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Abstract

The Neurofibromatosis type 2 gene encodes the Nf2/merlin tumor suppressor protein that is responsible
for the regulation of cell proliferation. Once activated, Nf2/merlin modulates adhesive signaling pathways
and thereby inhibits cell growth. Nf2/merlin controls oncogenic gene expression by modulating the Hippo
pathway. By responding to several physical and biochemical stimuli, Hippo signaling determines contact
inhibition of proliferation as well as organ size. The large tumor suppressor (LATS) serine/threonine-
protein kinase is the key enzyme in the highly conserved kinase cascade that negatively regulates the
activity and localization of the transcriptional coactivators Yes-associated protein (YAP) and its paralogue
transcriptional coactivator with PDZ-binding motif (TAZ). Nf2/merlin belongs to the band 4.1, ezrin, radixin,
moesin (FERM) gene family that links the actin cytoskeleton to adherens junctions, remodels adherens
junctions during epithelial morphogenesis and maintains organized apical surfaces on the plasma cell
membrane. Nf2/merlin and ERM proteins have a globular N-terminal cloverleaf head domain, the FERM
domain, that binds to the plasma membrane, a central a-helical domain, and a tail domain that binds to its
head domain. Here we present the high-resolution crystal structure of Nf2/merlin bound to LATS1 which
shows that LATS1 binding to Nf2/merlin displaces the Nf2/merlin tail domain and causes an allosteric shift
in the Nf2/merlin a-helix that extends from its FERM domain. This is consistent with the fact that full-length
Nf2/merlin binds LATS1 ~10-fold weaker compared to LATS1 binding to the Nf2/merlin-PIP, complex. Our
data increase our understanding of Nf2/merlin biology by providing mechanistic insights into the Hippo
pathway that are relevant to several diseases in particular oncogenic features that are associated with
cancers.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Neurofibromatosis type 2 (NF2) is a rare genetic,
neoplastic disease that is characterized by several
slow-growing tumors, especially ependymomas,
meningiomas, and schwannomas [1,2]. Unfortu-
nately, conventional chemotherapy is ineffective
as a possible treatment. The protein responsible
for NF2 is the tumor suppressor Nf2/merlin, aka
neurofibromin 2 or schwannomin. Inactivation of
Nf2/merlin  results in spontaneously forming

malignant mesothelioma or schwannomas [3] and
the targeted deletion of Nf2/merlin in mouse Sch-
wann cells results in tumor formation [4,5]. Nf2/mer-
lin-null cells grow to high density due to their
impaired contact inhibition of growth [6].

Nf2/merlin localizes to Schmidt-Lanterman clefts
(myelin incisures) and paranodes in myelinating
Schwann cells, specialized junctional structures
that resemble epithelial adherens and tight
junctions [7,8]. Nf2/merlin is found in liquid-
ordered, glycosphingolipid-, and cholesterol-rich
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membrane microdomains in cultured cells [7,9,10].
Such raft localization of Nf2/merlin is mediated by
its binding to  phosphatidylinositol  4,5-
bisphosphate (PIP,) that is necessary for Nf2/
merlin-mediated suppression of growth [11,12].
Indeed, Nf2/merlin functions as a tumor suppressor
mainly at the plasma membrane [13-18].

Nf2/merlin-null cells have activated [B-catenin,
Rac, Ras, Src, and oncogenic signaling pathways
[19—24]. Nf2/merlin seems to promote contact inhi-
bition by reducing the availability of the cell surface
for the epidermal growth factor receptor and the
ErbB2 and E-cadherin growth factor receptors
[13,25]. Nf2/merlin also plays a role in intracellular
vesicular trafficking (growth factor endo- and exocy-
tosis) [14,15,26—29]. Furthermore, by its binding to
angiomotin, Nf2/merlin inhibits Rac1 activity [30].
In the nucleus, Nf2/merlin mediates contact inhibi-
tion and suppresses tumorigenesis by inhibiting
the cullin4A-RING (CRL4) E3 ubiquitin ligase
DDB1 and cul4 associate factor 1 (DCAF1) [31—
34]. Nf2/merlin also activates the growth inhibitory
kinase cascade, known as the Hippo pathway, that
results in the phosphorylation of the yes-associated
protein 1 (YAP1) growth-promoting transcription
factor and its degradation [35—-38].

Nf2/merlin  also recruits the large tumor
suppressor (LATS) serine/threonine-protein
kinases to the cell membrane where LATS is
activated by the serine/threonine protein kinases
called macrophage stimulating 1 (MST1) which
drives phosphorylation and yes-associated protein
1 (YAP) and transcription coactivator with PDZ-
binding motif (TAZ) [1,39]. Nf2/merlin binding to
LATS1 and LATS2 is facilitated by angiomotin
which binds Nf2/merlin and thereby severs the
Nf2/merlin  auto-inhibitory head—tail interaction
[40]. In cells that are inhibited in their contact,
unphosphorylated/activated Nf2/merlin  translo-
cates to the nucleus where Nf2/merlin inhibits
CRL4-DCAF1, which prevents this E3 ligase from
ubiquitinating and inhibiting LATS1 and LATS2.

