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Abstract: The merlin-1 tumor suppressor is encoded by the Neurofibromatosis-2 (Nf2) gene and
loss-of-function Nf2 mutations lead to nervous system tumors in man and to several tumor types
in mice. Merlin is an ERM (ezrin, radixin, moesin) family cytoskeletal protein that interacts with
other ERM proteins and with components of cell-cell adherens junctions (AJs). Merlin stabilizes
the links of AJs to the actin cytoskeleton. Thus, its loss destabilizes AJs, promoting cell migration
and invasion, which in Nf2*/~ mice leads to highly metastatic tumors. Paradoxically, the “closed”
conformation of merlin-1, where its N-terminal four-point-one, ezrin, radixin, moesin (FERM)
domain binds to its C-terminal tail domain, directs its tumor suppressor functions. Here we report
the crystal structure of the human merlin-1 head domain when crystallized in the presence of its
tail domain. Remarkably, unlike other ERM head-tail interactions, this structure suggests that
binding of the tail provokes dimerization and dynamic movement and unfurling of the F2 motif of
the FERM domain. We conclude the “closed” tumor suppressor conformer of merlin-1 is in fact an
“open” dimer whose functions are disabled by Nf2 mutations that disrupt this architecture.
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Introduction

Loss-of-function, generally nonsense point mutations
in merlin manifest in familial N2 lead to rare bilat-
eral vestibular schwannoma and meningioma,!
whereas biallelic inactivation of Nf2 occurs in spo-
radic schwannoma,? meningiomas,® and malignant
mesothelioma.? Furthermore, merlin proteins prob-
ably play broad roles in suppressing cancer, as het-
erozygous Nf2*" mice, which express only half the
level of these scaffold proteins in their tissues, are
prone to developing a wide array of aggressive
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tumors, including sarcoma and carcinoma.®® Merlin-
1 and merlin-2 are unique amongst tumor suppres-
sors in that they localize to and somehow stabilize
maturing adherens junction (AJ) complexes that
mediate cell—cell contacts” and that are directed by
homotypic interactions of cadherin receptors. Fur-
ther, merlin proteins also suppress the cell surface
expression of transmembrane growth factor recep-
tors.®? Finally, they also associate with the actin
network, either directly via interactions of their N-
termini with actin,'®'2 or indirectly via heterotypic
interactions with other ezrin, radixin, moesin (ERM)
family members.'® Importantly, these functions are
necessary for proper development, cell growth, and
contact inhibition, and for harnessing tumorigenesis.

ERM proteins provide essential links of Ads to
the actin cytoskeleton,'* play important roles in
remodeling AdJs during epithelial morphogenesis,
and maintain organized apical surfaces on the
plasma membrane.!® ERM proteins belong to the
band 4.1 superfamily that shares an ~300-residue
globular FERM domain comprised of three subdo-
mains (F1, F2, and F3), whose structure resembles
that of a cloverleaf.'® These proteins also harbor
a central o-helical rod domain and a C-terminal
domain that directs F-actin interactions. The overall
architecture of merlin is thought to be similar to
that of ERM proteins, as they have a FERM domain
and a central o-helical rod, but lack a C-terminal
actin-binding site.

All ERM proteins appear to be regulated by
transitioning from a closed conformation to an open,
active state following severing of intramolecular
head—tail interactions, and of interactions between
their head and central a-helical domains. The crystal
structures of the FERM domains of ezrin and mer-

,16718 the moesin head:tail complex, and the moe-

lin
sin FERM domain in complex with its central o-heli-
cal domain have been solved.!®!® The moesin
head:tail complex structure established that this
interaction buries the charged F-actin binding site,
and that the C-terminal tail covers large portions of
the F2 and F3 motifs of the FERM domain. Confor-
mational changes that occur when these proteins
switch to their activated state are thought to sever
these intramolecular contacts, allowing these pro-
teins to open and bind to their other partners.

How ERM proteins are activated is not entirely
resolved, but this is a Rho dependent process?® and
is triggered by binding to other protein ligands or
phospholipids or by phosphorylation as seen with
merlin-1.2! For example, the binding of the FERM
domain of ERM proteins to the cytoplasmic tails of
ICAMs or the adaptor protein EBP50 displaces the
ERM C-terminal tail despite their binding sites not
overlapping.22?3 Further, the binding of a basic cleft
that lies between the F1 and F3 subdomains to phos-
phatidylinositol 4,5-bisphosphate (PIP5) directs ERM
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proteins to the plasma membrane, and may also
sever their head—tail interactions.?* Finally, phos-
phorylation of conserved threonine residues in the
ERM C-terminal actin-binding site is necessary for
their localization to Ads and for binding to the actin
cytoskeleton, and maintains ERM proteins in their
active state. Probably all three triggers, phosphoryl-
ation and binding to PIP, and protein partners, is
necessary for full activation of ERM proteins.?®

