7.0,
corresponding to higher affinity at pH 7.0 (i.e., a decrease
in complex stability below pH 7.0). The deviation of the
above slopes from unity corresponds to a∼0.5 kcal/mol
increase in stability forRD (RT ln(slope)) and a∼0.3 kcal/
mol increase in stability forRC in going from pH 5.8 to pH
7.0, in excellent agreement with the ITC-derived stability
increase. Furthermore, despite differentkint andkex values,
the∆Gopencalculated for these residues at pH 7.0 (assuming
EX2) are within 0.5 kcal/mol of each other (Table 4

illustrates this forRD), which is the typical uncertainty for
∆Gopen, after considering errors in bothkint andkex (52). These
results support scenario 1 above, whereRC andRD together
form a cooperative unit of folding, residues within these
helices display EX2 kinetics, and their stability decreases
below physiological pH.

L586 and F583 Are the Anchors ofRD. The C-terminal
residue L586, the most protected residue in CERMAD,
showed no significant decay with time preventing the
determination of an exchange rate. However, if the ITC-
derivedKa at pH 6.0 and pH 7.0 is applied, then the observed
HX intensity decays for this residue fall very close to the
calculated curves (Figure 4b), indicating that the exchange
behavior of L586 reflects the macroscopic dissociation
constant. It should be noted that this comparison of∆Gop

with ∆Gbind represents a special case in which folding is
tightly coupled to binding, as is the case here for the N/C
complex. The more general approach for relating HX-derived
free energies to global folding thermodynamics relies on the
use of a denaturant such as urea with extrapolation back to
native (0 M urea) conditions (53). F583 also showed no
significant decay with time at pH 7.0 and 6.45, but its
exchange rate increased at pH values below 6.45, indicating

Table 3: Observed Exchange Rates for Protected Residues on CERMAD Bound to FERM at the Four pH Conditions in 100 mM Sodium
Acetatea

kex (× 10-4 min-1)b,c,d

structural
element residue pH 5.8 pH 6.0 pH 6.45 pH 7.0

slope (logkex

vs logkint)

â strand Y499 P P - -
R T519 P P - -
R E520 P P - -
R A 521 241( 52 - - -
R E 522 81.3( 4.87 - - -
R K523 P P P -
RA V 527 18.6( 1.93 24.9( 4.39 59.6( 16.3 60.6( 17.2 0.52( 0.11
RA Q 528 6.5( 0.27 6.8( 1.57 19.4( 3.84 63.6( 5.45 0.86( 0.04
RA Q530 P P P -
RA L 531 3.57( 0.14 3.59( 0.59 6.74( 0.57 22.8( 2.9 0.60( 0.04
RA L 532 11.5( 0.42 9.67( 1.87 10.3( 1.1 17( 4.27 0.01( 0.06
RA T533 P P - -
RA L 534 12.7( 0.34 11.6( 1.83 20.6( 2.2 39.7( 12.9 0.36( 0.07
RA S 535 48.6( 6.23 57.3( 11.6 50( 12.9 P 0.03( 0.21
RA E 537 28.4( 5.81 57.3( 21.8 P P
RA L 538 346( 12.4 103( 28 P -
RB D551 P P - -
RB I 552 82.6( 13.6 57.9( 8.9 - -
RB I 553 46.9( 11 36.6( 23.7 P -
RC T 567 17.8( 2.62 32( 8.33 122( 50.6 P 1.42( 0.31
RC L 568 1.83( 0.16 2.22( 0.48 4.35( 0.74 6.75( 3.74 0.43( 0.12
RC R 569 4.68( 0.17 4( 0.72 8.24( 0.6 23( 3.49 0.50( 0.04
RC Q 570 40.1( 5.04 41.1( 10.7 P P
RC I 571 2.6( 0.14 2.18( 0.41 5.74( 0.74 7.63( 0.61 0.42( 0.04
RC R 572 8.45( 0.65 10.3( 2.29 11.3( 1.69 30.1( 9.73 0.29( 0.09
RC Q573 P - - -
RD Q578 P P P -
RD R 579 14.4( 0.37 14.9( 2.95 81.8( 7.99 216( 42.1 1.14( 0.05
RD I 580 0.93( 0.08 1.86( 0.21 3.2( 0.16 6.15( 0.59 0.69( 0.04
RD D 581 0.92( 0.05 1.44( 0.07 1.7( 0.13 2.44( 0.16 0.32( 0.03
RD E 582 0.98( 0.03 1.18( 0.07 1.27( 0.09 1.56( 0.09 0.17( 0.02
RD F 583 0.37( 0.06 0.5( 0.09
RD E 584 1.8( 0.04 1.66( 0.18 2.82( 0.12 4.86( 0.35 0.36( 0.02
RD A 585 1.95( 0.05 1.8( 0.16 2.8( 0.16 4.38( 0.39 0.29( 0.03
RD L 586

