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Self-masking in an Intact ERM-merlin Protein:
An Active Role for the Central α-Helical Domain
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Ezrin/radixin/moesin (ERM) family members provide a regulated link
between the cortical actin cytoskeleton and the plasma membrane to govern
membrane structure and organization. Here, we report the crystal structure
of intact insect moesin, revealing that its essential yet previously
uncharacterized α-helical domain forms extensive interactions with
conserved surfaces of the band four-point-one/ezrin/radixin/moesin
(FERM) domain. These interdomain contacts provide a functional explana-
tion for how PIP2 binding and tyrosine phosphorylation of ezrin lead to
activation, and provide an understanding of previously enigmatic loss-of-
function missense mutations in the tumor suppressor merlin. Sequence
conservation and biochemical results indicate that this structure represents
a complete model for the closed state of all ERM-merlin proteins, wherein
the central α-helical domain is an active participant in an extensive set of
inhibitory interactions that can be unmasked, in a rheostat-like manner, by
coincident regulatory factors that help determine cell polarity and
membrane structure.
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Introduction

The plasmamembrane is organized into functional
regions, with the distinct apical and basolateral
domains of polarized epithelial cells providing a
well-studied example. To assemble, maintain and
regulate the composition and structure of these do-
mains, eukaryotes have evolved proteins that link
the underlying cytoskeleton to specific membrane
radixin/moesin;
moesin, moesin from
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proteins. Among the best understood class are the
ezrin/radixin/moesin (ERM) family, which provide
a conformationally regulated linkage from the
cortical actin cytoskeleton to the plasma membrane,
especially in structures like microvilli.1,2

ERM proteins consist of three principal domains
(Figure 1(a)). The best characterized of these are
the band four-point-one/ezrin/radixin/moesin
(FERM) domain3 and the C-terminal tail domain.
The N-terminal ∼300 residue FERM domain con-
sists of three lobes, designated F1, F2 and F3, that are
tightly associated in a cloverleaf-like structure.4 The
FERM domain of ERM proteins binds directly to
integral membrane proteins, such as CD43, CD44
and ICAM1-3, through their positively charged
juxtamembrane regions,5–9 or indirectly through
d.

mailto:johntesmer@umich.edu
http://dx.doi.org/10.1016/j.jmb.2006.10.075


Figure 1. (a) Domain structure of Sfmoesin. Residue numbers at the domain boundaries are indicated. (b) Alignment
of ERM-merlin α-helical domains. The sequence for αC is folded back (runs right to left) to indicate its register with the αB
helix. Helical regions are indicated by a yellow coil, and the β1 strand of the C-terminal tail by a red arrow. The a and d
positions of the coiled-coil heptad repeat are shown with orange and cyan backgrounds, respectively.16 These positions
interact with the other helix of the coil, as shown. Residues that are disordered in both Sfmoesin structures are shownwith
lower case italics. Sequence numbering corresponds to that of Sfmoesin, and the asterisks indicate invariant or highly
conserved residues. Sites sensitive to trypsin digestion in the radixin α-helical domain (black arrows), and positions in
human merlin associated with cancer (purple arrows) are indicated. Sequences used are as follows: human merlin
(HsMerlin), SwissProt accession no. P35240; human radixin (HsRadixin), P35241; human ezrin (HsEzrin), P15311; human
moesin (HsMoesin), P26038; and D. melanogaster moesin (DmMoesin), GenBank accession no. NP_996392.
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the PDZ-containing scaffolding proteins EBP50/
NHERF and E3KARP.10–12 The C-terminal tail
domain (often referred to as the C-terminal tail or
C-terminal ERM association domain or C-ERMAD)
spans the last ∼100 residues and contains an F-actin
binding site in the last 30 residues.13–15 This domain
interacts with the FERM domain as an extended,
meandering polypeptide beginning with a β-strand
associated with β5 in F3 followed by four helices, the
first two of which bind lobe F2 and second two of
which bind lobe F3 (Figure 2(a)).4 The FERM-tail
complex represents a dormant form of the protein in
which membrane protein and active binding sites
are masked.
Linking the FERM and C-terminal domains is an

essential but structurally uncharacterized domain
of ∼190 residues, referred to as the α-helical do-
main, the most conserved feature of which being a
heptad repeat characteristic of α-helical coiled-
coils (Figure 1(b)).16 This region has been proposed
to form an extended helical tether in activated ERM
proteins linking the membrane-binding determi-
nants of the FERM domain to the actin-binding
determinant at the C-terminal tail.17 Although
crystal structures have been reported for activated
FERM domains as well as for the inactive FERM
domain complexed with the C-terminal tail domain
of human moesin, they have revealed at most only a
small portion of the important and enigmatic α-
helical domain.
Equally enigmatic is the neurofibromatosis 2

(NF2) tumor suppressor protein merlin, which is
closely related to ERM proteins and shares all of the
above features except for actin binding.18,19 Muta-
tions in merlin that lead to loss of tumor suppression
are often disruptive, either truncating the protein or
interfering with the proper fold of the protein. Some
missense mutations of merlin associated with NF2
have been mapped to the interface of the FERM and
C-terminal tail domain,4 suggesting that their
association is critical for tumor suppressor activity.
However, many more mutations remain unex-
plained, given the currently available models.
A particularly interesting aspect of ERM proteins

is that they can exist in at least two conformatio-
nal states,1 an active open form with the FERM and
C-terminal tail domain dissociated, and a dormant
closed form similar to that described for the human
moesin FERM-C-terminal tail domain complex.4

