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Activation of Moesin, a Protein That Links Actin Cytoskeleton
to the Plasma Membrane, Occurs by Phosphatidylinositol
4,5-bisphosphate (PIP2) Binding Sequentially to Two Sites
and Releasing an Autoinhibitory Linker™
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(Background: Phosphatidylinositol 4,5-bisphosphate (PIP2) activates moesin via two binding sites whose roles are poorly

Results: Critical residues are identified in both sites and an inhibitory linker (FLAP) is characterized.
Conclusion: Activation of moesin requires PIP2 binding to each site and release of the FLAP.
Significance: The results fit a sequential activation model involving conformational change and interfacial release of
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Many cellular processes depend on ERM (ezrin, moesin, and
radixin) proteins mediating regulated linkage between plasma
membrane and actin cytoskeleton. Although conformational
activation of the ERM protein is mediated by the membrane
PIP2, the known properties of the two described PIP2-binding
sites do not explain activation. To elucidate the structural basis
of possible mechanisms, we generated informative moesin
mutations and tested three attributes: membrane localization of
the expressed moesin, moesin binding to PIP2, and PIP2-in-
duced release of moesin autoinhibition. The results demon-
strate for the first time that the POCKET containing inositol
1,4,5-trisphosphate on crystal structure (the “POCKET” Lys-63,
Lys-278 residues) mediates all three functions. Furthermore
the second described PIP2-binding site (the “PATCH,” Lys-
253/Lys-254, Lys-262/Lys-263) is also essential for all three
functions. In native autoinhibited ERM proteins, the
POCKET is a cavity masked by an acidic linker, which we
designate the “FLAP.” Analysis of three mutant moesin con-
structs predicted to influence FLAP function demonstrated
that the FLAP is a functional autoinhibitory region. More-
over, analysis of the cooperativity and stoichiometry demon-
strate that the PATCH and POCKET do not bind PIP2 simul-
taneously. Based on our data and supporting published data,
we propose a model of progressive activation of autoinhibited
moesin by a single PIP2 molecule in the membrane. Initial
transient binding of PIP2 to the PATCH initiates release of
the FLAP, which enables transition of the same PIP2 mole-
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cule into the newly exposed POCKET where it binds stably
and completes the conformational activation.

The ERM? (ezrin, moesin, and radixin) family of proteins is
comprised (in vertebrates) of three members having high
sequence similarity (1-4). All cells express at least one of the
three in high abundance where it functions to link cortical actin
to plasma membrane. The structure of the ERM protein con-
sists of three functional regions: 1) a ~300 amino acid N-ter-
minal compound FERM domain (consisting of lobes A, B, and
C); 2) a ~200 amino acid linker region that is mostly a-helical;
and 3) a ~70 amino acid C-terminal tail (Fig. 1A). ERM proteins
undergo conformational inter-conversion between an active
conformation and an inactive conformation. In the active con-
formation (Fig. 1B) the ERM protein is located at the membrane
where the FERM domain binds to multiple ligands, the linker
region is an extended helix, and the C-terminal tail binds to
actin cytoskeleton. FERM binding to protein ligands occurs via
two binding sites: a “hydrophobic groove,” which binds to tails
of transmembrane proteins, such as CD44 (5) (Fig. 1B, site 3);
and a hydrophobic helix-binding site for short a-helices such as
NHERF1 and NHERF2 (6) (Fig. 1B, site 4). In the inactive con-
formation (Fig. 1C) the ERM protein is autoinhibited and
located in the cytosol. In that conformation much of the surface
area of the FERM domain (including sites 2, 3, and 4) is masked
by multiple parts of the linker and C-terminal tail (7, 8). This
autoinhibition involves masking both major protein binding
sites on the FERM domain.

2The abbreviations used are: ERM, ezrin, moesin, and radixin; PIP2, phos-
phatidylinositol 4,5-bisphosphate; IP3, inositol 1,4,5-trisphosphate; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; LUV,
large unilamellar vesicle; PH, pleckstrin homology; PE, phosphatidyletha-
nolamine; PC, phosphatidylcholine; PS, phosphatidylserine; dansyl,
5-dimethylaminonaphthalene-1-sulfonyl.
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FIGURE 1. Moesin domain organization, conformational states, and binding sites. Correspondence between regions of sequence and the domain archi-
tecture of full-length moesin. Colors correspond to distinct functional parts: lobe A of FERM domain (green), lobe B (orange), lobe C (yellow), a-helical region
(blue), FLAP (red), and C-terminal tail (gray). A, domains of moesin within the primary sequence. Residue numbers in human moesin are shown for boundaries
and for the C-terminal phosphorylation site. B, schematic of full-length inactive and active conformations. Also shown in light blue and labeled in the figure are
four known binding sites of the ERM protein that include two for PIP2 (7 and 2) and two for protein ligands (3 and 4). The two PIP-2 binding sites are shaded dark
green. The two protein-binding sites are enclosed with dashed regions. a, schematic of inactive conformation (based on structure 211K) in which three binding
sites are masked (by a-helical region, FLAP, and tail) but the PIP2-binding lysine PATCH (7) remains exposed. (The connecting peptide between the FLAP and
C-terminal tail is poorly visible because it runs behind lobe C in this perspective.) b, schematic of active conformation in which three of the binding sites are

unmasked. The helical region is shown with dashes in the middle to indicate it is longer than shown.

ERM activation is dynamically regulated and critical to pro-
cesses as diverse as mitosis (9), platelet activation (10), and Dro-
sophila wing disk development (11). A major challenge is to
understand the mechanism(s) that mediates conformational
activation of the ERM protein. Binding to membrane phos-
phatidylinositol 4,5-bisphosphate (PIP2) is understood to be
the dominant mode of activation of ERM. Tsukita and col-
leagues (12) first showed that full-length ERM proteins bound
to PIP2. To test whether PIP2 was able to activate the ERM
protein they tested whether PIP2 influenced binding of the
ERM protein to CD44. They showed that PIP2 induces confor-
mational activation of ERM proteins, which enables them to
bind to CD44. PIP2 binding to ERM proteins and their activa-
tion is critical to their localization and function at the mem-
brane. This was first proven by studies showing impaired ERM
localization at the membrane caused by microinjection of the
polyphosphoinositide-binding agent neomycin (13) and later
confirmed by acute reduction of membrane PIP2 (14). In addi-
tion to activation by PIP2, phosphorylation of a conserved thre-
onine on the C-terminal tail also contributes to activation.
However, this phosphorylation is believed to stabilize the active
state after PIP2 rather than to initiate activation (15).