a Errors in the rates are standard errors of the fit. Also presented are the slopes of logkex vs log kint for residues with quantifiable exchange in
at least 3 pH conditions.b P indicates protection only in the first one or two spectra. (Exchange rates could not be calculated.)c (-) indicates that
the residue was not protected at that pH.d Blanks indicate that exchange rates could not be calculated because of the lack of significant decay in
peak volumes.
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a reduction in stability at lower pH. This behavior is not
explicitly observed for L586 and may be attributed to a
counteracting fall in HX rate due to a pH-dependentkex and
reduction in stability at lower pH values. Additionally, the
effect of hydrogen exchange would be more visible in F583
than in L586 because of its 1.5-fold higherkint.

Another aspect of the decay profile of L586 is the initial
increase in peak volume at all four pH values (Figure 4b).
A possible explanation for this is that with progressive
replacement of exchangeable protons in the vicinity of L586
with deuterons, the dipolar contribution to the transverse
relaxation rates (R2) of the L5861HN and15N nuclei decreases
with time, imparting an overall decrease in L586R2 with
time dictated by the HX rates of the nearby protons. This
results in increased peak intensity until all nearby protons

are exchanged for deuterons, at which timeR2 stays constant,
and the intrinsic decay of L586 predominates. This effect is
most pronounced for residues displaying the slowest ex-
change that have more rapidly exchanged neighboring
protons. The L586 proton environment in the homology
model suggests that such an effect would be dominated by
the1HN of A585, by virtue of its proximity to the L5861HN

(inter-proton distance) 2.41 Å) and its quantifiablekex.

Fourth Residue ofRA, RC, and RD BehaVe Similarly.
Q528, T567, and R579 are the fourth residues (and the first
hydrogen bonded residues) ofRA, RC, andRD, respectively.
All three residues behave differently from the other members
of their respective helices and exhibit a slope close to 1 in
a plot of logkex versus logkint (Figure 7c). For EX2 exchange,
this indicates that their stability is not affected by pH and

FIGURE 4: (a) HSQC overlay of complex in water (gray) with the first 40 min HSQC of the complex in D2O (black). The protected residues
are labeled. (b) Plot showing the HX profile of L586 at pH 6.0 and pH 7.0 (solid diamonds and solid triangles, respectively) and the
theoretical curve for the residue using ITC derivedKa at the respective pH values. Also shown is the decay profile and best fit for a
representative residue, E582.

FIGURE 5: Plot of ln (protection factors) vs amino acid sequence for CERMAD bound to FERM in acetate buffer at pH 5.8. The secondary
structural elements of CERMAD are shown below the sequence and as shaded regions. The shortest bars are for the residues that are
protected only in the first spectrum, and therefore, exchange rates could not be determined for these. The residues marked with * could not
be assigned. The average protections (as solid lines) and the standard deviations (as dotted lines) are also shown for each secondary structural
element. Unprotected/poorly protected residues were not considered while determining this average. The plot was generated for pH 5.8
since quantifiable data for most residues was obtained at this pH because of lower intrinsic rates at pH 5.8 than pH 7.0.
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that they exchange through local fluctuations. This non-
cooperative behavior is explained by the fact that the
opening/closing of these first hydrogen bonds does not
require breakage of additional bonds, as the reorientation of
the carbonyl group of residue (i-4) can occur independent
of the rest of the helix.