Nf2/merlin belongs to the band 4.1, ezrin, radixin,
moesin (FERM) gene family [41-43], hence the
acronym for moesin-ezrin-radixin-like protein,
which plays essential roles in linking the actin
cytoskeleton to adherens junctions, in remodeling
adherens junctions during epithelial morphogene-
sis, and in maintaining organized apical surfaces
on the plasma cell membrane [44]. ERM proteins
have a ~300 residue globular N-terminal cloverleaf
head domain comprised of 3 subdomains (F1, F2,
and F3) [45], a central a-helical domain, and a tail
domain that binds to filamentous actin (Fig. 1A). In
contrast, Nf2/merlin seems to lack such a
C-terminal F-actin binding site [46,47] and instead
seems to bind directly to actin via its FERM domain
[44,48,49] or indirectly via heterotypic interactions
with ERM proteins [42]. The FERM domains also
bind to their tail domains as well as to the plasma
membrane. The severing of the autoinhibitory

head—tail interactions activates ERM proteins
to bind to binding proteins with much higher affin-
ity compared to their closed conformers
[11,40,50,51].

Nf2/merlin tail truncations in Drosophila resulted
in a constitutively active protein [52]. This result
suggested that, like ERM proteins, the open form
of Nf2/merlin is active in vivo [53]. In mammals,
alternative splicing of NF2 gives rise to an Nf2/mer-
lin isoform with a unique C-terminus, known as iso-
form 2. The first 579 residues are identical for the
two isoforms, and the last sixteen residues for iso-
form 1 (residues 580-595) are LTLQSAKSRVAF-
FEEL while the last eleven residues (580-590) for
the shorter isoform 2 are PQAQGRRPICI. Isoform
2 exists in a constitutively open conformation
[54,55] and might therefore differ functionally from
isoform 1. However, both isoforms are fully func-
tional as tumor suppressors and compensate for
the loss of the other isoform during development
and in most adult organs [56].

Structural data on Nf2/merlin are sparse. This
knowledge gap adds to the several contradictions
in the literature about the molecular mechanisms
of the tumor-suppressive functions of Nf2/merlin
which is therefore poorly understood. The known
Nf2/merlin structures center on its minimal FERM
domain alone (Nf2/merlin residues 20-311, PDB
entries 1h4r [57] and 3u8z [58]) or in complex with
its binding partners, such as with its mutant
(S518D, A585W) tail (Nf2/merlin residues 507—
595; PDB entry 4zrj) [40], DCAF (PDB entry 4p7i)
[reference is PMCID = PMC4031523], DCAF1/
VprBP (residues 1478-1506; PDB entry 3wa0)
[59], LATS1 (residues 69-89; PDB entry 4zrk)
[40], and LATS2 (residues 71-89; PDB entry 4zri)
[40]. The recent head—tail domain structure from
the Drosophila melanogaster counterpart of Nf2/
merlin (PDB entry 7edr) [60] revealed an additional
head—tail interface compared to the mammalian
mutant tail interaction with its FERM domain. The
extended Nf2/merlin FERM domain structure, that
includes the first a-helix of the central helical domain
(aH) (residues 15-339; PDB entry 1isn) [61] or
bound to lipids (phosphatidylinositol 4,5-
bisphosphate; PDB entry 6cds) [62] showed that
lipid binding causes a-helix aH to undergo a large
movement to extend the last a-helix of the FERM
domain, thereby severing the head—tail interaction.
We resolved an almost two-decade-long debate
by showing that conformational changes in Nf2/
merlin upon binding to the plasma membrane are
necessary for Nf2/merlin to inhibit cell proliferation
and that the interaction of Nf2/merlin with the mem-
brane is necessary for Nf2/merlin to exert its cell
growth-inhibiting functions as well as to inhibit
YAP activity [11]. i

Here we determined the 1.6 A crystal structure
of Nf2/merlin in complex with LATS1 which
shows that LATS1 binding to Nf2/merlin
displaces the Nf2/merlin C-terminus and causes
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Fig. 1. The crystal structure of Nf2/merlin bound to LATS1. A. Schematic of the Nf2/merlin domain structure.
The N-terminus harbors the three FERM subdomains (F1, orange, residues 18-98; F2, yellow, residues 111-213; F3,
green, residues 221-312) followed by the a-helical domain that harbors one a-helix that extends upon activation (blue,
residues 315-338). The C-terminal domain (CTD, residues 507-595) of isoform 1 is shown in magenta (isoform 2 is
truncated by five amino acids, A590-595, with residues 580- PQAQGRRPICI-590 unique to Nf2/merlin isoform 2) [78].
The gray double arrow indicates the truncated Nf2/merlin structures, and the black double arrow indicates the
construct used here. B. Cartoon of the Nf2/merlin FERM domain (same color coding as in panel A). The Nf2/merlin
first a-helix of the central helical domain (a«H) (blue, as in panel A) in complex with LATS1 residues 69-91 are shown
in stick representation. Some LATS1 residues and Nf2/merlin FERM subdomains are labeled as well as the last (339)
Nf2/merlin residue. C. Residues contributing to the Nf2/merlin interface with LATS1. D. Surface representation of Nf2/
merlin (red, oxygen; blue, nitrogen; white, carbon; yellow, sulfur) with LATS1 shown in stick representation. N- (K70)
and C-terminal (E91) residues are indicated. E. Superposition of the apo (gray) and LATS1-bound (orange) Nf2/
merlin (F2, yellow) structures shows flipping of Glu-136 upon LATS1 binding to engage in electrostatic interaction with
LATS1 residue Arg-82. F. Superposition of the apo (gray) and LATS1-bound (orange) Nf2/merlin (F2, yellow)
structures shows re-organization of the Nf2/merlin loop upon LATS1 binding to avoid steric clashes and widening of
the grove to accommodate LATS1. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