What is the molecular mechanism by which PIP2 mediates
conformational activation of the ERM proteins? Current
understanding is incomplete and complicated by evidence of
two binding sites. One site, the “PIP2-binding POCKET” (the
POCKET), was clearly identified in a crystal structure of the
radixin FERM domain in complex with IP3 (16). It is located in
a cleft between lobe A and lobe C in the FERM domain (Fig. 1B,
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POCKET). The authors proposed that PIP2 binding to this site
caused long range conformational changes of the FERM
domain that promotes release of the ERM C terminus. Inde-
pendently a distinct PIP2-binding site on the surface of lobe C
(the PATCH) was described by Niggli and colleagues (17) based
on its functional importance in mediating binding to PIP2 and
membrane localization of the cellular ERM protein. They pre-
dicted that primary sequence motifs with adjacent lysines could
mediate PIP2 binding and identified two candidate pairs of
lysines on the surface of lobe C (Lys-253/Lys-254 and Lys-262/
Lys-263) (Fig. 1B, the PATCH). Combined mutation of all four
residues to asparagines (“the 4N mutant”) virtually destroyed
FERM domain binding to PIP2. Their role in binding PIP2 has
been established for the FERM domain (17) and for the intact
ERM protein (11). These residues are critical for ERM localiza-
tion at the membrane (14, 16, 17).

Lobe C, which contains the aforementioned PATCH, is a
PH-like domain. PH-like domains have a conserved composite-
fold consisting of two 3 sheets packed against each other with a
single helix capping the orifice of the resultant partially open
barrel (18, 19). This conserved scaffold has been widely utilized
in diverse proteins to perform a range of biochemical functions
because the overall B-barrel-fold provides several distinct
niches for potential interactions with substrates. PH domains
are particularly known for their capacity to bind membrane
phospholipids (especially PIP2) via conserved lysine or arginine
residues in a positively charged pocket formed at the opening of
the B barrel (20-24). However, that POCKET in lobe C is
unavailable for PIP2 binding because it is a hydrophobic pocket
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used for binding the extreme C-terminal helix of ERM protein
(Fig. 1B, Csite 4). Instead the lysine pairs in the PATCH are on
loops of a B sheet (B5/86/B7) approximately where Pearson
noted a patch of positive electrostatic charge that he proposed
might be a PIP2-binding site (8). This proposed location for
PIP2 binding has not been observed in solved structures of PIP2
binding PH domains.

There are major missing pieces in our understanding of the
two PIP2-binding sites and in understanding the functional
relationship between them. Regarding the POCKET there are
two key issues. First, its functional relevance is largely untested
experimentally. Second, the recently solved structure of full-
length autoinhibited ERM raises a new conceptual problem by
showing that the POCKET is masked by a linker region (Figs.
1C and 7A) “hindering PIP2 and membrane interactions” (7).
Consequently, it is problematic to propose that this site medi-
ates the initial PIP2 binding. Regarding the PATCH it is not
clear whether it simply mediates PIP2 binding or also mediates
release of autoinhibition.

Therefore, we have undertaken a systematic study of the
structural basis of PIP2 binding to develop a model of the
sequence of events in moesin activation by binding to PIP2. Our
evidence indicates that the PATCH mediates not only the ini-
tial binding to PIP2, but more importantly results in the PIP2-
induced conformational activation of ERM protein. That acti-
vation involves release of an autoinhibitory “FLAP,” which we
characterize.

EXPERIMENTAL PROCEDURES

Cells and Reagents—All lipids were synthetic, unless other-
wise indicated. POPC (PC; 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine), phosphatidylethanolamine (PE; 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoethanolamine), POPS (PS;
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine), L-a-phos-
phatidylinositol natural from bovine liver, P1(4,5)P, (PIP2; L-a-
phosphatidylinositol 4,5-bisphosphate) natural from porcine
brain, and sphingomyelin natural from brain were all pur-
chased from Avanti Polar Lipids. Cholesterol (purified from
sheep wool grease) was purchased from Sigma. Dansyl-PE
(N-[5-(dimethylamino)naphthalene-1-sulfonyl]-1,2-dihexade-
canoyl-sn-glycero-3-phosphoethanolamine) was obtained
from Molecular Probes. Anti-His antibody was purchased from
Abcam. Jurkat WT cells (from ATCC) were grown in RPMI
1640 (Invitrogen) containing L-glutamine and 25 mm HEPES,
with 10% FBS (HyClone).

DNA Constructs—The GFP-tagged construct of full-length
human moesin was prepared in pEGFP-N1 vector (Clontech) as
described previously (14). Mutant constructs were generated
using the QuikChange site-directed mutagenesis kit (Agilent
Technologies). Moesin tagged with Myc-His, at its C terminus
were prepared by cloning the coding DNA into Xhol and Hin-
dIlI sites of the expression vector pPBAD-Myc-His (Invitrogen).
Similar techniques were used to add a linker of two glycines and
a cysteine after the C terminus of moesin in those constructs for
the purpose of fluorescent labeling. All constructs and muta-
tions were verified by DNA sequencing. The GST-tagged pro-
teins (CD44 tail (residues 291-361), NHERF1 tail (residue 347-
358), and NHERF1 full-length) were generated by producing
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DNA fragments by reverse transcription-PCR with primers
encoding the corresponding region, using total mRNA isolated
from human peripheral blood T-cells and subcloned into
BamHTI and Sall sites of pGEX-4T-2 (GE Healthcare).

Cell Transfection and Immunofluorescence Analysis—Cells
were transfected with 10 ug of each plasmid in a BTX ECM 830
electroporator (Harvard Apparatus, 300 V for 10 ms). After
incubation at 37 °C for 16 to 24 h the cells were adjusted to 10”
cells/ml in Hanks’ balanced salt solution containing 0.3% BSA,
200 wl were added onto poly-p-lysine-precoated glass bottom
of 35-mm culture dishes (MatTek). The cells were allowed to
settle for 10 min at 37 °C, then fixed by the addition of 1.0 ml of
4% paraformaldehyde solution. After 10 min at room tempera-
ture, the cells were washed four times with PBS and examined
using a Zeiss LSM510 laser scanning confocal microscope using
a X63 (N.A. 1.4) or X100 (N.A 1.4) plan-apochromat oil
immersion objective lens (Carl Zeiss). Quantitative analysis was
performed using the Imaging Examiner software (LSM, Carl
Zeiss, Inc.) and for display purposes the contrast for the GFP
fluorescence images was inverted using Adobe photoshop soft-
ware. For each cell analyzed, a line was drawn manually at the
plasma membrane, and another line was drawn just inside the
plasma membrane in the cytosol as described previously (14,
23). The average fluorescence intensity was determined for the
set of pixels of the plasma membrane line (plasma membrane
mean intensity) and for the set of pixels at a cytosol line (cytosol
mean intensity). Membrane enrichment for each cell was cal-
culated as the (plasma membrane mean intensity)/(cytosol
mean intensity) and expressed as the mean = S.E. of at least 10
representative cells from three independent experiments.