DISCUSSION

The binding interface between the FERM and CERMAD
domains of Ezrin displays two highly unusual aspects. First,
the structure of CERMAD is composed of a series of five
secondary structural elements that pack against FERM but

have very few tertiary contacts within CERMAD. The second
aspect is the enormous surface area of FERM that is buried
(2700 Å) by the binding of the∼100 residue CERMAD
domain (17). This multicomponent, extensive interface
provides the possibility for multiple regulatory mechanisms
which can potentially vary in strength if the microscopic
affinities of each element differ from one another. Two main
questions addressed in this work are (a) do all the secondary
structural elements of CERMAD contribute equally to
binding, and (b) how is T567, the phoshorylation target on
CERMAD that is buried in the X-ray structure, subject to
kinase activity?

FIGURE 6: Position-dependent protection inRA. (a) Looking down through theRA backbone from the N-terminus to C-terminus bound to
the FERM surface (gray). (b) CurvedRA, with protected residues on the left (black) and poorly protected residues toward the right (red).
(c) Plot highlighting the position-dependent protection inRA.

FIGURE 7: log kex vs log kint plots and their corresponding best fit lines at pH 5.8, 6.0, 6.45, and 7.0 for (a)RD: I580-E582, E584, and
A585; (b) RC: L568-R572; (c) Q528 (×), T567 (2) and R579 ((). The diagonal in each plot represents a slope of 1.
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Ezrin N/C interface Is Varied and Dynamic.Our NMR
and ITC results clearly demonstrate that binding of CER-
MAD to the FERM surface is synonymous with folding of
CERMAD and that the different CERMAD secondary
structural elements range in their stability. The similarity of
∆Gopen across a given element, yet the variation in micro-
scopic affinities across the different elements (Figure 8d),
reveals a highly dynamic interface in which elements form/
bind and melt/dissociate independently, providing many
combinations of bound elements at a given instant. This is
very different from a simple two-state equilibrium where
CERMAD might behave as a rigid body composed of stable
secondary structural elements that bind and release simul-
taneously across the FERM binding interface. Rather, the
energy landscape is more complex with multiple possible
states corresponding to the various combinations of bound
secondary structural elements of different affinities. The Ezrin
N/C interface provides multiple options for interactions with
different regulatory factors, with a possible hierarchy of
affinities needed for effective competition depending on
which CERMAD element is displaced.

Our ITC results show that binding of CERMAD to FERM
is characterized by a favorable∆H and an unfavorable∆S.
This is atypical for protein-protein binding interactions,
although it is quite typical for binding events that involve
substantial conformational rearrangement and/or entrapment
of water molecules at the binding interface (54). Empirical
relationships that correlate enthalpy and entropy changes with
the apolar and polar surface area buried upon binding
(∆ASAapolar and∆ASApolar, respectively) provide estimates
of ∆H and∆Sfor a given interface (54-57). These estimates
report on the changes accompanying the binding of two pre-
ordered surfaces; hence, no changes in conformational
entropy are considered. The predicted∆H thus obtained for
the Ezrin N/C interface (-15 kcal/mol) is far less favorable
than that observed by ITC (-26.5 kcal/mol in MES/
phosphate buffers), consistent with the cooperative formation
of secondary structure, side chain packing, and interactions
that accompany CERMAD binding, in addition to the
extensive interactions across the N/C interface. Similarly,
the large discrepancy between the predicted (101 kcal/mol)
and measured (-17 kcal/mol) T∆S is rationalized by the
additional loss of conformational freedom due to folding/

binding of the∼100 residue CERMAD polypeptide. Hence,
the relative partitioning of binding energy into enthalpy and
entropy is not unexpected for this system, considering the
large binding interface and the coupling of binding and
folding in CERMAD.