an allosteric shift in the Nf2/merlin extended o-
helix. This is consistent with the fact that the
Nf2/merlin tail domain binds the Nf2/merlin head
domain 2-fold weaker compared to LATS1 (~3
uM  versus ~1.4 puM) [40] and that full-length
Nf2/merlin binds LATS1 10-fold weaker compared

to LATS1 binding to the Nf2/merlin-PIP, complex
[11]. Collectively, our data suggest a mechanism
whereby PIP, facilitates LATS1 binding. Such
insights are directly relevant to our understanding
of the Hippo pathway that impacts several dis-
eases in particular cancer.



Results

LATS1 binding to Nf2/merlin

We used over 1000 commercially available
crystallization screens, varied the concentrations
of Nf2/merlin and LATS1 as well as the
crystallization temperature, to attempt to grow
LATS1-bound Nf2/merlin crystals but our efforts
were unsuccessful. Thus, we resorted to the high-
throughput crystallization screening facility at the
Hauptman-Woodward Medical Research Institute
[63]. Out of the 1536 crystallization conditions that
were screened, crystals appeared from 500 mM
imidazole (pH 6.5) and 15% (w/v) polyethylene gly-
col 3350 using the micro batch-under-oil method.
We adapted this condition from the micro batch-
under-oil method for hanging drop vapor diffusion
by varying the imidazole and polyethylene glycol
3350 concentrations to grow crystals that diffracted
X-ray beyond 1.6 A Bragg spacings.

We determined the 1.6 A resolution structure of
the Nf2/merlin head domain, residues 1-339,
bound to LATS1, residues 69-91 (Fig. 1A, 1B).
LATS1 binding buries a surface area is ~840 A?
and the shape complementarity [64] is 0.749.
LATS1 has a central amphipathic a-helix that is
extended by a randomly coiled structure at either
terminus. LATS1 forms an extensive network of
hydrophobic as well as hydrogen bonding interac-
tions with the Nf2/merlin F2 FERM subdomain
(Fig. 1C). LATS1 interacts with Nf2/merlin predom-
inantly through core hydrophobic interactions medi-
ated by LATS1 residues Ala-77, Leu-78, lle-81,
Leu-85, and Phe-88. In addition, LATS1 residues
His-74 along with Phe-88 provides an end-capping
interaction for LATS1 with Nf2/merlin in which the
side chain of LATS1 residue Phe-88 provides a
stable n-cation interaction on the C-terminus with
the exposed hydrophobic surface formed by the
helix-loop-helix region of Nf2/merlin F2 domain
encompassing residues Nf2/merlin residues Tyr-
177, Met-179, Met-183, and Arg-187 (Fig. 1D;
Fig. 2). In contrast, LATS1 residue His-74 provides
a dual-mode stable interaction at the N-terminus by
electrostatic interactions with Nf2/merlin residue
Glu-206 and simultaneous hydrophobic interactions
with Leu-140 and lle-210 of Nf2/merlin. Additionally,
the central region of LATS1 is stabilized by another
electrostatic interaction between LATS1 residue
Arg-82 and Nf2/merlin residue Glu-136. The main
hydrophobic interactions contributed by LATS1
are provided by Leu-85 that is stacked against
Nf2/merlin residues Try-177, Met-179, Trp-184,
and Arg-187, while LATS1 residue lle-81 is sur-
rounded by Nf2/merlin residues Glu-136, Val-139,
and Trp-191, and LATS1 residue Leu-78 is probing
the hydrophobic environment of Nf2/merlin residues
Glu-136, Ala-137, and Leu-140. Ala-77 of LATS1
interacts with Nf2/merlin residue Trp-191. Interest-
ingly, LATS1 residue Phe-71 situated in the random
coil region extending from the LATS1 N-terminal

a-helix, participates in hydrophobic stacking inter-
actions with lle-210, Asp-213, and Leu-214 of Nf2/
merlin. Another electrostatic interaction originating
from LATS1 residue Lys-70 and Nf2/merlin residue
Glu-215 also resides in the same extended coil
region. The latter two interactions contributed by
Phe-71 and Lys-70 of LATS1 appear largely influ-
enced by the crystal contacts emanating from the
Nf2/merlin residues 311-314 of the adjacent sym-
metry molecule.