In Vitro Pulldown Assay—Recombinant proteins were pro-
duced in bacteria and purified using GST or His tags as previ-
ously described (14). Pulldown assays were performed with
His-tagged moesin constructs and GST-tagged NHERF1 or
CD44 constructs as described previously (14). In brief, for each
reaction 1 uM of the indicated purified His-protein was mixed
with 5 uM of the indicated GST proteins bound to the glutathi-
one-Sepharose 4B beads. Each reaction was done in the pres-
ence or absence of 50 ug/ml of PIP2 or PS phospholipids
(Avanti Polar Lipids, Inc.) in buffer A (20 mm Tris-HCI, pH 7.5,
1 mMm EGTA, 150 mMm NaCl, 1 mm DTT, and 0.05% Tween 20).
The mixture was incubated for 90 min at 4 °C under constant
rotation. After centrifugation at 600 X g for 3 min, the pellet
was washed three times with buffer A, and diluted in SDS buffer
twice. Samples from each reaction were run into two NuPAGE
BisTris gels (Invitrogen). One gel was transferred into PVDF
membrane and the bound His protein was revealed by immu-
noblotting using anti-His antibody (Abcam). The other gel was
stained with Coomassie Blue to confirm equal loading of GST
proteins. All results shown are representative of at least 3 pull-
down experiments.

Lipid Cosedimentation Assay—Large unilamellar vesicles
(LUVs) were prepared as described previously (25). Briefly,
mixtures of lipids PC/PIP2 (95/5% unless otherwise indicated)
or PC/PS (80/20%) were prepared, dehydrated under a stream
of nitrogen, and dried further overnight in a SpeedVac. Dried
lipid films were hydrated in a HEPES buffer containing: 20 mm
HEPES, 200 mum sucrose, 0.5 mMm EDTA, pH 7.4, for 2h at 37 °C
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accompanied by rigorous vortexing each 15 min, and then
underwent 5 thaw/freeze cycles. The lipids were sonicated and
passed 25 times through two 100-nm pore size polycarbonate
membranes of a mini-extruder (Avanti Polar Lipids). Purified
moesin-GGC-myc His wild type and mutants were labeled
using Alexa 488-C5-maleimide (Molecular Probes) as de-
scribed (25). The ratio of Alexa 488 incorporated per mol of
each moesin proteins was (0.5—0.8):1.

The affinity of fluorescently labeled moesin and mutants for
sucrose-loaded PIP,-LUVs was determined by sedimentation
assays in a HEPES-KCI buffer (20 mm HEPES, pH 7.4, 100 mm
KCl, 0.5 mm EDTA). The co-sedimentation assays used a series
of assays varying the concentration of total lipids, whereas
keeping the total protein concentration constant at 400 nm.
After incubation for 15 min at room temperature, the 100-ul
samples were centrifuged at 16,000 X g for 1 h and 30 min at
4 °C using an Eppendorf 5810R centrifuge. The top 80 ul of
each sample were removed and considered as supernatant. 10
wl of Triton X-100 and 60 ul of KCI buffer were added to resus-
pend the pellet. The intensities of supernatant and pellet sam-
ples were read in a fluorescence microplate reader (Infinite
1000, Tecan Austria) with excitation and emission set, respec-
tively, at 490/521 nm (%5 nm). The percentage of bound pro-
tein was calculated as previously described (25).

Moesin to Membrane PIP2 FRET Stoichiometry Titration—
PIP2 stoichiometry titration was carried out using an estab-
lished protein to membrane FRET assay (26). Briefly, LUVs
were made using a lipid mixture of PE/PC/PS/L-a-phosphati-
dylinositol/sphingomyelin/cholesterol/dansyl-PE/PIP2  (23.8:
9.1:18.1:4.5:4.5:25:5:10) to mimic the physiological membrane
lipid composition as previously described (26). Samples con-
tained purified moesin protein (3.6 uMm) and 10 uM free Ca®* in
physiological buffer (25 mm HEPES, pH 7.4, 140 mm KCl, 15 mm
NacCl, 0.5 mm MgCl,, and 15 mM EDTA). PIP2 LUVs (10% PIP2)
were titrated into protein solution, and the protein to
membrane FRET was measured with a spectrofluorimeter
(HORIBA, SPEX FLUOROG 321) at 25 °C, with excitation and
emission slits at 4 and 8 nm, respectively. Intrinsic donor tryp-
tophan residues in moesin were excited at 284 nm and emission
at 522 nm from dansyl-PE acceptor residues was quantitated.
To correct for direct acceptor excitation, we subtracted the
background dansyl fluorescence of a control sample lacking
protein from experimental samples. The data were analyzed
using linear least squares fitting of the rise phase and the satu-
ration phase such that the stoichiometry was defined by the
intersection of these two straight lines relative to the molar
amount of protein used in the assay.

Analysis of Structure—The solved structure of full-length
closed ERM 211K (7) and radixin FERM domain 1GC7 (16)
were obtained from the Protein Data Bank. To reconstitute the
missing loops in full-length moesin (amino acids 320-326,
399-410, and 472-486) loop searches were performed fol-
lowed by optimization of the molecular coordinates of the
atoms by potential energy minimization using Sybyl 7.0 (Tri-
pos, St. Louis, MO) with AMBER Force Fields (FF99) parame-
ters. Surface electrostatic potentials were rendered using the
MOLCAD subroutine of Sybyl with the AMBER7 FF99 charge
set, which has an unconventional color scheme but provides a
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particularly robust calculation of electrostatic potentials.
Structures alignment and root mean square deviation calcu-
lations were performed by using VMD (developed with NIH
support by the Theoretical and Computational Biophysics
group at the Beckman Institute, University of Illinois at
Urbana-Champaign).

RESULTS

The PIP2 Binding POCKET Is Necessary for ERM Activation—
To better characterize the functional importance of the PIP2-
binding POCKET in full-length moesin and the residues critical
for its function, we generated mutant moesin constructs and
assayed the resulting protein for multiple functions. In the
solved structure of the Radixin FERM-IP3 complex (1GC6)
three lysines (Lys-60 and Lys-63 from lobe A and Lys-278 from
lobe C) were predicted to contact the three phosphate groups of
IP3 (Fig. 24). We generated mutant moesin constructs in which
each of these lysines was substituted individually with aspara-
gine, which reduces the positive charge but otherwise preserves
most of the side chain of the residue. ERM protein localization
at the plasma membrane requires PIP2 (13, 14), we therefore
screened the functional importance of individual residues by
assessing the affect of mutations on plasma membrane enrich-
ment of moesin constructs tagged with GFP at their C terminus.
Note that localization of the GFP-tagged protein is similar to
native moesin in fibroblasts (27) and Jurkat T-cells (supplemen-
tal Fig. S1). Wild type (WT) moesin was present in the cyto-
plasm but visibly enriched at the membrane (Fig. 2B). Fluores-
cence images demonstrated differences in the degree of
enrichment at the plasma membrane among the constructs. To
objectively assess the change, we measured the localization at
the membrane (relative to cytosol) for each protein and com-
pared it to the membrane localization of the native protein (Fig.
2C). The results demonstrated that individual mutations of
K63N and K278N each reduced membrane localization by
more than 50%, which is consistent with their functional role in
PIP2 binding inferred from the structure. In contrast K60N
augmented membrane localization, indicating that Lys-60 was
not a critical facilitator of membrane binding. A double muta-
tion of K63N/K278N reduced membrane localization by more
than 80% (Fig. 2C).