Critical Roles of F583 and L586 in StabilizingRD. It has
been shown that the 11 C-terminal residues of EBP 50, an
adapter protein that binds to the active FERM domain, bind
in the same site of FERM asRD of CERMAD (58, 59).
Moreover, F583 and the hydrophobic nature of the C-
terminal CERMAD residue (L or M) are completely con-
served across ERM proteins, Merlin and EBP 50 (58, 59).
It was previously demonstrated that EBP 50 alone does not
displace CERMAD in dormant Ezrin, indicating that the N/C
interaction must be weakened in order for this adapter to
bind (11). Here, we have shown thatRD is the tightest
binding region of CERMAD and that the HDX-derived
stabilities of F583 and L586 reflect the macroscopic binding
constant measured by ITC. This indicates that these two
residues serve as anchors ofRD, and their release from the
binding interface coincides with release of the entire CER-
MAD molecule.

The homology model provides rationalization for this high
protection of F583 and L586. Both side chains are packed
into a hydrophobic patch on the FERM surface, with the
L586 side chain surrounded by L215, I226, and I237 side
chains of FERM and the F583 ring. HelixRD terminates in
a type Iâ turn with the L586 amide proton hydrogen bonded
to the carbonyl oxygen of F583 (Figure 8a) and the
C-terminal carboxylate hydrogen bonded to N210 and T214
of FERM (17). The NH group of F583 is on the side ofRD
packed against FERM. These combined hydrophobic packing
and electrostatic interactions serve to limit the solvent
accessibility of F583 and L586 NH groups, thus protecting
them from exchange.

Interestingly, the F583 ring participates in a network of
aromatic ring interactions in the F3 subdomain of FERM
containing 6 phenylalanine residues spanning a distance of
nearly 22 Å (Figure 8b). Aromatic interactions are believed
to contribute to the stability of tertiary and quaternary
structure (60), thermostability of thermophilic proteins (60-
62), and are known to be important in antibody-antigen
interfaces (63) and, in general, biomolecular recognition (64).
Phenylalanine zippers have been implicated in the aggrega-
tion process of amyloid fibril formation (65, 66) and the
dimerization of APS, a scaffolding protein involved in
cellular signaling (67). An aromatic interaction pair can
contribute -0.6 to -1.3 kcal/mol to protein stability at
physiological temperature (60). The binding ofRD to FERM
results in the formation of two new aromatic interaction pairs
(F268-F254 and F583-F266) (Table 5). Hence, the stability
achieved by binding must rely at least moderately on the
presence of this phenylalanine residue. This was indeed
observed in a binding study of a 28 residue peptide from
the C-terminus of EBP 50 to Radixin FERM domain.
Mutation of the F to an A resulted in a 25-fold weaker
binding compared to the wild type peptide (59).

Keystone Interactions: A Microscopic PerspectiVe. In their
structural analysis of the active Ezrin FERM domain, Smith
et al. introduced the concept of “keystone interactions” to
describe regions of the N/C interface predicted to be the most
critical (26). The high B factors observed for certain stretches

Table 4: Thermodynamic Hydrogen Exchange Parameters forRD at
pH 7.0

residue
kint

(min-1)
kex

(× 10-4 min-1)a,b

protection
factorP
(× 104)

∆Gopen

(kcal/mol)

T 576 1049.71 - - -
K577 853.23 - - -
Q578 893.45 - - -
R579 1124.78 216( 42.1 5.21( 1.01 6.53( 0.12
I580 182.42 6.15( 0.59 29.7( 2.83 7.58( 0.06
D581 174.21 2.44( 0.16 71.4( 4.65 8.11( 0.04
E582 120.52 1.56( 0.09 77.3( 4.56 8.16( 0.04
F583 240.47 * * *
E584 209.44 4.86( 0.35 43.1( 3.09 7.81( 0.04
A585 417.90 4.38( 0.39 95.4( 8.52 8.28( 0.05
L 586 155.26 * * *

a Cells with (-) indicate that the residue was not protected at that
pH. Cells with (*) indicate that exchange rates could not be calculated
because of the lack of significant decay in peak volumes.b The errors
reported are standard errors of the fits.
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of residues in the F2 (130-150 and 155-180) and F3 (210-
214 and 240-270) subdomains were attributed to the absence
of RA and RD, which pack against these regions in the
structure of the Moesin N/C complex (17). The authors
predicted thatRA and RD would be the tightest binding