Superposition of the apo Nf2/merlin structure
(PDB entry 1isn) [61] with our LATS1-bound struc-
ture shows that the LATS1 binding groove easily
accommodates LATS1 which is blocked in apo
structure by the electrostatic interaction between
Glu-136 and Arg-187 of the Nf2/merlin FERM
domain (Fig. 1E). Nf2/merlin residue Glu-136 is
flipped upon binding to LATS1, thereby opening
the groove to form electrostatic interactions with
LATS1 residue Arg-82. LATS1 residue Arg-187
also undergoes positional rearrangement to stabi-
lize the interaction (Fig. 1E). The side chains of
Nf2/merlin residues Trp-184 and Trp-191 reposition
to provide a favorable hydrophobic environment
upon LATS1 binding. Additional rearrangement
occurs to avoid a steric clash with LATS1 at the loop
region where Nf2/merlin residues Tyr-177 and Gin-
178 are also flipped to widen the groove (Fig. 1F).
This loop region is further stabilized by polar interac-
tions, locking the interface in the unique conforma-
tional state.

LATS1 and the Nf2/merlin tail domain bind to
the same site on the Nf2/merlin FERM domain

Superposition of our LATS1-bound Nf2/merlin
structure onto the Nf2/merlin head-tail structure
(S518D, A585W mutant, PDB entry 4zrj) [40] high-
lights the overlapping binding site (Fig. 3; Supple-
mentary Table S1). The FERM domains (residues
18-312) are very similar and superimpose with root
means squares deviations of 0.64 A for 1661 atoms
(residues 21-312). The F1 and F2 subdomains of
the FERM domain superimpose best, with root
means squares deviations of 0.43 A for 1208 atoms
(residues 21-215).

Sequence alignment of LATS1, LATS2, and the
Nf2/merlin tail domain (Fig. 3A) shows that both
LATS sequences have two (Leu-78 and Glu-80)
out of 17 residues identical with Nf2/merlin (Leu-
539 and Glu-541). The two LATS sequences are
identical except for their distinct N-termini
(residues 73-75) as well as residues 79 and 83.
Given this high similarity, it was not surprising that
our structures show that LATS1 and the Nf2/
merlin tail domain have overlapping binding sites
on F2 (Fig. 3B) whereby Nf2/merlin residues 536—
551 can be superimposed onto LATS1 residues
75-90 with root means squares deviations of
0.21 A for 52 atoms (Fig. 3C). Despite the low
number of superimposed atoms, such structural
comparison still shows the similarity of the binding



Fig. 2. The interactions between Nf2/merlin and LATS1. Center, surface representation of Nf2/merlin (red,
oxygen; blue, nitrogen; white, carbon; yellow, sulfur) with LATS1 shown in stick representation. Zoomed-in views of
LATS1 (A) at the N-terminal region wherein Phe-71 engages the hydrophobic groove of Nf2/merlin (residues Ala-137,
Pro-134, Leu-140, lle-210, and Leu-214) through hydrophobic interactions, (B) residue Arg-82 engaging in
electrostatic interactions with Nf2/merlin residue Glu-136, and (C) residue Phe-88 that stabilizes the exposed
hydrophobic surface (Nf2/merlin residues Met-179, Met-183, and Arg-187) via hydrophobic interactions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

pockets. The relative shifts of the F2 subdomain are
less than 1 A (as measured for example measured
at F2 residues 177) of the tail-bound compared to
the LATS1-bound Nf2/merlin FERM domains and
up to ~8 A when measured further away from the
LATS1 and Nf2/merlin tail binding sites (as
measured for example on F2 residues 112). The
core hydrophobic residues of LATS1 and the Nf2/
merlin tail domain engage in binding to the F2

domain similarly (Leu-78, lle-81, Leu-85, and Phe-
88 of LATS1 and Leu-539, Leu-542, lle-546 and
Leu-549 of the Nf2/merlin mutant A585W tail
domain). Interestingly, four out of the six (or five
out of eleven in the head—tail structure) hydrogen
bonds between the Nf2/merlin FERM domain and
LATS1 or the tail domain are provided by the
backbone. One such interaction that does
therefore stand out is Nf2/merlin residue Glu-215
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that interacts with LATS1 residue Lys-70 as it does
with Nf2/merlin Lys-573. Thus, the trace of LATS1
is in line with the Nf2/merlin mutant A585W tail

domain in the Nf2/merlin head—tail complex
structure (PDB entry 4zrj) [40], suggesting that
Nf2/merlin adopts a flexible interaction with other
proteins allowing multiple intermediate states
(closed, open, or semi-open) that produce physio-
logical relevant conformations.

Allosteric LATS1 binding to Nf2/merlin

Interestingly, the extended apo Nf2/merlin
structure that also comprises the first a-helix of the
central helical domain (aH) (residues 15-339;
PDB entry 1isn) [61] has this aH a-helix closer to
the LATS1 binding site compared to its position
seen in our LATS1-bound structure (Fig. 3D).
LATS1 binding to the F2 Nf2/merlin FERM subdo-
main causes about 10° movements of that a-helix
aH by allostery without any contacts between this
Nf2/merlin o-helix and LATS1. In the LATS1-
bound structure, the Nf2/merlin a-helix oH is closer
to the Nf2/merlin F2 subdomain, an interaction that
is stabilized by electrostatic interaction between
Nf2/merlin residues Asp-201 and Lys-201 that is
not seen in the unbound Nf2/merlin structure. Thus,
the Nf2/merlin a-helix oH is closer to the F2 domain
in the LATS1-bound structure (Fig. 3D).