Mutation of POCKET Impairs PIP2 Binding and PIP2-in-
duced Activation—To confirm that Lys-63 and Lys-278 in
intact moesin form a binding site for PIP2 per se we examined
PIP2-binding to WT and K63N/K278N in an in vitro cosedi-
mentation assay. The PIP2 cosedimentation assays (25) were
performed using a constant concentration of moesin WT or
mutant K63N/K278N and different concentrations of LUVs
containing 95% phosphatidylcholine (PC) and 5% of the acidic
phospholipid PIP2. The results show that compared with WT
(K, = 223 £ 2.6 um) the mutation K63N/K278N markedly
decreased the binding of moesin to PIP2 (K, = 105.6 = 8.6 um)
(Fig. 3A).

We assessed whether the POCKET is essential for PIP2-in-
duced conformational activation of moesin in a pulldown assay
using protein ligands CD44 tail and NHERF-1 tail. As expected,
PIP2 is required for induction of WT moesin binding to CD44
(Fig. 3B) and strongly augments WT moesin binding to
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FIGURE 2. The PIP2 binding POCKET defined by crystallography is necessary for ERM activation. A, the complex of radixin FERM domain with IP3 (PDB
1GC6) represented as ribbon drawing. The dashed box highlights the basic cleft between lobes A and C. The IP3 molecule is shown in a ball and stick model. The
positively charged residues proposed to interact with the phosphate groups of IP3 are shown in space-filled and colored blue. The side chains of IP3 are shown
in ball-and-stick models. Inset shows expanded view of this cleft. B, membrane enrichment of GFP-tagged constructs of WT or mutant moesin (and GFP-only as
control) was assessed in representative midplane confocal images of transfected Jurkat cells. The large nucleus of Jurkat is indicated with “N.” Scale bar is 5 um.
G, quantitation of membrane enrichment of moesin constructs in Jurkat cells having the indicated mutations of lysines in the PIP2-binding POCKET. The
enrichment characteristic of the WT protein is indicated by the upper dashed line. Proteins not enriched at the plasma membrane typically have ratios of
membrane/cytoplasmic localization of ~1.0 (lower dashed line). Statistical significance compared with Moesin WT membrane enrichment is shown as: *, p <
0.1;**, p < 0.01; ***, p < 0.001.
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FIGURE 3. Mutation of the PIP2 POCKET abolishes PIP2 binding. A, binding of WT and K63N/K278N moesin to PIP2 in LUV was measured by a cosedimen-
tation assay over the indicated range of PIP2 concentrations. Dissociation constants (mean of two independent experiments = S.D.) are presented in the lower
panel.Band C, binding of moesin to the cytoplasmic tail of CD44 (B) and the tail of NHERF1 (C) were assessed by pulldown assays. Recombinant proteins WT and
K63/278N moesin were tested in the presence of lipid control PS (phosphatidylserine) (upper panels) or PIP2 (lower panels). Regions shown are from the pellet
using anti-His to detect moesin pulled down and Coomassie stain to validate equal loading of GST-CD44 or GST-NHERF1.

NHERF1 (Fig. 3C). In contrast, K63N/K278N moesin is
severely deficient in PIP2-induced binding to CD44 and
NHERF1.

PATCH Lysines Are Individually Critical for Membrane
Localization of ERM Proteins—We undertook similar charac-
terization of the second described PIP2-binding site on the
ERM protein to confirm which residues are critical and the
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roles they play in PIP2 binding and activation. Barret et al. (17)
identified a set of four lysines (consisting of two pairs Lys-253/
Lys-254 and Lys-263/Lys-264) that are required for PIP2 bind-
ing to the isolated FERM domain. The choice of Barret et al.
(17) of residues to mutate was based on motifs in primary
sequence (because no solved structure was then available).
With the benefit of a solved structure (7), it is now apparent that

JOURNAL OF BIOLOGICAL CHEMISTRY 16315

GTOZ ‘2T aunc uo 1s9nb Aq /610 g - mmmy/:dny wouy papeojumoq


http://www.jbc.org/

ERM Protein Activation by PIP2

*
*
*

WT

K21IN

K212N
K262/263N 1K +s+

K253254 00 sse

»
-\

'

\ &
g

| & 2 > N /
Sedicni? SRR

FIGURE 4. The PATCH of four lysines is critical for membrane localization of ERM protein. A, electrostatic surface potential of full-length insect ERM protein
(PDB 2I1K) with color charge scale on the left. The molecule is oriented to show the single area of highest positive charge on the entire molecule (dashed circle).
Labels indicate locations of the A, B, and C lobes. Location and identity of positively charged resides in the area are indicated. B, membrane enrichment of
GFP-tagged constructs of WT or mutant moesin was assessed in representative midplane confocal images of transfected Jurkat cells. The large nucleus of
Jurkat is indicated with N. Scale bar is 5 pm. C, quantitation of membrane enrichment of moesin constructs in Jurkat cells. The enrichment characteristic of the
WT protein is indicated by the upper dashed line. Proteins not enriched at the plasma membrane typically have ratios of membrane/cytoplasmic localization of
~1.0 (lower dashed line). Statistical significance compared with Moesin WT membrane enrichment is shown as: *, p < 0.1; **, p < 0.01; ***, p < 0.001.

those four lysine residues are exposed on the surface of lobe C
with a relatively high positive charge surface potential, which
should be favorable for interaction with the negatively charged
phosphate of PIP2. In addition to these four, three other lysines
are present in that vicinity (Lys-211, Lys-212, and Lys-258) (Fig.
4A). To assure comprehensive evaluation of potentially rele-
vant residues, we expanded the analysis to include all seven
positively charged residues in the area of the strong positive
electrostatic charge on the surface of lobe C (Fig. 4A4).

We generated mutant moesin constructs in which each of
these lysines were substituted individually with asparagine and
assessed their enrichment at the plasma membrane in Jurkat-
transfected cells. The results (Fig. 4, B and C) clearly demon-
strate that three of these lysines were most critical for mem-
brane localization: Lys-253, Lys-254, and Lys-263 (Fig. 4C). A
fourth residue, Lys-262, was less critical, but its mutation to Asn
also reduced membrane localization. The four important
lysines are precisely the two pairs of adjacent lysines identified
by Barret: Lys-253/Lys-254 and Lys-262/Lys-263 (17). Double
mutation of either pair strongly decreases membrane localiza-
tion (Fig. 4C). Mutations of two nearby lysines (Lys-258 and
Lys-211) did not influence membrane association and one
mutation (K212N) augmented membrane association, con-
firming that not all lysines in the vicinity behave similarly. (This
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property of the K212N mutation most likely reflects the role it
plays in stabilizing autoinhibition by the tail, because it binds to
the a-carboxylate group of the C-terminal residue (8, 28)).

Single Mutations within PATCH Do Not Impair PIP2 Binding—
It is notable that single mutations of critical lysines impair
membrane localization. Previously, the only ERM protein con-
structs demonstrated to have impaired membrane localization
were those having mutations of all four lysines (K253N/K254N/
K262N/K263N). To check whether the impairment of the local-
ization of the single mutants at the plasma membrane is related
to a defect in PIP2 binding we assessed PIP2 binding directly
using an in vitro cosedimentation assay (similar results were
obtained with fluorescence correlation spectroscopy studies
(data not shown)). Most of the moesin proteins having single
mutations and double mutations did not have gross defects in
binding to PIP2 (Fig. 5). In contrast, simultaneous mutation of
the four lysines (4N) decreases strongly the binding to PIP2
containing LUVs (Fig. 5).