regions of CERMAD and that the corresponding regions on
FERM would be high-affinity sites for other binding partners.
Indeed, high-affinity ligands that bind to the FERM surface
masked byRD (EBP50 (58), EBP50/NHERF1, and NHERF2
(59)) and strand 1 (ICAM-2 (9, 68), CD44, and neutral
endopeptidase 24.11 (9, 69, 70)) have been identified.
However, no ligands that bind to theRA-complementary
surface have been found, although additional proteins such
as RhoGDI (13), FAK (15), E3KARP (12), and PI 3-kinase
(71) among others are known to interact with Ezrin with the
structural details of the interactions yet to be elucidated.

As discussed above, our results clearly demonstrate that
RD indeed forms a high-affinity region of the N/C interface.
In the homology model, I580, F583, and L586 ofRD insert
into the core of the F3 residues found to be disordered in
active FERM. The disordered F3 region implicated in
keystone interactions includes all four Phe residues involved
in the aromatic network described above. Hence, in active
Ezrin, these Phe residues are likely to sample multiple
conformations. Since aromatic interactions depend on both
distance and orientation (60, 72, 73), disorder would diminish
their strength. Two aromatic residues are defined to interact
if their phenyl ring centroids are less than 7 Å apart (60).
The introduction of F583 introduces two new aromatic
interactions, extending the aromatic network to include a total
of six Phe residues (Table 5). The correspondence between

FIGURE 8: (a) L586 NH group, locked into a hydrogen-bonded position to the F583 carbonyl oxygen. (b) Phenylalanine ring network
comprising F583 and other phenylalanines from the F3 module of FERM. (c) Looking down through theRB backbone from the N-terminus
to C-terminus (green), bound to a cleft between the F2 and F3 modules of FERM. (d) Summary of protection. FERM is shown in the
background as a gray space-filled model. The main secondary structural elements of C ERMAD are color coded on the basis of their HX
protection.

Table 5: Distance between Centroids of the Phenylalanine Residues
That Form a Part of the Phenylalanine Network in the F3 Module
of FERM andRD of CERMAD from the Ezrin N/C Complex
Homology Model and the Moesin N/C Crystal Structure and the
Crystal Structures of the Active FERM Domains of Ezrin and
Moesin

centroid distances (Å)

active FERMb dormant FERM

Group 1a Group 2a Ezrin Moesin Ezrin Moesin

F239 F266 5.51 5.71 4.78 4.81
F266 F268 6.00 6.60 5.76 5.75
F268 F254 10.54 5.15 4.92 4.87
F254 F249 4.77 6.28 6.07 6.08
F239 F574 (F583) 8.13 8.22
F266 F574 (F583) 4.87 4.74
F268 F574 (F583) 7.14 7.21
a The residues of Group 1 belong to FERM of Ezrin or Moesin. In

Group 2, F 574 belongs to Moesin CERMAD, and F583 belongs to
Ezrin CERMAD. b The distances are very similar for the dormant
complexes between Ezrin and Moesin but vary significantly for the
active FERM domains. This might be due to the fact that these residues
have been implicated in keystone interactions and hence are very mobile
and may be captured in different low-energy conformations.
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F583∆Gopenand∆Gbind indicates that the Phe-Phe aromatic
interaction network formed by the insertion of F583 upon
CERMAD binding plays a critical role in the determination
of the macroscopic affinity and suggests a mechanism by
which conformational perturbations remote from the interac-
tion surface might disrupt this aromatic interaction network
and modulate affinity of the N/C interaction. For example,
IP3, the soluble head group of PIP2 (which is known to
weaken the N/C interaction (23)), binds to FERM at the
opposite end of this network (74).

In contrast,RA residues display a large variation in HX
protection factors, an observation attributed to the bending
required for packing this long helix against the FERM F2
subdomain surface. This compromise between interface
packing and backbone hydrogen bonding renders a lower
stability of this helix relative toRD, apparent in the lower
protection factors inRA. The highest protection inRA is
observed for residues on the packed side of this helix, with
values lower than the average protection forRD (Figure 5).
The lower stability ofRA provides a region of the N/C
interface that would be vulnerable to direct competition by
regulatory factors with binding affinities that need not be as
high as that of the observed affinity of the EBP50 C-terminal
peptide for theRD binding site (59).