<

Fig. 3. The LATS1 and Nf2/merlin C-terminus
binding sites overlap on the Nf2/merlin FERM
domain. A. Structure-based alignment of the Nf2/merlin
tail and LATS. B. Superposition of our LATS1-bound
Nf2/merlin structure (FERM domain: F1, orange; F2,
yellow; F3, green; the first a-helix of the central helical
domain oH, blue) with LATS1 shown as a black ribbon
onto the Nf2/merlin FERM (gray) domain in complex
with its mutant A585W tail (pink) domain (PDB entry
4zrj) [40]. LATS1 termini (K70, E91), Nf2/merlin tail
domain termini (T512, E564, S572, and L595) and Nf2/
merlin FERM subdomains are labeled. C. Superposition
of our LATS1-bound Nf2/merlin structure onto the Nf2/
merlin FERM domain in complex with its mutant A585W
tail. The view is 90° rotated along the long vertical center
of panel A. In panel A, the two FERM domains are
superimposed. In this panel, LATS1 is superimposed
onto the Nf2/merlin mutant S518D, A585W tail domain
with the double arrow showing the relative Nf2/merlin
FERM domain movements when comparing the LATS1-
bound state with the Nf2/merlin tail-bound state. D.
Superposition of our LATS1-bound Nf2/merlin structure
onto the unbound Nf2/merlin FERM domain (PDB entry
1isn) [61] shown in gray with root means squares
deviations of 0.923 A for 1980 atoms. The double arrow
shows the relative movements of the first a-helix of the
central helical domain («H) when comparing the LATS1-
bound state with the unbound Nf2/merlin structure. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)



In our LATS1-bound structure, the extended C-
terminal a-helix adopts a confirmation closer to the
base of the F2 domain that is stabilized through
numerous water-mediated interactions. Met-321 at
the N-terminus of the extended Nf2/merlin C-
terminal  o-helix engages in  hydrophobic
interactions with Arg-57 and Glu-58 residing on
the Nf2/merlin F1 domain and Val-110 from the F2
domain. GIn-324 from the same region exhibits
hydrogen bonding interactions with Arg-57. These
interactions are similar to the extended C-terminal
helix interaction observed in the apo-structure
previously reported (PDB entry 1isn) [61] with the
notable exception of the hydrogen bonding interac-
tion between Arg-57 and Asn-104 which is absent in
our LATS1-bound Nf2/merlin structure. Overall, the
extended C-terminus adopts a different conforma-
tion compared to the apo structure previously
reported (PDB entry 1isn) [61] (Fig. 3D). Additional
interactions that lead to the difference in this
arrangement are the electrostatic interactions of
Lys-322 with Glu-107 and Asp-314 which is present
in the apo structure while only the Lys-322 with Asp-
314 electrostatic interaction is retained in our
LATS1-bound Nf2/merlin structure. This is in part
due to the abrupt twist of the last turn of the C-
terminal o-helix of the F3 domain in our LATS1-
bound structure, because of the proximity of the
LATS1 N-terminal random coil region to the adja-
cent symmetry molecule. In addition, the C-
terminus of the extended a-helix region is stabilized
by interactions with the F3 domain of different sym-
metry molecules.

Nf2/merlin attaches to the plasma membrane
independently of LATS1

The association of Nf2/merlin with the plasma
membrane is important for Nf2/merlin to regulate

growth. While Nf2/merlin binds to several
phosphorylated phosphoinositides,
phosphatidylinositol ~ 4,5-bisphosphate  (PIP5)
seems the physiological phosphorylated

phosphoinositide that recruits and attaches Nf2/
merlin to the plasma membrane. PIP, is also the
most abundant phospholipid in the membrane and
in particular in lipid rafts, where Nf2/merlin localizes.

We recently determined that Nf2/merlin binding to
the plasma membrane causes a conformational
switch that activates the tumor-suppressive
activity of Nf2/merlin [11]. In particular, the first a-
helix (residues 315-340) of the central Nf2/merlin
a-helical domain that follows the FERM domain, is
extended in the lipid-bound Nf2/merlin structure
thereby severing the Nf2/merlin FERM-tail interac-
tion (Fig. 4A). However, given that the LATS- and
the lipid-binding sites differ on the Nf2/merlin FERM
domain, we wondered about their binding affecting
each other. To test this mechanism, we performed
co-sedimentation assays using liposomes com-
prised of 80% phosphatidylcholine and 20% PIP,
(Fig. 4B). The Nf2/merlin head domain (residues

1-339) only pelleted in the presence of the lipo-
somes and the addition of LATS1 did not affect this
interaction. The same results were obtained when
using full-length Nf2/merlin. Thus, Nf2/merlin
attaches to the membrane and this interaction is
permissive for Nf2/merlin binding to LATS1.

Discussion

The Hippo signaling pathway allows cells to
sense and respond to local signals arising from
changes in mechanical forces, the extracellular
matrix, metabolites, as well as growth factors and
to translate these signals into changes in gene
expression. This pathway activates the large
tumor suppressor (LATS) family of kinases, which
then phosphorylate the transcriptional regulators
yes-associated protein (YAP/tafazzin [TAZ]) [65].
Their dysregulation contributes to several diseases
in particular oncogenic features that are associated
with cancers.