Single Mutations within PATCH Impair PIP2-induced
Activation—The foregoing data demonstrate that single muta-
tions impair membrane localization without major impairment
of PIP2 binding. Thus, membrane localization appears to
depend on more than simply PIP2 binding. We hypothesized
that the additional requirement might be the need for PIP2-
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mediated conformational activation. We investigated moesin
binding to the tail of CD44 in a pulldown assay in the presence
of PIP2 or a control lipid PS. Each of the three mutants that
were severely impaired in membrane localization were also
deficient in PIP2-induced binding to CD44 (Fig. 6A4) and
NHERF1 tail (Fig. 6B). For both the CD44 (Fig. 6A4) and
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FIGURE 5. Binding of PATCH mutant constructs to PIP2. A, binding of WT
and mutant moesin to PIP2 in LUV was measured by a cosedimentation assay
over the indicated range of PIP2 concentrations. Moesin constructs tested
included WT, each of the single lysine mutations (K253N, K254N, K262N,
K263N), and double mutations of the two pairs (K253N/K254N and K262N/
K263N) that strongly impaired membrane localization in cells and the com-
bined mutation of the 4 lysines K253N/K254N/K262N/K263N (4N). B, tabula-
tion of dissociation constant (mean of two independent experiments * S.D.).

ERM Protein Activation by PIP2

NHERF1 tails (Fig. 6B), the K262N mutant ERM had only
mildly reduced PIP2-induced binding, consistent with its
mildly reduced membrane localization (Fig. 4C). To further
assess this apparent mild defect, we tested an additional ligand,
full-length NHERF1, whose binding to the ERM protein is less
avid because of NHERF1 intramolecular autoinhibition (29).
Using this more stringent probe (Fig. 6C), the defect in the
K262N mutant is clearly evident. Thus, the mutant moesin pro-
teins have lost PIP2-induced conformational exposure of two
distinct binding sites: the hydrophobic groove that binds CD44
tails and the helix binding site, which binds NHERF1 (Fig. 1B).
Also, note that even though these mutants still bind to PIP2
they are defective in functional activation by PIP2.

FLAP Contributes to Autoinhibition—The foregoing results
confirm the existence of two spatially distinct PIP2-binding
sites and demonstrate that each is necessary for moesin activa-
tion by PIP2 and for membrane localization in cells. However,
examination of the crystal structure of full-length ERM protein
shows that these two sites are very different in accessibility. The
PATCH is exposed at the surface and has an electrostatic
potential favorable to interaction with PIP2 (Fig. 4A4). In con-
trast the POCKET is largely masked by a linker region, which
was clearly seen when the structure of full-length insect ERM
was resolved (7). It is a short acidic region of about 23 amino
acids (472—-494) that masks the hydrophobic groove (which
binds CD44) and the PIP2-binding POCKET (Fig. 7C). Because
this region has not previously been named, we refer to it as the
FLAP based on its properties described herein. Moreover, the
presence of the FLAP overlaying the POCKET reverses its elec-
trostatic surface potential. In the unmasked FERM domain the
POCKET has a high positive electrostatic surface potential
favorable for interaction with negatively charged membrane
phospholipid headgroups (Fig. 7B). In contrast in the full-
length autoinhibited moesin the electrostatic surface potential
of the POCKET becomes negative and nonfavorable to interact
with membrane phospholipids (Fig. 74).

To appreciate the potential role of the FLAP in regulating
ERM function we explored its sequence conservation and its
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FIGURE 6. Single lysine mutations in the PATCH impair PIP2-induced activation of moesin binding to CD44 and NHERF1. A, binding of moesin to CD44
was assessed using pulldown of moesin-His by CD44 tail-GST immobilized on beads. Moesin constructs tested included WT, each of the single lysine mutations
that strongly impaired membrane binding in cells, and combined mutations of lysines in a pair. Gel regions shown are from the pellet using anti-His to detect
moesin pulled down and Coomassie stain to validate equal loading of GST-CD44. B and C, similar analysis as A but using NHERF1 tail-GST (B) or NHERF1

full-length-GST (C) instead of CD44-GST.
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FIGURE 7. FLAP, sequence and structure analysis. A, electrostatic surface potential of full-length insect ERM protein (PDB 211K) and B, of unmasked moesin
FERM domain with color charge scale on the /eft. The molecules are oriented to show the PIP2 binding POCKET, which is covered by the FLAP in the closed
conformation of moesin (A) and uncovered in the FERM domain (B). Labels indicate locations of the A, B, and C lobes. Location of PIP2 binding POCKET is
indicated by arrows. C, ribbon representation of the closed ERM structure. FLAP is red (N-terminal and C-terminal parts) or magenta (reconstructed tip, amino
acids 473-485). B1 to B4 strands of the PH-like domain are green; B5-B7 strands are yellow; a-helix is blue. C-terminal tail is light blue. Light Blue circles indicate
locations of the two critical residues, Lys-63 and Lys-278, in the POCKET, which are masked by the FLAP when moesin is closed. D, multiple sequence analysis
of the FLAP of human ezrin, radixin, and moesin and flanking regions. Red dashed rectangle highlights the FLAP. Above the sequence is a row of symbols that
scores the extent of sequence conservation scored by ClustalX (* = identity; : = all residues belong to a strong conservation group; - = all residues belong to
a weak conservation group). Arrowheads indicate residues in moesin that are acidic (red) or short side chains (black). Statistical significance compared with

Moesin WT membrane enrichment is shown as: *, p < 0.1 and **, p < 0.01.

features in the x-ray structure. The FLAP is the ONLY region of
ERM proteins that shows poor sequence conservation among
the three human paralogs (Fig. 7D). The two gaps shown in the
vicinity of the FLAP are the only ones present in alignments of
the full-length ERM proteins. Despite the weak sequence simi-
larity between the FLAP of the paralogs (and orthologs, data not
shown), there are two characteristics that are conserved: many
acidic residues and scarcity of residues capable of hydrophobic
interactions (few Val, Leu and multiple Ala, Gly, and Ser).
Examination of this region in PDB 211K reveals that the FLAP is
loosely associated with the FERM domain. This is evident from
the fact that the residues in the loop have an increased B-factor
(average 59, compared with average of 41 for the whole struc-
ture). The B-factor, also called “temperature factor,” is a meas-
ure of how much the position of an atom deviates from that
given in the atomic coordinates. This deviation is mostly due to
thermal motion and reflects the mobility of an atom. The tip of
the FLAP is so mobile in the autoinhibited ERM that it is not
resolved in the structure.