Dissociation of the FERM and C-terminal tail
domains unmasks binding sites for other proteins.
EBP50 binds to a region of the FERM domain that
overlaps with the C-terminal tail,20,21 and the
ICAM-2 receptor binds to the radixin FERM domain
at a site analogous to the first β-strand in the C-
terminal tail.22 This site is analogous to where
integrin tails anchor to the talin FERM domain,23

and to where a regulatory intramolecular linker
region interacts with the FERM domain of focal
adhesion kinase.24 Evidence suggests these states
are regulated primarily by the phosphorylation of a
threonine residue in the C-terminal domain (equiva-
lent to Thr558 in moesin) and/or the binding of
PIP2.

1 Thr558 lies buried in the FERM–C-terminal
tail interface, and its phosphorylation is expected to
favor domain dissociation. PIP2 binds to a site bet-
ween lobes F1 and F3, and has been proposed to
confer subtle conformational changes that favor



Figure 2. Comparison of dormant human and Sfmoesin structures. (a) The human FERM–C-terminal domain
complex (PDB code 1EF1). The three lobes of the ERMdomain (F1, F2 and F3) are colored cyan and the C-terminal domain
is colored red. The β1 strand of the C-terminal domain is contributed by a crystal-packing interaction. (b) The 2.1 Å
Sfmoesin structure. The α-helical domain (yellow) folds into three extended helices (αA, αB and αC), each containing
elements that pack against the FERM domain. The αB and αC helices form an anti-parallel coiled-coil. (c) In the 3.0 Å
structure, 67 more residues of the ∼70 Å αB/αC coiled-coil are revealed.
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dissociation of the interface, for this site is not
obviously masked in the dormant protein.25

Although merlin is expected to have the same
domain architecture as ERM proteins,4,26 it is
activated differently via phosphorylation at other
sites, and the self-associated, closed form is thought
to be responsible for its tumor suppressor activity.27

Here, we report the structure of the full-length,
dormant monomeric moesin endogenous to ovar-
ian Spodoptera frugiperda cells (Sfmoesin), the ERM
protein expected to play an essential role in
establishing polarity in insect embryos.28 The
central α-helical domain is seen to contain three
helices, including a striking 70 Å anti-parallel
coiled-coil, that form extensive, unanticipated and
functionally important interactions with the FERM
domain. We argue that this structure provides a
complete and relevant model for the dormant
state of ERM proteins, and for what is thought to
be the relevant tumor suppressor state of merlin.
Results

Overall structure

Sfmoesin was purified with yields of 0.5 mg/l
from ovarian insect cells, and is a stable monomer as
determined by gel-filtration chromatography. The
cDNA sequence we determined corresponds to a
protein of 575 residues, having 83% identity with
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Drosophila moesin and ∼60% identity with human
ERM proteins. The most variability occurs within
residues 315–500, which spans most of the α-helical
domain and the beginning of the C-terminal tail
(Figure 1). Within this region, Sfmoesin and human
ERM proteins have <25% sequence identity. Resi-
dues 299–461 have significant coiled-coil proba-
bility,29 with hydrophobic residues dominating at
positions a and d of the heptad repeat (Figure 1(b)).
We determined two closely related crystal struc-

tures of Sfmoesin at 2.1 Å and 3.0 Å resolution
(Table 1; Figure 2), with the lower-resolution
structure revealing a much larger portion of the α-
helical domain. In addition to the expected tri-lobed
FERM domain and C-terminal tail interaction, the
α-helical domain is revealed to consist of three
extended helices (αA, B and C). The first helix folds
back under lobe F1, as has been observed in several
earlier structures of the open form of ERM-merlin
proteins (Figure 3(a)), and is followed by helices
that form the outgoing (αB) and incoming (αC)
segments of a 70 Å antiparallel coiled-coil. The N
terminus of αB (residues 328–350) is not paired
with αC, and instead uses the hydrophobic residues
of its heptad repeat to interact with a highly-
Table 1. Crystallographic data and refinement statistics

A (initial dataset)

A. Data collection
X-ray source: ALS 8.3.1
Wavelength (Å) 1.116
Resolution (Å) 3.5
Space group R32
Cell constants

a=b (Å) 124.1
c (Å) 285.0

Unique reflections 10,518
Redundancya 7.5 (7.6)
Rsym

b (%) 22.9 (68.1)
Completeness (%) 96.8 (98.1)
<I>/<σI> 7.7 (2.4)

B. Refinement statistics
Resolution (Å)
Total reflections
Protein atoms
Non-protein atoms
r.m.s.d. from ideal

Bond lengths (Å)
Bond angles (deg.)