What triggers sever the supposedly “closed,” tu-
mor suppressor-active form of merlin-1 is less clear,
although Ser-10 and Ser-518 phosphorylation by
PKA and/or PAK have been proposed to have a role
in this response.2®?” Further, phosphomimetic
mutants of these sites impair merlin-1 tumor sup-
pression functions and these mutants directly inter-
act with other partners in cells, such as ezrin.®
Binding partners for ERM proteins include each
other, and selected adhesion proteins and adapters
that direct association with membrane-spanning pro-
teins. For example, the C-terminal domains of the
EBP50 and E3KARP members of the NHERF (Na™-
H" Exchanger Regulatory Factor) family bind to
ezrin and merlin, and link ERMs to membrane pro-
teins such as NHE3 and CTFR through the agency
of their PDZ domains.?® In addition, ERM proteins
and merlin also directly bind to adhesion receptors,
including NHERF,?° CD44,3! and E-cadherin.”

To define the ostensibly closed, tumor suppres-
sor-active state of merlin-1, we crystallized the
human merlin-1 head:tail complex. While no elec-
tron density is visible for the tail domain in this
structure the F2 domain is unfurled, suggesting that
binding of the merlin-1 tail promotes movement and
unfurling of its F2 motif. Thus, merlin is actually in
an “open” conformation relative to other ERM mem-
bers, perhaps explaining its tumor suppressor
function.

Results

Overall crystal structure

We copurified the merlin-1 head and tail domains
and crystallized the head:tail complex. SDS-PAGE
(SDY, unpublished data) and mass spectrometry
analyses confirmed the presence of the tail domain
in these crystals (Supporting Information Table).
However, electron density was only observed for the
head domain. The final model is comprised of resi-
dues 20-82, 91-152, 178-312 (chain “A”); 20-82, 91—
152, 178-312 (“B”); 20-82, 91-158, 178-312 (“C”);
and 20-82, 91-150, and 199-312 (“D”). As seen in
other isolated FERM domain structures, and in the
moesin head:tail structure,’® the structure of the
merlin head domains harbors three subdomains (F1,
F2, and F3) [Fig. 1(A)] having fold similarities to
known single-domain proteins.>?> The F1 subdomain
resembles ubiquitin, whereas F2 shares structural
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Figure 1. The merlin FERM domain structure is unfurled. (A) Cartoon drawing of the human merlin head FERM domain. The
F1 subdomain (residues 20-82 and 91-100) is shown in yellow, the F2 subdomain (residues 101-158 and 178-215) is shown
in green, and the F3 motif (residues 216-313) is shown in magenta. Some termini (21, 82, 158, and 178) and secondary
structure elements (“a” belonging to the F1, “b” to F2, and “c” to the F3 subdomains) are labeled in several panels. (B) The
unfurled F2 subdomain engages in additional contacts with another monomer, which is shown as a surface representation.
The FERM subdomains are colored as in panel (A) (F1, yellow or black; F2, green; and F3, magenta). (C) Detailed view of the
intermolecular interactions of the extended F2 a3b a-helix (F2, green) with a two-fold related molecule (F1, yellow; and F3,
magenta). A surface representation is also shown for the F2 subdomain. (D) Superposition of our unfurled merlin head domain
(molecule “C”; F1, yellow; F2, green; and F3, magenta) onto the closed, unbound FERM domain structure of merlin (PDB
entry 1h4r; white and red) is shown. The two molecules in the closed FERM structure superimpose with r.m.s.d. of 1.3 and
1.4 A for 1965 atoms of our unfurled merlin structure. The large movement of the a-helix a3b of the F2 subdomain (red) is
indicated by the arrow. (E) Superposition of the unfurled merlin structure (molecule “C,” orange) onto the moesin head:tail
complex structure (PDB entry 1ef1; F1 and F2, white; F2 a-helix a1b, moesin residues 95-112, red; F2 o2b o-helix, moesin
residues 118-135, yellow; F2 a3b a-helix, moesin residues 164-179, green; F2 a-helix a4b, moesin residues 183-196, blue;
tail, black) with r.m.s.d. of 1.9 A for 1780 atoms of the two moesin FERM domains in the asymmetric unit. The large
movement of a-helix a3b is indicated by a double arrow. The movement of the f6c-B7c loop that seems necessary to allow
tail binding is indicated by an arrow. (F) Close-up view of the movement of the a-helix a3b upon tail binding. Trp191 residing
on the F2 a-helix a3b of the superimposed closed, unbound merlin FERM conformation clashes with the tail domain, in
particular with His529.
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similarities with the acyl-CoA binding protein, and
F3 has structural homology to phosphotyrosine bind-
ing (PTB), pleckstrin homology (PH), and Enabled/
VASP Homology 1 (EVH1) signaling domains. In
particular, in all reported structures, the F2 FERM
subdomain is comprised of four o-helices that form a
compact bowl-like structure. To our surprise, the F2
subdomain of the merlin FERM domain is unfurled
and the F2 o3b o-helix is rotated away from the
remainder of this subdomain. The unfurled F2 sub-
domain is seen in all four subunits in the symmetric
unit and all four subunits are very similar. The F2
a3b o-helix (residues 151-201) does not interact
with the remainder of this subdomain as seen in the
native structure of the merlin head domain alonel”
but with the o-helix alc of the F3 subdomain of a
two-fold related molecule [Fig. 1(B); Supporting In-
formation Fig. S1]. Further, the loop that follows the
F2 o-helix a2b (residues 151-158) engages in hydro-
phobic interactions with the side chains of Lys44,
Asp4b, Asp48, and Argh52 of the o-helix ala of the
F1 subdomain, and there are also electrostatic inter-
actions between Aspl152 and Arg52. In addition, the
extended F2 o-helix o3b and its preceding region
(residues 178-192) engage in hydrophobic contacts
with Asn263, Ile264, Ser265, Leu297, Cys300,
I1e301, Gly302, Asp305, and Leu306, which are
located on the B-strand P5c (262-267) and o-helix
alc (290-311) of the two-fold related F3 subdomain
[Fig. 1(C)]. Hydrogen-bond interactions of Met179
with Tyr266, I1e188 with Asp305, and Tyr192 with
Arg309 are also manifest. Finally, the new extended
loop connecting F2 o-helices a3b and o4b (residues
194-202) engages in hydrophobic interactions not
seen in other FERM structures with the side chains
of Cysb51, Argh2, Argh7, Thr59, and Trp60, which
are located on the two-fold related F1 subdomain o-
helix ala and its following loop. Hydrogen bond
interactions of His195 with Arg309 and Argl98 with
Leu56, Arg57, and Thr59 are also found in this con-
tact area.