We undertook mutational analysis to test the hypothesis that
the FLAP is a functionally important autoinhibitory region. A
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construct was designed in which only 23 residues were deleted
(472-494); the location and size of the deletion was designed to
allow the C terminus (the tail) to associate normally with the
FERM domain despite the deletion. The AFLAP construct
expressed in Jurkat cells showed markedly enhanced localiza-
tion to the plasma membrane (Fig. 84).

Deletion of the FLAP is a major mutation, and although it
was carefully designed to minimize changes elsewhere in the
protein, there is always concern that it could influence the
structural stability and fold of the entire protein. It was reassur-
ing that AFLAP showed no evidence of such abnormalities in
binding assays (see below). Nevertheless, we sought a more
conservative approach, a point mutation that would loosen
binding of the FLAP to the FERM domain. FLAP-FERM bind-
ing is maintained by electrostatic and hydrophobic interac-
tions. Analysis of limited hydrophobic interaction of the FLAP
with the FERM domain in the autoinhibited structure indicated
that residue Leu-281 in the FERM domain interacts with a
backbone carbon of the FLAP. Moesin protein with a L281A
mutation resembles the AFLAP in its enhanced membrane
localization (Fig. 8, A and B). We hypothesized that conversely,
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FIGURE 8. Role of the FLAP in membrane localization of ERM protein.
A, Jurkat cells were transfected with GFP-tagged Moesin WT and mutants
(FLAP deleted (AFLAP), L281A and G487V) followed by fluorescence quanti-
tation as described in the legends to Figs. 2 and 4 (B). The enrichment char-
acteristic of the WT protein is indicated by the upper dashed line. Proteins not
enriched at the plasma membrane typically have ratios of membrane/cyto-
plasmic localization of ~1.0 (lower dashed line).

stabilization of binding of the FLAP to the FERM domain
should reduce membrane association. Therefore we analyzed
the structure to determine whether hydrophobic interactions
could be enhanced by mutating a FLAP residue from a short
side chain to a hydrophobic side chain. That analysis predicted
that mutation of Gly-487 to valine would provide an additional
hydrophobic interaction of a side chain to the FERM domain
hydrophobic groove. As predicted, moesin protein with a
G487V mutation showed decreased membrane localization
(Fig. 8, A and B). Thus, these results show that hydrophobic
interactions in this region are deleterious to membrane associ-
ation and may explain why evolution has produced a low fre-
quency of such residues in this region.

Now that we have introduced the concept of the FLAP, the
findings with the K60N mutation in the pocket can be explained
(Fig. 2). Analysis of the structure shows there is an electrostatic
interaction between Lys-60 and Asp-472/Asp-474 in the FLAP.
The K60N mutation would eliminate that interaction and
facilitate release of the FLAP. Thus, enhanced membrane
localization of K60N supports the concept that the FLAP is
autoinhibitory.

FLAP Removal Enhances PIP2-induced Binding of Protein
Ligands CD44 and NHERF1—The FLAP masks both the PIP2-
POCKET and the hydrophobic groove to which the cytoplas-
mic tails of transmembrane proteins bind. We investigated the
in vitro ligand binding properties of the AFLAP moesin (Fig. 9).
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FIGURE 9. FLAP removal increases PIP2-induced protein ligands binding
to moesin. A, SDS-PAGE analysis of the pellet from pulldown assays using
soluble moesin-His and the cytoplasmic tail of CD44-GST (or NHERF1-GST)
immobilized on beads. Moesin in the pellet is detected by anti-His antibody.
CD44-GST (or NHERF1-GST) is detected by Coomassie Blue to verify equal
loading. B, quantitation of the relative amounts of bound moesin determined
by densitometry.

AFLAP moesin resembles WT moesin in two fundamental
ways. It bound poorly to the CD44 and NHERF1 tails in the
absence of PIP2 (i.e. in the PS control) and its binding to the
CD44 and NHERFT1 tails was markedly enhanced in the pres-
ence of PIP2. These studies support two conclusions. First,
deletion of the FLAP has not dramatically altered the confor-
mation, which remains autoinhibited. Second, PIP2 is still
required to open the protein. However, binding of the AFLAP
moesin is not identical to WT moesin. It binds twice as much
CD44 in the presence of PIP2 and 40% more NHERF1 (Fig. 9B).
Thus removal of the FLAP has increased its ability to be acti-
vated by PIP2. This augmentation is likely to contribute to its
enhanced localization at the membrane.

Evidence That PATCH and POCKET Do Not Bind PIP2
Simultaneously—We used two experimental approaches to
distinguish whether binding of the two sites is simultaneous.
First we assessed cooperativity of moesin binding to PIP2, if
both sites are involved simultaneously the shape of the curve of
PIP2 concentration dependence should be sigmoidal. In this
assay we held constant the mass fraction of the total lipid con-
centration (and thus LUVs concentration) while we varied the
mass fraction of PIP,. We measured the binding of moesin to
0.28 mm accessible total lipid containing variable concentration
(0-15%) of PIP, (Fig. 11A). We observed a monotonic hyper-
bolic increase in the binding curve, indicating a noncooperative
mode of binding of moesin to PIP2. These results are compara-
ble with the noncooperative binding of ezrin to PIP2 (25).
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An independent approach to determine whether both sites
bind PIP2 simultaneously is to determine the stoichiometry of
binding of moesin to PIP2 in membrane. To do so we quanti-
tated the binding of moesin to PIP2 on membrane surfaces
using a well established protein to membrane fluorescence res-
onance energy transfer (FRET) assay (26). The LUVs used con-
tained a high PIP2 concentration (10 mol %) of PIP2, to assure
saturating moesin binding. Graded concentrations of LUVs
were added to fixed amounts of moesin. Binding (i.e. FRET)
increased linearly up to an inflection point where all moesin was
bound and binding was not increased as further lipid was
added. Calculation of stoichiometry from five experiments
indicated an average * S.E. of 0.86 = 0.07 PIP2 molecules per
moesin molecule. These data appear inconsistent with conven-
tional models involving sustained simultaneous binding of two
PIP2 molecules to moesin. Instead, we favor a model of progres-
sive activation by a single PIP2 molecule first binding tran-
siently to the PATCH and then stably to the POCKET, as
described at the end of the discussion.

DISCUSSION

Two PIP2-binding sites have been described on the ERM
protein but knowledge about them has not provided a coherent
molecular mechanism for ERM protein activation. The present
study provides additional characterization of both sites and of
an autoinhibitory FLAP, which masks one of the sites. We pro-
pose a model of ERM activation in which PIP2 first binds to the
PATCH, releases the FLAP by electrostatic repulsion (and
other conformational mechanisms), exposing the POCKET.
PIP2 binding to the POCKET then replaces PIP2 binding to the
PATCH, which completes activation of ERM.