Est. coordinate error (Å)
Average B-factor (Å2)
Ramachandran plot

Most favored regions (%)
Disallowed regions (%)

Rwork
d

Rfree
e

Rfinal
f

a Numbers in parentheses correspond to the highest resolution shel
3.11–3.00 Å.

b Rsym=∑hkl∑i|I(hkl)i–I(hkl)|/∑hkl I(hkl)i, where I(hkl) is the mean
applied to data set C.

c Numbers in parentheses correspond to the highest resolutio
3.00 Å.

d Rwork=∑hkl||Fobs(hkl)|–|Fcalc(hkl)||/∑hkl |Fobs(hkl)|; no I/σ
e A portion (5%) of the truncated data set was excluded from refin
f Final R-factor after the last rounds of refinement, when all reflect
conserved surface on the F1 lobe (Figures 1(b) and
4). Comparison of the moesin coiled-coil with those
from other proteins demonstrates that it has
standard geometry, including the N-terminal por-
tion of αB that interacts with F1 (Figure 3).
Although the αB-αC loop of the α-helical domain

is not observed, there is sufficient room in the crystal
lattice for the missing residues to form a helical
hairpin, and there is also no possibility for the
formation of a crystalline dimer mediated by the
coiled-coil (Figure 5(b)). An examination of B-factors
shows that the FERM domain is very well ordered,
on the whole, as are the segments of the α-helical
domain that anchor its αA, αB and αC helices to the
F1 lobe (Figure 5(b)). However, B-factors for resi-
dues in the coiled-coil increase steadily as their
distance from the F1 lobe increases, rising to >140 Å2

at the termini. Nevertheless, helical electron density
for the backbone of these residues is unambiguous.
C-terminal to the αC helix (ending with Thr460), a
“linker region” threads through the cleft formed
between lobes F1 and F3, with residues 461–465
forming a short 310-helix and residues 465–472
adopting the conformation of a type II polyproline
helix. The visible density ends at residue 472, and
B (high-resolution) C (low-resolution)

APS 17-ID APS 19-BM
1.000 1.033
2.1 3.0
R32 R32

123.7 126.9
283.2 272.5
43,611 17,202
4.9 (3.5) 5.4 (5.3)
7.9 (33.8) 14.4 (43.7)
88.5 (71.0) 99.3 (99.7)
19.7 (3.3) 10.9 (3.3)

50–2.1 50–3.0
43,611 (2506)c 17202 (1258)c

4004 4507
438 64

0.010 0.007
1.11 0.93
0.06 0.17
24.5 35.9

96.4 95.4
0.2 0.2

17.9 (16.8) 18.1 (26.9)
21.5 (22.9) 24.9 (33.5)
17.6 (16.3) 18.4 (24.7)

l of data; data set A, 2.74–2.6 Å; data set B, 2.18–2.10 Å; data set C,

intensity of i reflections after rejections. A –1.0 I/σI cutoff was

n shell of data; data set B, 2.15–2.10 Å; data set C, 3.08–

cutoff was used during refinement.
ement and used to calculate Rfree.
ions were used.



Figure 3. Comparison of the Sfmoesin α-helical domain with active ERM domain structures and other coiled-coil
domains. (a) The structures of “activated” merlin, radixin, and moesin (PDB entries 1ISN, 1J19, 1E5W, respectively)
superimposed on the 2.1 Å structure of Sfmoesin, showing that the αA helix does not alter its orientation greatly upon
activation. (b) The Rad50 coiled-coil (PDB entry 1L8D) superimposed on that of the 3.0 Å structure of Sfmoesin in the same
orientation as in (a). In this structure, Rad50 is dimerized through a hook-like structure at the turn of the coiled-coil.48 (c)
Superposition of the methyl-accepting chemotaxis protein coiled-coil (PDB entry 2CH7).49 This coiled-coil is half of an
antiparallel four-helix bundle. Note that the N-terminal segment of Sfmoesin αB, which does not participate in a coiled-
coil with αA, maintains proper coiled-coil geometry. Superpositions are the optimal fits reported by a search of the PDB
using the DALI server.50
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begins again at Glu486, the first residue of a β-strand
associated with lobe F3 that defines the start of the
C-terminal tail domain. The intervening disordered
loop is enriched with acidic residues in ERM
proteins (Figure 1(b)).

Interactions of the α-helical domain with the
FERM domain

The central α-helical domain of moesin forms
multiple, extensive contacts with highly conserved
surfaces of the FERM domain (Figure 4). One
surface, formed by both the F1 and F2 lobes,
interacts with the αA helix, and two other faces of
F1 stabilize and give direction to the αB/αC
coiled-coil: one face interacts with the N-terminal
portion of αB and the other provides a specific
docking site for the residues at and after the C-
terminal end of helix αC. We refer to these two
interaction surfaces are as the launching and
landing pads for the antiparallel coiled-coil,
respectively. The contacts that the α-helical domain
and the subsequent linker region (Figure 1) form
with the FERM domain bury 3800 Å2 of total
accessible surface area.
The interactions of αA are bipartite (Figure 6(a)).
The highly conserved N terminus of αA (residues
298–313) forms extensive hydrophobic interactions
with a continuous surface of F1 and F2, wherein the
side-chain of Ile94 (in F2) is buried in a hydrophobic
pocket formed by Val302, Met305, Lys306 and Ala
309 (in αA), while the side-chain of Met305 (αA) is
buried in a pocket formed by Arg40 and Trp43 (in
F1) and His465 (linker region). In the second
interaction region, the C terminus of αA and the
subsequent αA-αB loop form primarily electrostatic
contacts with F2. The basic side-chains of Arg184,
Lys316, Arg320, Arg332 (all invariant or highly con-
served) cluster together, and are in close proximity
to the acidic side-chains of Glu96, Glu185 and
Glu326 (also highly conserved). The backbone of
the αA-αB loop is disordered in the 3.0 Å structure
(Figure 5(b)), and has relatively high B-factors in the
2.1 Å structure, suggesting marginal stability of
these interactions.
The launching pad interaction for the αB/αC