Phosphatidic acid was identified as an inhibitor of
LATS kinases whereby elevated phosphatidic acid
levels potently induce nuclear YAP/TAZ activity as
well as aberrant YAP/TAZ activation in cancer
[66]. Phosphatidic acid is a key metabolite in mem-
brane phospholipid biosynthesis and an important
signaling molecule that increases cancer cell
growth [67]. Phosphatidic acid binds to three
regions on the C-terminal kinase domain of LATS1
[66] as well as to Nf2/merlin although earlier reports
show the Nf2/merlin interaction with phosphatidic
acid is weak [66]. While phosphatidic acid-binding
to Nf2/merlin inhibits LATS1 recruitment to the cell
membrane, an important event that couples the
LATS kinases with upstream activating kinases
[36], its binding do not affect Nf2/merlin recruitment
to the membrane.

Nf2/merlin binds phospholipids in the lipid-
ordered microdomains [10,12], which is necessary
for Hippo pathway activation. Specifically, Nf2/mer-
lin is necessary for LATS (and YAP) phosphoryla-
tion [68]. We recently showed that the binding
region of other phosphorylated phosphoinositides,
such as phosphatidylinositol 4,5-bisphosphate
(PIPy), reside within the Nf2/merlin FERM domain
and that PIP, binding induces Nf2/merlin activation
via a conformational change allowing recruitment to
the plasma membrane which increases LATS1
binding by ten-fold [11]. Our PIP,-binding deficient
mutant (T59V, W60E, R309Q, R310Q) showed a
decrease in LATS phosphorylation and activity
[68]. Six further point mutations (K79N, K80N,
E270N, K278N, K279N) prevented Nf2/merlin bind-
ing to several phospholipids, especially phos-
phatidylinositol  (3,4)-bisphosphate, PIP,, and
phosphatidylinositol  (3,4,5)-triphosphate  (PIP3),
and completely abolished LATS phosphorylation
[68]. Functionally relevant, the leading edge of
migrating cells is enriched in PIP5 rather than the
PIP, signaling lipid [69,70] and while PIP, accounts
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Fig. 4. LASTS1 binding is independent of Nf2/merlin attachment to the membrane. A. Superposition of our
LATS1-bound Nf2/merlin structure (FERM domain: F1, orange; F2, yellow; F3, green; the first a-helix aH of the central
helical domain, blue) in complex with LATS1 shown in stick representation onto the Nf2/merlin (gray) domain in
complex with PIP, (PDB entry 6cds) [62]. The LATS1 C-terminus, Nf2/merlin FERM subdomains, and PIP, are
labeled. The double arrow indicates the movement of the a-helix (aH) that extends upon activation. B. Lipid co-
sedimentation assay of the Nf2/merlin head domain (top) and of full-length Nf2/merlin (bottom) as analyzed by sodium
dodecy! sulfate—polyacrylamide electrophoresis gel. Nf2/merlin (top, head domain, residues 1-339; bottom full-
length) does not pellet in the absence of liposomes (lanes a and b) or with phosphatidylcholine (PC) liposomes (lanes
e and f) or when bound to LATS1 (lanes g and h) alone or in the presence of PC liposomes (lanes k and /). Both Nf2/
merlin proteins (top and bottom) bind to phosphatidylinositol 4,5-bisphosphate (PIP,) containing liposomes in the
absence (lanes d) or presence of LATS1 (lanes j). S, supernatant; P, pellet. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

8



for about 10% of the total phosphorylated phospho-
inositides in the cell membrane, PIP, is indeed con-
centrated in cholesterol- and glycosphingolipid-rich
membrane microdomains [33,71]. Further, binding
to PIP, recruits Nf2/merlin to lipid rafts and it is at
these microdomains that Nf2/merlin recruits and
activates LATS [36].

The Nf2/merlin tail binding site overlaps with the
LATS1 binding site on the Nf2/merlin head domain.
Thus, in its inactive and closed conformer, the
LATS binding site on Nf2/merlin is occupied by the
Nf2/merlin tail domain. PIP, binding severs the
Nf2/merlin head—tail binding. Consistently, LATS1
binding to the PIP>-bound Nf2/merlin increased
ten-fold compared to unbound Nf2/merlin [11]. Fur-
ther, our Nf2/merlin structure in complex with LATS1
and lipid co-sedimentation assays show that mem-
brane attachment and simultaneous binding of
LATSH1 is possible. Thus, while the binding of phos-
phatidic acid to Nf2/merlin hinders LATS1 recruit-
ment, the binding of PIP, to Nf2/merlin is
permissive for its binding to LATS1. Therefore, it
seems that different phospholipids have specific
mechanisms of Nf2/merlin regulation of the Hippo
signaling pathway. It is possible that activation of
phospholipase D that leads to phosphatidic acid for-
mation might break down PIP, and result in the
phosphatidic acid-bound form of Nf2/merlin. Since
phosphatidic acid-binding to Nf2/merlin inhibits
LATS1 recruitment, while PIP, binding to Nf2/merlin
is permissive for binding to LATS1, the different
lipids affect LATS kinase activation differently.