POCKET—Three lysines in the POCKET were predicted
from the crystal structure of the IP3-FERM complex to contrib-
ute to PIP2 binding in the FERM domain. Our mutational anal-
ysis shows that only two (Lys-63 and Lys-278) are critical in
full-length moesin. This confirms and extends the previous
mutational analysis of the FERM domain showing that com-
bined mutation of Lys-63 and an adjacent residue impairs
FERM domain binding to PIP2 (17). In light of the lack of con-
tribution of Lys-60, it is likely that the orientation of the head-
group of membrane PIP2 bound in this POCKET is not exactly
identical to that of bound IP3 in the structure. PIP2 is inserted
in the membrane by its fatty acids; its headgroup has major
binding constraints that are irrelevant to IP3 (30). Furthermore,
the 1-phosphate that provides linkage to the glycerol backbone
is spatially constrained in PIP2 and therefore binding of Lys-60
to the 1-phosphate of IP3 as shown in the structure is unlikely to
be possible with PIP2 (30).

Based on the crystal structure, the conformation change
induced by PIP2 binding to the POCKET was proposed to
release the autoinhibitory C terminus and thereby activate
ERM (16). Our studies provide the first experimental validation
that this POCKET (Lys-63 and Lys-278) is critical for ERM
binding to the membrane (Fig. 2) and for the PIP2-induced
conformational release of autoinhibition (Fig. 3).

Autoinhibitory FLAP Region—The POCKET was identified
in the solved structure of an isolated FERM domain in which
there is no obstruction of access to the POCKET (16). However,

16320 JOURNAL OF BIOLOGICAL CHEMISTRY

the subsequently solved structure of full-length autoinhibited
ERM showed that the POCKET is inaccessible (7) because it is
overlaid by a linker region. We call this linker the FLAP and
characterize it in the present studies. An earlier structure of the
FERM domain in a swapped dimer showed that residues 488 —
494 (the C-terminal part of the FLAP) bound to FERM and
suggested the same mode of binding in the autoinhibited mon-
omer (8). The FLAP masks the PIP2-binding POCKET (Fig. 1B,
site 2) and the hydrophobic groove to which tails of transmem-
brane proteins (like CD44, CD43 etc.) bind (Fig. 1B, site 3).

Our choice of the name FLAP is based on its properties. First,
the FLAP is rich in acidic residues. Second, the region is loosely
bound to the FERM domain. It has extremely limited hydro-
phobic interaction with the underlying hydrophobic groove of
the FERM domain. We demonstrate that this hydrophobic
association is finely tuned because a single mutation to decrease
it (L281A) markedly enhances membrane association and a sin-
gle mutation to increase it (G278V) markedly diminishes mem-
brane association (Fig. 8). It is flexible due to the presence of
numerous small residues (Ala, Ser, and Gly) (Fig. 7). Further-
more, it can act as a FLAP because its “tip” is so poorly bound
that it is not resolved in the structure. Only its “base” or “hinge”
provided by N-terminal and C-terminal sequence is more
tightly bound to the FERM domain (Fig. 74).

PATCH—The positive surface potential of the region sur-
rounding the PATCH is the most favorable region of autoinhib-
ited moesin for interaction with the negatively charged inner
leaflet of the plasma membrane (Fig. 4A). Previous mutational
analysis showed that simultaneous mutation of four lysines in
this region destroyed PIP2 binding and membrane localization
(17). We showed that even single mutations in the PATCH
interfered with the membrane localization and the successful
opening of autoinhibited ERM. Our data demonstrate that the
PATCH as well as the POCKET are required for the activation
of ERM. But a notable difference between the two sites relates
to their accessibility to PIP2 in autoinhibited moesin. Only the
PATCH is a candidate for binding of autoinhibited moesin to
PIP2 because of its availability and its favorable surface poten-
tial. In contrast, the binding of PIP2 to the POCKET in autoin-
hibited moesin is unfavorable because it is covered by the FLAP.
The FLAP not only s a steric hindrance for PIP2 access to the
POCKET, but also the strong negative charge of the FLAP
reverses the positive electrostatic potential around the
POCKET (Fig. 7).

We propose that the previously described electrostatic
mechanism of “interfacial activation” is an attractive one to
facilitate release of the FLAP when moesin binds to membrane
PIP2 via the PATCH. Harden and Sondek (31) have described
interfacial activation as a mechanism for activation of PLC
enzymes. Most PLC enzymes are autoinhibited by a linker that
occludes their PIP2-binding site (i.e. the catalytic cleft). The
PLC linker is poorly conserved but has a high abundance of
negatively charged residues. When PLC is brought to the mem-
brane by any of several different recruitment mechanisms, the
electrostatic repulsion by negative charge on the inner leaflet of
the membrane pushes the negatively charged PLC linker out of
the cleft (32). They coined the term interfacial activation to
describe this electrostatic release. The FLAP in moesin shares
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FIGURE 10. Representation of a proposed additional mechanism for conformational change when PIP2 binds to the PATCH. Panel A shows a model of
the PATCH of intact ERM interacting with a lipid bilayer including a PIP2 molecule. Lobe C, the PH-like domain, has been colored to facilitate visualization: 31-4
strands in green, B5-7 strands in yellow, and the a-helix in blue. The FLAP is colored red. The headgroup of PIP2 is accommodated between the two pairs of
lysines (Lys-253/Lys-254 and Lys-262/Lys-263) whose side chains are shown in ball and stick representation. Panel B is a magnified view of the binding site.

the four key properties of the PLC-linker: highly negatively
charged, loosely bound, flexible, and occluding the PIP2-bind-
ing site. We propose that binding of PIP2 to the PATCH pro-
motes release of the FLAP by the same kind of interfacial
activation.

Possible Additional Mechanism of Conformational Activa-
tion of ERM at the Plasma Membrane—Conformation changes
in the POCKET are required to accommodate PIP2 because its
conformation in the autoinhibited moesin is not optimal for
binding PIP2. The first evidence for this comes from compari-
sons by Hamada and colleagues (16) who showed that aspects of
the FERM domain conformation are altered when the tail is
released, including changes that make the POCKET more suit-
able for IP3 binding. Our structural comparison between the
FERM domain in full-length autoinhibited moesin and free
FERM domain support this observation (supplemental Fig. S2).
Namely removal of the tail and FLAP caused major displace-
ment of the whole region containing the PATCH residues (8
sheets B5/86/B7) and even some displacement of a1C helix,
which contains the key POCKET residue Lys-278. Such confor-
mational changes in C-lobe widen the cleft between lobes A and
C and therefore facilitate accommodation of PIP2 in the
POCKET.

We propose the possibility that PIP2 binding to the PATCH
promotes a conformational change similar to that described in
the previous paragraph. The distinctive structure of the PIP2-
binding site in the PATCH is well suited to induce a conforma-
tion change in the FERM domain (Fig. 10). Two key structural
features of ERM protein support this model. 1) The two critical
pairs of lysines (Lys-253/Lys-254 and Lys-262/Lys-263) are on
flexible loops (85—B6) and (36 —37), preceding and following
the B6 strand in the PH-like domain. The pairs form a pocket
with geometry generally appropriate to accommodate the
headgroup of PIP2. Because loops are typically flexible, these
residues (and their side chains) can adjust their position to
simultaneously bind to the 4- and 5-phosphoryl groups of PIP2.
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2) As those interactions progress, they will destabilize binding
of the FLAP by the following mechanism. In autoinhibited
moesin the C-terminal part of the FLAP (Fig. 7C) is a 3 strand
that is hydrogen bonded to strand 85 becoming a fourth strand
in the B5/86/B7 B sheet typical of PH domains (Fig. 7C). The
simultaneous force from the PIP2-binding loops on either side
of the B6 strand would be expected to cause deformation of 36,
causing distortion of the B sheet (35/86/87). As the 3 sheet is
distorted, the coordination of the C-terminal part of the FLAP
with B85 is impaired. The result will not be only release of the
FLAP and unmasking the POCKET, but also helping release the
tail and widening the cleft between lobes A and C (similar to
the mechanism proposed by Hamada et al. (16)).