coiled-coil is formed by the hydrophobic face of the
αB helix just before the coiled-coil, which abuts the
αA helix of the F1 lobe (Figure 6(b)). The highly
conserved residues that make up this surface,
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Tyr340, Leu344 and Met347, occupy the d-a-d
positions of the coiled-coil heptad repeat. Specific
hydrogen bonds are formed between the side-chain
of Gln337 (αB) and the backbone of Glu15 (F1), the
side-chain of Arg343 with backbone carbonyl
groups of residues 35 and 36, and the Tyr340
hydroxyl group with the side-chain of Asp13.
The landing pad interactions involve both the end

of the αC helix and the linker region (Figure 6(c)).
The amino group of Lys35, conserved as either Lys or
Arg among ERM-merlin proteins, caps the end of the
αC helix. Lys27 and Asp31, which form an invariant
salt-bridge within F1, coordinate the buried hydro-
xyl group of Thr461. His465 forms a hydrogen bond
with the side-chain of Asp301 in the first turn of the
αA helix, joining the two ends of the α-helical
domain. The side-chain of His466 packs in a
conserved hydrophobic pocket formed by Lys27,
Phe30, Val42 and Leu61. Subsequently, the side-
chain of Val467 packs against F3, and Glu469 forms
two hydrogen bonds with the backbone nitrogen
atoms of residues 61 and 62. Invariant moesin
residues Glu289 and Arg293 (F3) together form a
salt-bridge as well as three hydrogen bonds with the
backbone of residues 465, 466 and 468.

Comparisons with previous ERM structures

Earlier structures of truncated/activated ERM
proteins have included only the first 49, 27 and 14
residues of the α-helical domain (Figure 3(a)). The
intact Sfmoesin αA helix stays more tightly asso-
ciated with the FERM domain than the others,
possibly because they are missing subsequent
residues that, as in Sfmoesin, would help restrain
the C-terminal end of this helix.
Overlay of Sfmoesin with the radixin·IP3 complex

demonstrates that the IP3 binding site is sterically
blocked by the linker region (Figure 7). Moreover,
the disordered loop joining the linker region to the C-
terminal tail is intensely acidic in ERM proteins
(Figure 1(b)). Thus, the linker and subsequent loop
dramatically lower the electrostatic potential of a
surface of the FERM domain (Figure 7(b) and (c))
believed to associate with negatively charged
membranes in the active form of ERM proteins.
Because the 2 h soak of IP3 into the Sfmoesin crystals
used for the low-resolution data set showed no
electron density for this ligand, IP3 alone under the
crystal-harvesting conditions is insufficient to dis-
place the linker and subsequent loop, rendering
them an effective mask for PIP2 binding. This
appears to conflict with a recent report that PIP2
binding is a prerequisite for C-terminal domain
Figure 4. Extent and sequence conservation of the
surfaces buried by the α-helical domain and linker region.
(a) The Sfmoesin FERM domain. The view is rotated by
∼180° around a vertical axis from that in Figure 2. (b)
Molecular surface of the FERM domain. Yellow regions
are those in contact with the α-helical domain and linker
region (∼1800 Å2 of buried accessible surface area). (c)
Conservation of the FERM domain. Magenta regions
correspond to residues that are either identical or
substituted conservatively (e.g. Asp/Glu, Arg/Lys, Ser/
Thr) in all ERM-merlin proteins. Green regions correspond
to residues conserved only in the ERM family.