The significant novelty that came out of our
LATS1-bound Nf2/merlin  structure is the
conformational changes in the functionally crucial
a-helix that follows the Nf2/merlin FERM domain.
This o-helix is the key to switching Nf2/merlin
between its open and closed conformers which
correlates to its tumor-suppressive functions [11].
The lower resolution (2.3 A and 2.7 A) truncated
Nf2/merlin structures (residues 21-311) bound to
LATS1 (PDB entry 4zrk) [40] and LATS2 (PDB
entry 4zri) [40] that have this functionally key o-
helix truncated and missing in their structures, addi-
tionally miss the allosteric LATS1 binding seen in
our 1.6 A structure (Fig. S2). Since the LATS1 bind-
ing site overlaps with the Nf2/merlin tail domain
binding site on the Nf2/merlin FERM domain, LATS
binding releases and replaces the Nf2/merlin C-
terminal tail domain. However, LATS binding is
not sufficient to release the central Nf2/merlin
domain that seems necessary to activate Nf2/merlin
(Fig. 5). These findings are consistent with the fact
that angiomotin has been shown necessary to
release the Nf2/merlin auto-inhibitory conformation
[40] and that the affinity of LATS1 increases upon
Nf2/merlin activation by its binding to the membrane
[11]. Collectively, our study provides new mecha-
nistic insights into the Hippo pathway that are rele-
vant to several diseases in particular oncogenic
features that are associated with cancers.

Methods

DNA constructs

We used our previously described Nf2/merlin
construct, residues 1-339 [11], which was cloned
into the pGEX-2T expression vector (GE Life
Sciences) by using the full-length human Nf2/merlin
plasmid (Addgene plasmid number #11629). The
human Nf2/merlin full-length construct, residues
1-595, was cloned into a pET-32a expression vec-
tor (Novagen) with a hexahistidine tag followed by a
thioredoxin tag. LATS1 (residues 69-91) was syn-
thesized by GenScript USA Inc.

Protein preparation

Nf2/merlin (residues 1-339) was expressed in
Escherichia coli strain BL21(DE3) Rosetta2
(Novagen) at 25°C for 20h. Cells were induced
for protein expression with 0.2mM isopropyl 3-D-
1-thiogalactopyranoside and  harvested by
centrifugation at 5,000 x g for 15min. Nf2/merlin
(residues 1-339) purification was performed as
described previously [11] with minor modification-
sas follows. We used a glutathione S-transferase
column (GE Healthcare) equilibrated in 20 mM Tris,
pH 7.5, 400 mM NaCl, and 0.1 mM ethylenedi-
aminetetraacetic acid, and the Nf2/merlin protein
was eluted with 10 mM glutathione. The glutathione
S-transferase tag was removed by overnight cleav-
age with PreScission protease. After digestion, the
protein and glutathione S-transferase were sepa-
rated using the glutathione S-transferase column.
The Nf2/merlin protein in elution buffer (20 mM Tris,
pH 7.5, 400 mM NacCl, 0.1 mM ethylenediaminete-
traacetic acid, and 10 mM glutathione) was concen-
trated to 5 ml and further purified by size exclusion
chromatography (SEC) using a 26/60 Superdex 75
column (GE Healthcare) that was pre-equilibrated
with 20 mM Tris (pH 7.5), 400 mM NacCl, 1 mM
dithiothreitol, and 0.1 mM ethylenediaminete-
traacetic acid.

Human full-length Nf2/merlin, residues 1-595,
was expressed in Escherichia colistrain BL21-
CodonPlus  (DE3)-RIL  (Novagen). Protein
expression was induced by 0.2 mM isopropy! 3-D-
1-thiogalactopyranoside (IPTG) at 25 °C for 20 h.
Cells were harvested by centrifugation at 5000 x
g for 15 min at 4 °C. Obtained pellets were
resuspended in lysis buffer (20 mM Tris, pH 7.5,
400 mM NacCl, and 0.1 mM
ethylenediaminetetraacetic  acid), lysed by
sonication, and clarified by ultracentrifugation at
100,000 x g for 30 min. The supernatant was
loaded onto a nickel affinity chromatography
column (GE Healthcare), equilibrated in
20 mM Tris-HCI (pH 7.5) and 400 mM NaCl. The
Nf2/merlin  protein was eluted using a
0.5 M imidazole gradient. Histidine and thioredoxin
tags were removed by overnight cleavage with



10

o-helical
~domain

a-helical
domain

o-helical
domain

|(ii) + LATS1

Fig. 5. Nf2/merlin mechanistic events in Hippo signaling. Center, in its closed conformation, Nf2/merlin has its
a-helix C-terminal of its FERM domain in contact with its F2 subdomain. (i) LATS1 (fop) or the membrane (bottomn)
bind to the closed (center) Nf2/merlin conformation whereby only PIP, causes dramatic structural activation
rearrangements. LATS1 binding results in some allosteric movements of the a-helix from the a-helical domain. (i) The
membrane-bound (bottom) or LATS1-bound (top) Nf2/merlin are both permissive for ternary complex formation.