Superposition of our unfurled merlin head do-
main structure onto the 1.8 A structure of the mer-
lin head domain alone!” shows that the F1 and F3
subdomains, and the o-helices alb, o2b, and o4b
regions of F2, are almost identical with r.m.s.d. of
less than 0.6 A for 1,704 atoms of residues 20-147
and 202-312 [Fig. 1(D)]. Similar results are obtained
in a superposition with the mouse merlin FERM do-
main crystal structure.'® However, in our structure
the last turn of the a2b a-helix of the F2 subdomain
unfurls, thereby extending the following loop region
and moving o-helix a3b to a completely new position,
which also results in movement of the N-terminus of
the F2 o-helix a4b.

Superposition with the 3 A full-length moesin
crystal structure®® (Supporting Information Fig.
S2A) shows that the C-terminal region of the addi-
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tional a-helix A of the central domain in moesin and
the A-B loop prevents unfurling of its FERM do-
main. However, the central o-helical region, harbor-
ing o-helices A and B, is divergent between merlin
and moesin with only 30% sequence identity.

Superposition with the moesin head:tail complex
crystal structure [Fig. 1(E)] shows additional novel
features of the F3 B6¢-f7c loop (merlin residues 275—
283), where this loop in our unfurled merlin FERM
domain is located further away from the tail do-
main-binding site present in moesin, presumably to
allow binding of the merlin-1 tail. Further, superpo-
sition of the closed, merlin structure, the moesin
head-tail structure, and our unfurled head domain
established that the B6c-f7¢ loop displays the confor-
mation seen in the moesin head:tail complex struc-
ture allowing tail binding (Supporting Information
Fig. S2B). Importantly, the F2 o-helix a3b, in partic-
ular Trpl191 residing on o3b, prevents tail domain
binding in the unbound merlin structure [Fig. 1(F)].
Indeed, the F2 o-helix a3b is shifted in the moesin
head:tail structure to allow binding of the tail do-
main. Moreover, crystal contacts are not compatible
with the tail binding as seen for moesin. We con-
clude that binding of the tail domain induces move-
ments in the FERM domain, which could be initiat-
ing events for further unfurling of this region in
merlin. Interestingly, there is only 43% identity in
regions of divergent conformation (merlin residues
150-201), yet there is 53 and 74% identity in the 51
residues before (merlin residues 98-149) or after
(merlin residues 202—253) this unfurled region (Sup-
porting Information Fig. S3).