Figure 5. Crystal packing interactions and mobility of the α-helical domain. (a) Stereo view along the crystallographic 2-
fold axis of a D3 center in the crystals of the 3.0 Å structure. Each asymmetric unit in the cluster is colored uniquely. In this
structure, differences in lattice packing tilt the αB/αC coiled-coil region by 7° with respect to the 2.1 Å structure, allowing it to
form crystal contacts with a 2-fold-related coiled-coil via the side-chains of Gln426 and Leu430 (ball-and-stick models). Only
residues 400–409 aremissing from its helical turn. This structure eliminates thepossibility of adimermediatedby the coiled-coil
in the crystalline lattice. (b) Temperature factors as a function of residue position in the 2.1 Å and 3.0 Å structures of Sfmoesin.
The regions of the α-helical domain that contact the FERM domains are as stable as the FERM domain, while those at greater
distances from the ERMdomain have gradually increasingmobility. The change in crystal contacts between the two structures
orders more of the αB/αC coiled-coil in the low-resolution structure, and disorders part of the αA-αB loop (residues 312–325).
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phosphorylation in ezrin.30 However, IP3 may be a
poor mimic for PIP2 in the context of a phospholipid
bilayer.
Figure 6. Stereo views of interdomain contacts of the Sfmo
(yellow) interacts with the F1 and F2 lobes (cyan) in a bipartite
the backbone: oxygen, red; nitrogen, blue; and sulfur, green. S
Residues colored with white carbon atoms indicate side-chain
the 2.1 Å crystal structure. (b) The launching pad involves the
the F1 lobe. Met347 is analogous to the site of tyrosine phosph
response to growth factor stimulation. Mutation of the residue
NF2.39 Both modifications in the context of the Sfmoesin stru
formed by the end of the αC helix and the linker region. Contac
by backbone-side-chain interactions, possibly explaining the la
helical domain. Mutation of the residue analogous to Trp43 an
with NF2.39,51 These changes likely disrupt the observed inter
Finally, the Sfmoesin structure confirms the struc-
ture and register of theβ1 strand in the C-terminal tail
(Figures 1, 2(b) and 7(a) and (b)), which is domain-
esin α-helical domain and linker region. (a) The αA helix
fashion. Carbon atoms are shown with the same color as
pecific hydrogen bonds are shown as broken black lines.
s that are disordered or exist in multiple conformations in
hydrophobic face of αB and a highly conserved surface of
orylation in ezrin,35,36 which leads to activation of ezrin in
analogous to Leu344 to proline in merlin is associated with
cture likely disrupt this interface. (c) The landing pad is
ts between the linker region and the F1 lobe are dominated
ck of strong sequence conservation in this region of the α-
d residues in the F1 αA helix in merlin are also associated
domain contacts.
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swapped in the human moesin FERM/C-terminal
domain complex and masks the ICAM-2 peptide
binding site observed in the radixin-ICAM-2
Figure 6 (legend on opposite page)
complex.22 The intact path of this strand to the re-
mainder of the C-terminal domain is therefore fully
defined in Sfmoesin. Sequence comparison suggests



Figure 7. The known intermolecular binding sites of ERM proteins are masked in the dormant structure. (a) The
ICAM-2 (orange cartoon), IP3 (ball-and-sticks), and EBP50 (green coil) ligands mapped onto the structure of Sfmoesin
(from PDB entries 1J19, 1GC6 and 1SGH, respectively). (b) Solvent-accessible surface of the FERM domain of Sfmoesin
with the α-helical domain and C-terminal domain superimposed. The surface is oriented as in (a) and colored by its
electrostatic potential, contoured from −6.0 (red) to +6.0 kT/e− (blue). This intensely basic surface likely helps moesin to
bind negatively charged lipid bilayers, such as those that contain PIP2 (see (a)). (c) The electrostatic surface of dormant
Sfmoesin. The association of the α-helical domain and the linker region ablates the positive charge of the surface and
masks the PIP2 site. The ICAM-2 peptide binding site is masked by the β1-strand of the C-terminal domain. The
electrostatic calculation does not take into account the negatively charged, disordered loop (residues 473–485) that
connects the linker to the C-terminal domain.
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that all ERM-merlin proteins will share an analo-
gous β-strand interaction with the F3 domain
(Figure 1(b)).

Discussion

A model relevant to the entire ERM-merlin family

The structure of the endogenous, intact Sfmoesin
reported here provides a very important advance
in the study of ERM proteins, as it defines the
complete dormant state of these proteins. For
merlin, it has been postulated that the analogous
closed conformation is responsible for tumor sup-
pressor activity.27 In this conformation, the Sfmoesin
structure demonstrates that there are extensive
interactions of the central α-helical domain with the
FERM domain, indicating that the α-helical domain
plays a surprisingly active role in masking additional
ligand-binding and activation sites.
Conservation in other ERM-merlin proteins of the

arrangement of the SfmoesinαA,αB andαChelices in
the α-helical domain is supported strongly by
sequence conservation and biochemical studies.
Unlike the αA helix, the coiled-coil portion of αB
and αC (but not the αA-αB or αB-αC loops) has an
almost perfect heptad repeat. Our structure also easily
accommodates the seven residue insertion found in
human radixin, ezrin and merlin proteins within or
near theαA-αB loop (Figure 1(b)). In addition, limited
proteolysis of the recombinant isolated α-helical
domain of human radixin show rapid cleavage at
residue 330 followed by cleavage at residue 351 to
yield a relatively stable fragment spanning residues
352–469.17 The first cleavage site corresponds to the
highly mobile αA-αB loop (Figure 4(b)) and the
second matches the position within αB just before
the start of the coiled-coil segment. The stable pro-
teolytic fragment is thus a reasonable match with the
αB/αC coiled-coil region of the Sfmoesin structure
(Figure 1(b)). This correlation leads to the rather
remarkable inference that, even in the absence of
contacts with the FERM domain, there are features
intrinsic to the α-helical domain that partition it into
the three distinct helices observed in the Sfmoesin
structure.
Surfaces of the FERM domain that contact the α-

helical domain are remarkably well conserved
(Figure 4), supporting a biological role for these
interactions. Interdomain contacts include the dock-
ing of αA onto the FERM domain viaMet305, Lys306
and Ala 309 (Figure 6(a)), as observed in earlier
crystal structures of activated ERM-merlin proteins
(Figure 3(a)). The N terminus of αB from the α-
helical domain interacts with a nearly invariant
surface of the F1 lobe with no previously ascribed
function. The helical domain αC helix is followed by
a stop signal (T/STPxxxxxxE) conserved among
moesin proteins that also contains two residues (the
second Thr and the ultimate Glu) that form specific
interactions with lobe F1 (Figure 6(c)). Although
ezrin, radixin and merlin have a polyproline stretch
in this region (Figure 1(b)), this is nevertheless
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compatible with the salient features of the Sfmoesin
linker region. Specifically, the most important inter-
actions made by the “spacer” residues (given as ‘x’
above) as they wind toward the IP3 binding site
are made primarily by their main-chain atoms
(Figure 6(c)). In addition, the backbone confor-
mation of the linker is superimposable with a
polyproline helix. Finally, it seems likely that the
conserved, highly acidic region joining the linker
region and the C-terminal domain (Figure 1(b)) in
ERM proteins could play a functional role in hinde-
ring PIP2 and membrane interactions until the α-
helical and/or C-terminal domains become displaced.