A Possible Ezrin Repression Mechanism Is Suggested by
the Thermodynamic Effects of Acetate.Although the mac-
roscopic thermodynamic description of the CERMAD/FERM
interaction is easily rationalized, the∼9-fold higher affinity
in acetate compared with MES or phosphate buffers at equal
ionic strength is unexpected. The more favorable enthalpy
and less favorable entropy in acetate compared to MES or
phosphate buffers is consistent with further folding-like
conformational changes induced by acetate. This might
simply be a stabilization of the folded form of CERMAD
(i.e., the bound state), or it may reflect an allosteric
conformational change in FERM that enhances the affinity
of CERMAD through structural ordering and increased
electrostatic interactions, possibly induced by specific in-
teraction(s) with acetate.

Interestingly, the F2 subdomain has a fold similar to that
of acyl coenzyme A binding protein (17) (ACBP) and retains
many of the side chains involved in binding acyl-CoA. The
increase in N/C affinity observed in 100 mM acetate, a
widely used buffer not noted for interacting specifically with
proteins, suggests the possible existence of an acetate-like
signaling molecule that promotes the repressed state of Ezrin.
Acetate presents a fragment of acyl-CoA, mimicking the
terminal end of the acyl-fatty acid moiety of acyl-CoA and
possibly also providing features similar to those of the

carbonyl and aliphatic components of the CoA moiety
(Figure 9). A fragment-based approach to drug discovery
has recently gained interest, where weak-binding small
molecules are linked to form high-affinity bidentate com-
pounds (75-78). By analogy, the effect of 100 mM acetate
on the thermodynamics of the N/C interaction, together with
the structural homology of F2 with the Acyl CoA binding
domain, suggests an acyl CoA-mediated repression mecha-
nism in Ezrin. Studies are underway in our laboratory to
investigate this intriguing possibility.

â1 andRB ProVide Possible Fine-Tuning of ActiVe and
Dormant Ezrin Populations.Secondary structural elements
â1 andRB are the least stable of the five major elements of
bound CERMAD. The poor protection ofâ1 is not unex-
pected because of the involvement of this element in the
domain-swapped dimer in the Moesin N/C complex crystal
structure (17, 79). A shallow energy landscape, suggested
by the alternate crystal-trapped conformation, is rationalized
by the position ofâ1 as the last strand of aâ sheet, where
only every-other residue is hydrogen bonded. HelixRB sits
in a groove between the F2 and F3 subdomains of FERM
(Figure 8c), unlikeRC, RD, andRA, which are all bound to
one subdomain of FERM (F3 forRC andRD and F2 for
RA). Hence, the stability ofRB can be easily affected by
relative motions of the two subdomains. Also, while the side
chains of residues inRC, RD, and RA pack tightly into
FERM, only H549, D551, and N557 ofRB are within van
der Waals contact of the FERM surface and hence provide
the primary interactions by whichRB is perched on the
groove. This loose packing ofRB at the N/C interface,
however, does not imply thatRB is a less significant element
in Ezrin function. Notably, CERMAD also binds to f-actin
filaments through its C-terminal 34 residues that comprise
RB, RC, andRD (80), indicating that the region correspond-
ing to RB has an important role in determining CERMAD’s
f-actin binding ability. The presence of weak elements such
as â1 andRB may provide a fine level of control of N/C
macroscopic affinity and consequently a fine-tuning of active
and dormant Ezrin populations, which can be modulated by
upstream signals and downstream effectors.

ActiVation by Phosphorylation, a Thermodynamic Mech-
anism?The side chain T567 inRC is inaccessible to solvent
and hence to kinases in the X-ray structure (17). Hence, the
most obvious and intriguing question is how this residue
becomes phosphorylated. Our results show that for every
∼20,000 molecules (kint/kex), only one molecule samples the
open state at any given time. Therefore, rapid phosphory-
lation of this residue would not be expected without some
perturbation of its local stability. Studies by Fievet et al.