Dimerization

Full-length merlin-1 is a monomer in high salt (500
mM) yet forms homodimers and higher-order oligom-
ers under physiological conditions.?® Further, two-
hybrid interaction analyses®* and in vitro binding
assays®® suggest that the merlin-1 homodimer is the
active form of the protein.®® In our unfurled merlin
head structure the interface between molecules A
and C (or B and D) in the asymmetric unit is highly
significant, where over 5,500 A? total solvent acces-
sible surface area is buried, corresponding to almost
18% of the solvent accessible surface area. Moreover,
the shape correlation statistic derived using the
CCP4 program SC®7 is 0.726 for this interface, a sig-
nificant value where a value of 1 indicates perfect fit
versus 0.35 indicates the mismatch of an artificial
association. Further, the shape correlation statistics
for the o-helix a3b of the F2 subdomain correspond
to 0.801. These values suggest that the crystallo-
graphic dyad represents a homodimer in solution.
Unfortunately, the heterogeneity of the protein
domains prevented dynamic and static light scatter-
ing (DLS and SLS) experiments to determine their
oligomeric state in solution (SDY, unpublished data),
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a difficulty that has also been encountered by
others.?*

Discussion

We crystallized the merlin head:tail complex but
electron density is only observed for the head
domain; thus, the tail domain of merlin-1 is probably
highly dynamic. Importantly, the binding of the tail
domain provokes surprising movements and unfurl-
ing in the F2 motif of the merlin FERM domain.
Further, this unfurling in the merlin head domain
directs extensive interactions with a two-fold related
molecule. To our knowledge the unfurling of any
motif of the FERM domain is unprecedented and
indeed all FERM structures are very similar. Thus,
merlin stands alone in its architecture of this
domain, which we propose plays important roles in
merlin tumor suppressor functions. In support of
this notion, the F2 subdomain was recently shown to
be essential for merlin to suppress the proliferation
of primary Nf2-deficient Schwann cells.?® The merlin
F2 domain also harbors a submotif called the blue
box (177-YQMTPEM-183), which is conserved in
other species but not in ERM proteins.® In Drosoph-
ila, a blue box mutant acts as a dominant negative,
underscoring the importance of this region in merlin
functions. Precisely how this motif contributes to
merlin function is, however, unclear, as the blue box
is disordered in our structure.

The extensive dyad interactions that are mani-
fest in our unfurled merlin head domain structure
are also unique for FERM domains. Although a di-
meric 2.8 A radixin structure®® showed that a do-
main swap of the C-terminal B-strand is involved in
dimeric interactions, those present in the merlin
structure are six-fold greater in their buried accessi-
ble surface area. Indeed, this interface in the merlin
structure (2,800 A? per polypeptide chain) lies well
within those observed for established homodimers,
which range from 370 to 4,750 A4 While large
crystal contacts have been observed for up to 900 AZ,
at least for monomeric lysozyme,*? the merlin
FERM-FERM interface is more than three times
greater than that of the unusually large crystal-
crystal contacts of lysozyme.

Effects of salt on the oligomerization of full-
length merlin-1 have been reported,?® where
increases in salt concentration have been suggested
to sever the head:tail interaction and impair the
higher-order oligomers present under physiological
conditions. Indeed, the previously determined
unbound merlin head domain structure was mono-
meric and crystallized in 56% saturated ammonium
sulfate.!” By contrast, our dimeric merlin head:tail
complex crystallization was performed with 20-fold
less ammonium sulfate. We hypothesize that tail do-
main-induced unfurling of the F2 subdomain directs
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dimerization and that this response is manifest in
full-length merlin-1.

The structure presented herein provides impor-
tant clues as to how merlin functions as a tumor
suppressor. The head:tail structures of ERM proteins
and of full-length moesin®® have revealed a tight
globular closed architecture. By contrast, our
unfurled merlin FERM structure shows that at least
the F2 subdomain is in an “open” configuration,
where it may direct merlin-1 dimerization and/or its
interactions with partners required for tumor sup-
pression. Thus, loss-of-function mutations found in
the head and tail domains in Nf2 may prevent the
binding of these open domains to other partners
and/or dimerization of merlin-1, which may also be
required for its tumor suppressor functions.