The α-helical domain in activated ERM-merlin
proteins

Biochemical studies of ERM-merlin proteins and
the Sfmoesin structure now support the idea that the
α-helical domain can adopt a variety of physiologi-
cally relevant conformations, ranging from the rela-
tively condensed, inactive structure that we observe
in Sfmoesin, to a relatively protected one in which
the domain is dissociated from the FERM domain
yet forms two or three helices that retain the
observed αB/αC coiled-coil interaction, to a fully
extended helix. The existence of the latter two states
is supported by limited proteolytic digestion and
biophysical studies of the isolated α-helical domain
of radixin, and the activated structure of moesin.17,31

For full activation of ERM proteins, large
conformational changes are needed to expose
various regulatory sites, including that for PIP2,
which is masked by the linker region (Figure 7).
This direct model for activation is in contrast to a
previous model, wherein it was speculated that
PIP2 binding led to activation via relatively subtle
conformational changes.25 Unraveling the αB/αC
coiled-coil observed in the dormant state also
appears to be a prerequisite for gaining access to
the buried hydrophobic residues that compose the
A-kinase anchoring sites reported for ezrin and
merlin.32,33 Consistent with this, binding of merlin
to RIβ occurs only in forms of merlin that mimic
the open state (e.g., C-terminally truncated). Thus,
the putative “switchblade-like” opening of the
αB/αC coiled-coil into an extended helix may
represent yet another functionally relevant
unmasking event. The interconversion of helical
and non-helical regions required for the proposed
switchblade-like opening of the helical domain has
good precedent, such as the pH-triggered con-
formational change observed in hemaglutinin-me-
diated membrane fusion.34 Conversion of the
αB/αC coiled-coil to a fully extended state upon
activation is supported also by biophysical studies
of the isolated helical domain of radixin in which
this region appears to form an unusual monomeric
240 Å long helix.17 This seems possible, given the
strong helical potential of the αA-αB and αB-αC
loops (Figure 1(b)) and the fact that the 50 residues
of the α-helical domain present in an activated
moesin FERM structure continue as an uninter-
rupted helix that leaves the FERM domain in the
direction of αA,31 rather than breaking at the αA-αB
turn, as is observed in Sfmoesin (Figure 3(a)).
Conversion to this extended form is likely to be
stabilized by ligands that favor binding to a single
amphipathic helix, such as AKAPs.
Until now there has been no concrete model for

how Tyr353 phosphorylation of ezrin contributes to
its activation.35,36 The structurally equivalent resi-
due in Sfmoesin (Met347) is buried at the end of the
launching pad of αB (Figure 6(b)) and it is reason-
able to assume that Tyr353 in ezrin interacts
similarly. Phosphorylation of Tyr353 in ezrin
would be expected to strongly favor release of the
α-helical domain from the FERM domain.
Finally, our studies provide insight into the

structures of the dormant ERM homodimers that,
when compared to dormant monomers, have indis-
tinguishable patterns of limited proteolysis.37 We
propose that in these dimers, the αB-αC turn does
not exist, and instead two molecules associate via a
fully-extended αB and αC helix that forms an
intermolecular antiparallel coiled-coil and allows
the C-terminal tail domain of each chain to interact
with the FERM domain of the other chain. In this
way, exactly the same launching and landing pad
contacts would be maintained. Consistent with this
model, the αB-αC turn consists of exactly seven
residues (Figure 1(b)), so that the heptad repeat
would be perfectly maintained in such a domain-
swapped dimer. While the physiological relevance
of dormant homodimers is unknown, this struc-
tural arrangement could be present in the ezrin-
merlin (and other) heterodimers that likely do exist
in vivo.38

An explanation for enigmatic mutations in the
tumor suppressor merlin

Many of the missense mutations associated with
NF227,39 defied explanation when mapped onto
earlier atomic structures of ERM-merlin proteins.
When mapped on the tertiary structure of Sfmoesin
(Figure 1(b)), the structural impact of many of these
merlin mutations becomes clear, lending further
support to the biological relevance of the α-helical
domain contacts. Of the non-truncating mutations of
merlin that are known to be pathogenic in cells, 16
are found in the F1 lobe, nine in F2, six in F3, ten in
the α-helical domain and seven in the C-terminal
domain. Of those that are purely missense (not
insertions or deletions), ten are in F1, four are in F2,
four are in F3, ten are in the α-helical domain, and
six are in the C-terminal tail. The preponderance of
disruptions in the F1 lobe and the α-helical domain
implies an important role for these domains in
maintaining merlin in a stable, closed, active form.
The F1 lobe αA helix, straddled by the αB and αC
helices of the α-helical domain (Figure 6), is
particularly rich in NF2-associated disruptions.
Also, the F1 lobe αA-β3 loop, with residues
interacting with both the αA helix and the landing
pad, is relatively rich in mutations. Mutations
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identified in the α-helical domain of merlin are
dispersed throughout, but some are found in the
highly conservedN terminus of αA: at Leu323 (L339F
in merlin), a residue that helps to stabilize the αA-αB
loop (Figure 6(a)), and at Leu344 (L360P), a buried αB
residue in the launching pad interface (Figure 6(b)).
This remarkable correlation between sites of disease-
causing merlin mutations and sites involved in
stabilizing interactions between the α-helical and
FERM domains supports the conclusion that the
closed form of merlin is required for its tumor
suppressor activity.