FIGURE 9: Structures of (a) acetate and (b) acetyl coenzyme A (prepared using ChemSketch 10.00, ACD/Labs).
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reported that Ezrin activation by phosphorylation at T567
requires phosphoinositide binding to FERM (81). This
suggests that phosphoinositide binding alters this population
ratio, resulting in a higher probability of T567 being
accessible to kinase.

Many distributed binding interfaces involving coupled
folding and binding have been characterized in higher
eukaryotes over the past decade (82), with the hallmark
feature being the large interaction surface area buried by a
relatively short polypeptide chain. Such coupled folding and
binding have been found in proteins associated with vital
cellular activities such as transcription (the N and C terminal
domains of p53 (83-86), the interaction domains of CBP
(cAMP-responsive (CRE)-binding protein) and ACTR (ac-
tivator for thyroid hormone and retinoid receptors) (87)),
chromatin structure and gene regulation (HMGA proteins
(88, 89)), apoptosis (N terminal domains of DFF40 (DNA
Fragmentation Factor) and DFF45 (90)), and cell adhesion
(E cadherin cytoplasmic domain and its interaction withâ
catenin (91)). Recent pioneering studies on the folding of
an unstructured pKID (phosphorylated kinase inducible
domain of the transcription factor CREB) upon binding to
the KIX domain of CREB binding protein support a
mechanism wherein initial nonspecific hydrophobic contacts
pave the way for the formation of the final complex held
together by a multitude of specific contacts (92, 93). Ligand-
coupled folding transitions also play an important role in
catalysis in the helicase motor of SecA, an essential
component of the bacterial Sec translocase machinery (94).

Ezrin, with its extended binding interface serves as a
paradigm for this emerging class of proteins. Our approach
with the Ezrin interface provides a thermodynamic analysis
of the various structural elements of CERMAD that hold
FERM and CERMAD together and show that regional
affinities and their governing interactions vary across the
interface. In all highly evolved, complex signaling networks,
proteins typically interact with multiple reversible binding
partners. These interactions are tightly controlled by upstream
signals and are highly specific. The microscopic thermody-
namic variation revealed here for the Ezrin N/C interface
may be a typical feature of extended binding interfaces that
utilize separate regions of the interface to target different
binding partners that modulate the populations of bound and
free states.

The critical role of the adapter function of Ezrin has been
demonstrated recently in breast cancer metastasis (6).
Transplantation of a metastatic murine mammary carcinoma
cell line overexpressing Ezrin into the mammary fat pad of
mice resulted in lung metastases. Impairing the adapter
function of Ezrin by overexpressing the FERM domain alone
resulted in suppression of this metastasis. Additionally,
overexpression of the phosphorylation deficient, adapter
function-impaired T567A-Ezrin in a mouse metastatic os-
teosarcoma cell line completely inhibited metastasis as
compared to the same cell line expressing wild type Ezrin
(3). Both studies highlight the potential therapeutic value of
Ezrin repression in controlling metastasis. Our observation
of an increase in N/C affinity in acetate suggests a novel
mechanism to inhibit the adapter function of Ezrin through
promoting this repressed, metastatically incompetent form.

In summary, the above studies have elucidated slow
dynamic fluctuations of Ezrin CERMAD at this novel

binding interface with FERM. These fluctuations correspond
to the independent folding/unfolding equilibria of the indi-
vidual secondary structural elements of CERMAD. The
relative stabilities of the five structural elements of CERMAD
indicate that the macroscopic stability of CERMAD is
dominated by helicesRC and RD, each of which exhibit
cooperative behavior. L586 and F583 are the main anchoring
residues of CERMAD, with their free energy of opening in
agreement with the ITC-derived macroscopic binding ther-
modynamics. The higher affinity in acetate suggests a
potential off switch possibly facilitated through the F2
subdomain with the acyl-CoA binding protein-like fold. The
above analysis sets the stage for further studies to elucidate
the detailed mechanism of activation and repression at this
pathologically significant intra-protein interface.
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