Materials and Methods

Protein preparation

Human merlin-1 complementary DNA corresponding
to its head domain (residues 18-312) was amplified
and cloned into pGEX-6P-1 expression vector (GE
Life Sciences) using the BamHI and Xhol restriction
sites. The untagged merlin-1 tail domain (residues
503-595) was amplified and cloned into pET24b
expression vector (Novagen) using the Ndel and
Xhol restriction sites. Proteins were expressed in
Escherichia coli BL21(DE3)RIL (Stratagene) at 25°C
for 20 h in Luria-Bertani medium with ampicillin
(GST-head) or kanamycin (tail). Cells were pooled
and lysed in 50 mM Tris, 300 mM NaCl (pH 8), and
complete mini protease inhibitor tablet (Roche) and
ultracentrifuged at 95,834g for 1 h. Proteins were
copurified using a GST FF chromatography affinity
column (GE Life Sciences) and eluted with 10 mM
reduced glutathione. The GST-tag was removed by
incubating 1 U PreScission protease per mg of pro-
tein in 50 mM Tris 150 mM NaCl, 1 mM DTT, 1 mM
EDTA, pH 7.5, for 24 h at 4°C. The head:tail com-
plex was further purified using a Superdex 75 26/60
gel filtration chromatography column (GE Life Sci-
ences) equilibrated with 50 mM Tris and 300 mM
NaCl (pH 8). The purified complex was concentrated
to 5.6 mg mL ™.

Crystallization and X-ray data collection
and reduction
Initial crystallization hits were identified using the
Lite crystallization screen (Hampton Research) at
4°C. Two similar conditions, both containing 200
mM ammonium sulfate and polyethylene glycol
(PEG), produced microcrystals. Best crystals were
obtained from 4.5% PEG-4000 and 0.2 M ammonium
sulfate.

X-ray diffraction data were collected at the
Advanced Photon Source, SER-CAT beamline 22ID,
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Table I. X-Ray Data Reduction and Crystallographic

Refinement Statistics

Space group

Unit cell parameters (a = b, ¢)

Wavelength
Resolution (last shell)

R-merge® (last shell)
Total no. of observations

Total no. of unique reflections

Average I/c(I) (last shell)
Completeness (last shell)
Redundancy (last shell)

(A) X-ray data reduction statistics
P422

105.45 A, 330 A
0.99999 A
26.36-2.64 A
(2.78-2.64 A)
0.063 (0.377)
376,916 (12,653)
52,570 (6182)
19.9 (1.9)
0.952 (0.797)
7.2(2)

(B) Crystallographic refinement statistics

Space group

Unit cell parameters (a = b, ¢)

Low (high) resolution limit

No. of reflections, working
set (last shell)
No. of reflections, test
set (last shell)
R-factor® (last shell)
R-free (last shell)

P4,2,2
105.45 A, 330 A
38.65-2.64 A
(2.71-2.64 A)
49,850 (2626)

2666 (128)

0.2003 (0.2340)
0.2294 (0.2703)

No. of residues 1023
No. of protein atoms 8540
No. of solvent atoms 537
Average B-factor (protein) 65.8 152
Average B-factor (solvent) 54.8 A?
Overall anisotropy 0.61620 A2,
B11, B22, B33 0.61620 A2, 1.23240 A?
R.m.s.d. from ideal values
Bond length 0.008 A
Bond angle 0.87°
* R-merge = > 3 |I;(hkl) — I(Rkl)|/.>° > I;(hkl).
Wkl i hkl i

® Refctor = 5 Fos (kD) —|Feae(RkD) /5 Fips (kD) where
<|F.q.1> denotes the expectation of |F.,.(hkl)| used in

defining the likelihood refinement target.

¢ The free R-factor is a cross-validation residual calculated
by using about 5% reflections, which were randomly chosen
and excluded from the refinement.

at the Argonne National Laboratory and processed
with autoProc*® utilizing XDS** and SCALA.*® The
data were reduced in space group P422, as the pat-
tern of systematic absences precluded unambiguous
assignment of the space group at this stage
(Table I).

Structure determination and crystallographic
refinement

Phases were obtained by molecular replacement
using the merlin-1 head domain structure as a
search model and the program PHASER.*® We
searched in all appropriate space groups and
obtained four solutions in P4,2:2 and confirmed the
space group with the CCP4 program SFTOOLS.*’
Eight rounds of crystallographic refinement were
performed with autoBUSTER*® with manual inspec-
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tion and model building with Coot.*® The first round
of refinement included a cycle of rigid body refine-
ment. Automatic LSSR NCS restraints®® were
applied throughout and water was added in the
sixth round of refinement using the “findwater” rou-
tine in Coot.*® The final crystallographic refinement
statistics are shown in Table I.

PDB Coordinates
The coordinates have been deposited with the Pro-
tein Data Bank (PDB entry 3u8z).
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