An active regulatory role for the α-helical
domain

The crystal structure of the FERM-C-terminal tail
domain complex of human moesin showed that the
complex is held together by five, largely indepen-
dent, interacting parts.4 We can now extend this
model to include the launching and landing pads of
the centralα-helical domain, which together with the
coiled-coil interaction provide the sixth, seventh and
eighth points of interaction that can be modulated
independently to influence the net affinity of the
masking interactions. Interestingly, these interaction
points with the FERM domain are, apparently,
purposefully of lower affinity than they could be.
For example, ICAM and EBP50 peptides have
conserved sequence features not present in the
ERM sequences, and they bind to their respective
sites on the FERMdomainmuchmore tightly in trans
(nanomolar affinities) than does the tail domain in
cis. Such distributed binding involving many purpo-
sefully medium or low-affinity interactions creates a
net high-affinity interaction via the chelate effect,40

but that can, in principle, have its affinity fine-tuned
to many different levels by a wide variety of effec-
tors. In addition to the known effectors discussed
above, the interactions of the α-helical domain allow
speculation that another modulator of activation
could be the binding of SH3 domains to the polypro-
line sequences that fill the F1-F3 cleft in ezrin, radixin
and merlin. In accordance with this idea, the focal
adhesion kinase FERM domain, although distantly
related to ERM proteins and lacking an α-helical
domain, has a regulatory linker region C-terminal to
the FERM domain that occupies the cleft between its
F1 and F3 lobes. The linker forms a β-strand
interaction, analogous to but opposite in orientation
to the β1 strand of the Sfmoesin C-terminal domain,
and a polyproline helix, bound to F3, that can be
sequestered by the SH3 domain of Src.24

We conclude that the centralα-helical domain is not
just a passive structural feature that is important for
facilitating effective cytoskeletal-membrane linkage
once the activated proteins are generated. Instead, it is
actively involved in masking, burying ∼2000 Å2 of
FERM domain surface area, about 75% of that buried
by theC-terminal tail interaction. Together, the central
and C-terminal tail domains bury 4700 Å2, which is
25% of the accessible surface area of the FERM
domain and mask directly all known sites for
activating ligands or modifications (i.e. the PIP2
binding site and phosphorylation sites Thr558 or
ezrin Tyr353) or docking targets (EBP50/NHERF,
ICAMand actin). As alluded to before,4 and extended
here from five to eight points of interaction, we
propose that ERM proteins are subject to a rheostat-
like mechanism for a graded regulation of activation.
Multiple regulatory pathways that impinge on the
ERM proteins could be combined and/or integrated
to allow for different levels of release of the coiled-coil
domain, depending on their sites of interaction, and
hence unmasking of ligand-binding sites. Finally, our
studies have now yielded an important image that
fully describes the structural components involved in
the closed form of ERM-merlin proteins. Such
information will be exceptionally useful in the design
and interpretation of a newgeneration of experiments
aimed at unraveling the activation mechanisms of
ERM proteins and to better understand the tumor
suppression mechanism of merlin.
Materials and Methods

Purification

The endogenousmoesin protein from Sf ovarian cells was
purified by the protocol used to purify G protein-coupled
receptor kinase 2 (GRK2).41 Except in the first purification,
wherein Sfmoesin was mistakenly purified instead of
GRK2, Sfmoesin-containing fractions were identified by
Western analysis using a rabbit polyclonal antibody (a gift
from D. Kiehart, Duke University) at a 1:40,000 dilution.
The final purification step was over two tandem S200 gel-
filtration columns (Amersham Pharmacia Biotech) equili-
brated in 20 mM Hepes (pH 7.8–8.0), 200 mM NaCl, 2 mM
DTT. The protein elutedwith an expectedmolecularmass of
74 kDa based on comparison with Bio-Rad gel filtration
standards. The resulting homogeneous moesin was con-
centrated to 4.75mg/ml. The total yieldwas 0.12–0.45mg/l
of Sf cell culture.