PreScission protease at 4 °C and dialyzed in 20 mM
Tris (pH 7.5), 400 mM NaCl, 2 mM thioredoxin, and
0.1 mM ethylenediaminetetraacetic acid. Nf2/merlin
was further purified by SEC using a 16/60 Superdex
200 column (GE Healthcare) pre-equilibrated

10

with 20 mM Tris (pH 7.5), 400 mM NaCl, 1 mM
dithiothreitol, and 0.1 mM ethylenediaminete-
traacetic acid. After purification, proteins were
concentrated, and aliquots were frozen in liquid
nitrogen and stored at —20 °C.
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LATS1-bound Nf2/merlin crystallization

We obtained needle-shaped crystals within two
days at room temperature by hanging drop vapor
diffusion in 24 well VDX plates from Hampton
Research (catalog number HR3-171) from a
reservoir containing 600 mM imidazole (pH 6.5)
and 15% (w/v) polyethylene glycol 3350. The
protein to reservoir ratio was 1:1 (0.5 pl Nf2/merlin
plus 0.5 ul LATS1). We used concentrations of
250 pM (10 mg/ml) for Nf2/merlin and 300 pM
(795 pg/ml) for LATS1 (i.e. a 1:1.2 Nf2/merlin to
LATS1 molar ratio). Crystals were transferred

Table 1 X-ray data reduction statistics for our LATS1
(residues 69-91)-bound human Nf2/merlin (residues
1-339) structure.

Space group P 2,2424

Unit cell dimensions:

ab,c

a=pB=y

Resolution (last shell)

Total measurements
Number of unique reflections

52.24 A, 84.24 A, 95.86 A
90°

63.3 A-1.6 A (1.63 A-1.60 A)
754,632 (37,434)

55,750 (2,710)

Wavelength 1.0A

R-pim * 0.024 (0.325)
Signal-to-noise I/c (1) 18.5 (2.3)
Completeness 0.99 (0.97)
Multiplicity 13.5 (13.8)
CCip # 0.999 (0.877)

* Rpim. is the precision indicating merging R-factor given as

R.. - th,\/gz,‘/nk/.ﬁ(/nkﬂ‘

p-i.m. i O i
# CCyr is a Pearson’s correlation coefficient calculated
between the average intensities of each random half of mea-
surements of unique reflections.

briefly to a drop containing the reservoir solution
that included 15% glycerol as a cryoprotectant,
mounted with no preferred orientation, and flash-
frozen in liquid nitrogen.

LATS1-bound Nf2/merlin X-ray data collection
and processing

LATS1 residues 69-91 in complex with Nf2/
merlin residues 1-339 crystals diffracted X-rays at
beamline 1D22 at the Advanced Photon Source,
Argonne National Laboratory beyond 1.6 A Bragg
spacings. The beamline was equipped with a
Dectris Eiger X16M pixel array detector and a
complete dataset of 1,800 frames was collected at
a wavelength of 1 A with a 0.2° oscillation range.
X-ray data were indexed, integrated, and scaled
using XDS and AIMLESS as implemented in
autoPROC [72]. X-ray data reduction statistics are
provided in Table 1.

LATS1-bound Nf2/merlin crystal structure
determination and crystallographic refinement

Phases were obtained by molecular replacement
using the program PHASER [73] by using one Nf2/
merlin polypeptide chain (residues 1-320) (PDB
entry 4zrk) [40] as the search model. A unique solu-
tion was obtained and one molecule in the asym-
metric unit was identified in space group P
242424 resulting in a calculated volume to mass ratio
of 2.51 A%Da, which corresponds to a solvent con-
tent of 0.51. Initial crystallographic refinement with-
out translation, libration, screw rotation (TLS)
parameters was performed until convergence using
autoBuster [74]. The model was manually built
using Coot [75]. Nf2/merlin residues 321-339 that
were missing from the search model as well as

Table 2 Crystallographic refinement statistics for our LATS1 (residues 69-91)-bound human Nf2/merlin

(residues 1-339) structure.

Resolution (last shell)
No. of reflections, working set
No. of reflections, test set
R-factor *
R-free, 5% of reflections omitted
No. of non-hydrogen atoms:
protein
ligands
solvent
Average B-factor:
protein
ligand
solvent
Root-mean-square deviation from ideal values:
bond lengths
bond angles
Ramachandran plot, favoured
Ramachandran plot, allowed
Ramachandran plot, outliers

63.28 A-1.61 A (1.62 A-1.61 A)
55,750 (1053)

2748 (62)

0.200 (0.233)

0.227 (0.308)

2944
21
426

30.35 A?
40.38 A?
42.66 A2

0.008 A
0.87°
99.41%
0.29%
0.30%

2 gl Fovs (D) —(F cato (i)

* R-factor
acto S g F s (FKT)
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LATS1 residues 69-91 were unambiguously built
with clear electron density after initial crystallo-
graphic refinement with BUSTER and were manu-
ally fit using Coot [75,76]. Water molecules were
included in further refinement runs using autoBuster
and validated in Coot. Optimized imidazole and
glycerol coordinates and restraints were obtained
from the Grade web server (grade.globalphasing.
org). The quality of the final model was assessed
using MolProbity [77], which revealed no outliers,
and the final crystallographic refinement statists
are provided in Table 2.

Lipid co-sedimentation assays

Lipid binding to Nf2/merlin (residues 1-339) and
full-length Nf2/merlin  (residues 1-595) was
assayed as described previously [62].
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