One characteristic of our experimental data fits especially
well with this model, namely that mutation of single lysine res-
idues in the PATCH seriously impairs release of autoinhibition
(and membrane localization) but has a limited affect on PIP2
binding per se. Mutation of a single residue would be expected
to seriously impair this specialized release mechanism in which
strong distortion of each of the loops is critical. In contrast in
various other mechanisms (such as the electrostatic mecha-
nism) mutations of single residues would not necessarily be
critical (unless they impaired PIP2 binding).

PIP2 Interaction and ERM Phosphorylation—In the absence
of PIP2, the C-terminal phosphorylation is virtually impossible
because the site is close enough to the FERM domain that it
does not leave enough room for a phosphoryl group (8) and
tail binding to FERM is so thermodynamically stable that
phosphorylation is effectively prevented (15, 33). The final role
of PIP2 in activating the ERM protein is binding to the
POCKET, which completes the conformational activation ini-
tiated by PIP2 binding to the PATCH and relaxes binding of the
C-terminal tail to the FERM domain (as proposed by Hamada
and colleagues (16)). This relaxation provides access of the tail
phosphorylation site to ERM kinases, which can be abundant in
the vicinity of the plasma membrane (34). Thus, phosphoryla-
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FIGURE 11. Analysis of stoichiometry and cooperativity of moesin bind-
ing to PIP2. A, cooperativity. Binding of moesin-Alexa 488 to LUVs composed
of varying percentages (0-15%) of PIP, assessed by co-sedimentation assays
followed by spectrofluorimetric analysis. LUVs having fixed total lipid concen-
tration (0.28 mm accessible lipid) but vary in their mole fractions of PIP2 were
added to a fixed concentration of moesin-Alexa 488 (0.4 um). The percent of
moesin bound is plotted as a function of the percentage of PIP, in the LUVs
where each point is the average of two experiments. The solid line is the
nonlinear least squares best fit of all the data. B, stoichiometry. A standard
protein to membrane FRET assay was employed to quantitate membrane-
bound moesin. The FRET measured occurs between intrinsic tryptophan
donors in moesin and the dansyl-PE acceptors in the LUVs. LUVs containing
10 mol % PIP2 in a lipid mixture mimicking the plasma membrane inner leaf-
let (PE/PC/PS/L-a-phosphatidylinositol/sphingomyelin/cholesterol/dansyl-
PE/PIP2 (23.8:9.1:18.1:4.5:4.5:25:5:10)) were titrated into a fixed concentration
of nonlabeled moesin (3.6 um). These conditions were chosen to drive high
affinity PIP2 binding such that the titration yields a linear increase in mem-
brane-associated moesin until all proteins had been bound and a plateau
achieved. High variability (a time dependent signal loss we ascribe to vesicle
aggregation) was observed when LUV concentrations exceeded 6.0 um PIP2
(data point shown in parentheses). The intersection of the best-fit straight
lines for the linear increase and plateau regions represent the saturation
point, yielding 3.1 = 0.25 um PIP2 molecules per 3.6 um moesin molecules
equivalent to a PIP2/moesin ratio of about 0.86 * 0.07 (average of 5 experi-
ments = S.E.).

tion is facilitated by PIP2 binding as suggested by Fievet et al.
(15). Phosphorylation at the threonine site creates an electro-
static repulsion between the C-terminal tail and the FERM
domain, thereby stabilizing the open state of ERM molecule (8).

Evidence for Sequential Rather Than Simultaneous PIP2
Binding to Two Sites—These studies document that the
PATCH and the POCKET are two distinct but essential PIP2-
binding sites on the FERM domain and characterize the FLAP
as an important autoinhibitory region that masks the initial
access to the POCKET. Thus ERM proteins have evolved a two-
site mechanism for conformational activation by PIP2. A criti-
cal related question is whether these two PIP2-binding sites: (a)
bind simultaneously to two PIP2 molecules or (b) bind sequen-
tially to individual PIP2 molecule. Both published data and our
new data (Fig. 11) indicate that the two sites do NOT bind
simultaneously to two molecules of PIP2. First, PIP2 binds to
moesin in a concentration-dependent manner, characteristic of
interaction with a single PIP2 molecule, not two PIP2 molecules
(Fig 11A); this is consistent with published findings for ezrin
(25). Second, under the saturation phase of binding, only one
molecule of PIP2 binds to one molecule of moesin (Fig 11B).
This is consistent with previous studies showing that ERM pro-
tein binding to PIP2 does not induce the clustering of PIP2
molecules (25). Third, our structural analysis fails to identify
any orientation of the FERM domain, which allows simultane-
ous binding of the PATCH and POCKET to two PIP2 molecules
in a planar membrane.

We propose a conceptual model that incorporates the
knowledge that moesin has two PIP2-binding sites that do not

16322 JOURNAL OF BIOLOGICAL CHEMISTRY

bind PIP2 simultaneously. The key concept is that PIP2 binds
transiently to one site (the PATCH) and then stably to the other
site (the POCKET). Initially a molecule of PIP2 binds to the
PATCH (the most favorable electrostatically on closed ERM).
But this binding to the PATCH is transient and persists only
long enough to induce conformational changes (including
release of FLAP), which are necessary to expose the POCKET.
The exposed POCKET has stronger attraction than the
PATCH for the negatively charged lipids in the membrane and
especially for PIP2. These forces will contribute to attraction of
the molecular region surrounding the POCKET toward the
inner leaflet of the membrane. This results in rotation of the
entire FERM domain causing the PATCH to tilt away from
the plasma membrane. As a result, the transient binding of PIP2
to the PATCH is now lost and is replaced by stable PIP2 binding
to the POCKET. We favor the possibility that the same PIP2
molecule binds transiently to the PATCH then migrates to the
final binding site, the POCKET, resulting in a progressive con-
formational activation of ERM. This model is similar to the
mechanism by which the same ATP molecule binds to three
different binding sites on the surface of subunit B of Methano-
sarcina mazei GO A;A, ATP synthase with a stoichiometry of
1:1. The first binding of the ATP molecule to site 1 induces
conformational changes promoting binding of subunit F to sub-
unit B, which induces migration of the ATP to its final binding
pocket via transitional intermediates on the surface of subunit
B (35). This strategy that has been evolved by ERM proteins
provides a progressive mechanism for activation by PIP2. Its
functional design avoids requiring very high PIP2 concentra-
tions that would be necessary for a mechanism requiring simul-
taneous occupancy of two PIP2 molecules.
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