Crystallization

Sfmoesin crystals were grown by the hanging-drop,
vapor-diffusion method using the conditions used for
GRK2,42 with 100 mMHepes (pH 7.8) as the buffer for the
well solution. For harvesting, cryoprotectant solution (25%
(v/v) PEG400, 15% (w/v) PEG 8K, 50 mM phospho-
serine (pH 7.5), 800 mM NaCl, 800 mM urea, 1 mM DTT,
22 mM Hepes (pH 8.0) and 22 mM Hepes, pH 7.8) was
added 1 μl at a time into the hanging drop, and then
crystals were transferred into 100% cryoprotectant
solution. The crystals were then flash-frozen in liquid
nitrogen on nylon loops (Hampton Research).
Diffraction data collection

A preliminary 3.5 Å data set (data set A) was collected at
the Advanced Light Source (ALS) on a Quantum 210 CCD
detector (ADSC) at beam-line 8.3.1 and was used for the
initial structure determination. A higher resolution data
set (data set B) was later collected at the Advanced Photon
Source (APS) on a Quantum 4 CCD detector (ADSC) at
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beam-line 17-ID. Lastly, a 3.0 Å data set (data set C) was
collected at APS beam-line 19-BM from a crystal soaked
for 2 h in harvesting solution supplemented with 1 mM
IP3. Data were indexed, integrated and scaled using
HKL2000.43 The crystal soaked in IP3 had significantly
different cell constants (>1% change), suggesting a
conformational change. Unit cell parameters and data
collection statistics are summarized in Table 1.

Identification of moesin by mass spectrometry

Sfmoesin was purified using the scheme used for GRK2,
had a similar apparent molecular mass (74 kDa for
Sfmoesin, 80 kDa for GRK2) and crystallized under
conditions identical with those used for GRK2. However,
molecular replacement using the structure of GRK2 failed
to yield a solution. To verify the identity of the crystallized
protein, a drop of the protein solution (roughly 5 μg) was
taken from the hanging drops used for crystallization,
subjected to SDS-PAGE (10% polyacrylamide gel), and
then subjected to trypsin digestion in-gel followed by
matrix-assisted laser desorption/ionization mass spectro-
metry at the Institute for Cellular and Molecular Biology
Protein Core Facility (UT Austin). Four abundant peptide
peakswere generated, and their resultingmasseswere best
matched toDrosophila melanogastermoesin (residues 29–36,
QLFDQVVK; 42–54, EVWFFGLQYTDSK; 195–210, IAQ-
DLEMYGVNYFEIR; and 239–247, IGFPWSEIR), suggest-
ing that the crystallized protein was in fact the moesin
protein endogenous to S. furgiperda, which had not been
sequenced.

Structure determination and refinement

Phases were determined by straightforward molecular
replacement using the structure of the FERM/C-terminal
tail complex of humanmoesin (PDB code 1EF1) as a search
model, reflections from data set A and the program
PHASER from the CCP4 suite.44 The resulting model was
refined with simulated annealing in CNS,45 and then
REFMAC5.46 The sequence of D. melanogaster moesin was
used for initial model building. The high resolution of data
set B permitted “sequencing by electron density” in the
best-resolved regions, and refinement was continued in
REFMAC5. Upon sequencing of the Sfmoesin cDNA (see
below), the refinement was completed (Table 1). At an
R-factor of 17.9%, and Rfree of 21.5%, the use of Rfree was
discontinued so that all reflections could be used during
the last few rounds of refinement. The final model for data
set B contains residues 3–364, 442–470 and 486–575 (out of
575 total) and has Rfinal = 16.3%. Difference Fourier
analysis between data sets B and C revealed no significant
electron density that might correspond to IP3, which was
soaked into the crystals used for data set C. However,
these maps revealed that significantly more of the α-
helical domain was ordered in data set C, and so an atomic
model was refined using this data set as well. The final
model from data set C contains residues 3–320, 326–399,
410–472, and 486–575. The different unit cell constants for
data set C (Table 1) presumably derive from the 2 h soak in
harvesting solution (as compared to several minutes for
data set B). In the 3.0 Å structure, changes in crystal
contacts disorder the αA-αB loop (residues 312–325) and
lead to the formation of a new crystal contact stabilizing
the αB/αC coiled-coil (Figure 5(a)). In both structures, the
backbone of residue 252 is in a disallowed region of the
Ramachandran plot (Table 1). This residue, conserved as
Asp or Glu in all ERM-merlin proteins, is in the i+1
position of a type II′ β-turn (normally occupied by
glycine), has good electron density, and the analogous
residue in other ERM structures has the same conforma-
tion. The backbone nitrogen atom of Asp252 forms a
hydrogen bond with residue 486, the first visible residue
of β1 in the C-terminal tail domain.
Sequencing of Sfmoesin

To determine the sequence of Sfmoesin, a portion of the
highly conserved FERM domain was amplified using PCR
with degenerate oligonucleotide primers followed by 5′
and 3′ RACE to complete the flanking sequences. Total
RNA was isolated from Sf9 cell cultures using Trizol
(Invitrogen). First-strand synthesis was performed using
random hexamer primers and Multiscribe (Applied
Biosystems) reverse transcriptase. Using this template
DNA, PCR was performed using degenerate primers
previously described for cloning of D. melanogaster
moesin,47 as well as degenerate primers based on the
Sfmoesin protein sequence determined by mass spectro-
metry. Once the sequence of the FERM domain was
obtained, 5′ and 3′ RACE were performed to obtain
flanking sequences using the GeneRacer system (Invitro-
gen) following the manufacturer's instructions.
Protein Data Bank accession numbers

Coordinates and intensities corresponding to data sets B
and C are deposited with the Protein Data Bank under the
accession numbers 2I1J and 2I1K, respectively.
The sequence of Sfmoesin is available as Genbank entry

EF071985.
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