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Summary

The NF2 gene encodes a tumor suppressor protein known as
merlin or schwannomin whose loss of function causes
Neurofibromatosis Type 2 (NF2). NF2 is characterized
by the development of benign tumors, predominantly
schwannomas, in the peripheral nervous system. Merlin
links plasma membrane receptors with the actin cytoskeleton
and its targeting to the plasma membrane depends on direct
binding to the paxillin scaffold protein. Exon 2 of NF2, an
exon mutated in NF2 patients and deleted in a mouse model
of NF2, encodes the merlin paxillin binding domain (PBD1).
Here, we sought to determine the role of PBD1 in regulation
of merlin stability and association with plasma membrane
receptors and the actin cytoskeleton in Schwann cells. Using a
fluorescence-based pulse-chase technique, we measured the
half-life of Halo-tagged merlin variants carrying PBD1, exon
2, and exons 2 and 3 deletions in transiently transfected
Schwann cells. We found that PBD1 alone was necessary and
sufficient to increase merlin’s half-life from approximately

three to eleven hours. Merlin lacking PBD1 did not form a
complex with surface p1 integrins or associate with the actin
cytoskeleton. In addition, direct binding studies using
purified merlin and paxillin domains revealed that merlin
directly binds paxillin LD3 (leucine-aspartate 3) domain as
well as the LD4 and LDS domains. Together these results
demonstrate that a direct interaction between merlin PBD1
and the paxillin LD3-5 domains targets merlin to the plasma
membrane where it is stabilized by its association with
surface P1 integrins and cortical actin.

© 2012. Published by The Company of Biologists Ltd. This is
an Open Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial Share Alike
License (http://creativecommons.org/licenses/by-nc-sa/3.0).
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Introduction

The NF2 gene encodes a 595 amino acid tumor suppressor named
merlin and schwannomin (Rouleau et al., 1993; Trofatter et al.,
1993). Loss of function of merlin is associated with
Neurofibromatosis 2 (NF2), a disorder characterized by
formation of multiple benign tumors in the nervous system.
The predominant tumor types are schwannomas and
meningiomas, but ependymomas, gliomas, and juvenile
cataracts also occur. Ninety percent of the identified NF2
mutations are frameshift, nonsense, and splice alterations
predicted to generate truncated merlin proteins. The remaining
10 percent of mapped mutations are nucleotide substitutions
primarily clustered in exons 2 and 3 that allow translation of a
full-length, but mutant, protein. In frame deletions of exon 2 and
exons 2 and 3 have also been documented in NF2 patients
(Deguen et al.,, 1998; Ahronowitz et al., 2007). The high
frequency of exon 2 mutations in the NF2 gene indicates the
functional importance of this coding region and prompted the
development of a mouse model for NF2 in which exon 2 was
conditionally deleted (Giovannini et al., 2000). Work form this
laboratory previously identified a 21 amino acid paxillin binding

domain encoded by exon 2 that is essential for the plasma
membrane localization of merlin (Fernandez-Valle et al., 2002).
In this study, we sought to determine if PBD1 is the only
functionally important sequence encoded by exons 2 and 3, and
to investigate how PBD1 promotes association of merlin with the
plasma membrane.

Merlin shares sequence similarity with ezrin, radixin, and
moesin (ERM) proteins, which belong to the Band 4.1
superfamily of cytoskeleton-associated proteins that link cell
surface proteins to F-actin. Merlin/ERM proteins are made up of
three structural domains: the amino (N)-terminal FERM domain
that is subdivided into three subdomains (F1, F2, and F3), the o-
helix domain, and the carboxy (C)-terminal domain, which
contains a consensus direct binding site for actin in ERMs that is
absent in merlin. The cytoskeletal activity of ERM proteins is
regulated by conformational changes involving the association of
the N- and C-terminal regions. The closed conformation is
dormant and the open conformation is active because it exposes
the actin binding domain and a number of binding sites within the
FERM domain to peripheral and integral membrane proteins
(Bretscher et al., 2002). Merlin undergoes similar conformational
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changes and localizes to various subcellular compartments,
including the plasma membrane, cytosol, and nucleus. Merlin’s
unique tumor suppressor activity was believed to be associated
with action of the closed conformation in the cytosol (Gutmann et
al., 1999; Morrison et al., 2001). However, more recently, merlin
has been shown to influence trafficking and retention of
mitogenic and adhesion receptors on the cell surface and to
influence degradation of nuclear proteins (Maitra et al., 2006;
Lallemand et al., 2009a; Li et al., 2010). These diverse functions
have created confusion about merlin’s mechanism of tumor
suppression.

We believe that localization of merlin to the plasma membrane
is an essential first step in density-dependent regulation of cell
proliferation. Thus, we have focused on understanding the
targeting and stabilization of merlin at the plasma membrane.
Similar to ERM proteins, the open conformation facilitates
localization of merlin to the membrane where it associates with
receptors, and indirectly, with actin through a direct association
with beta II-spectrin (Scoles et al., 1998; Gronholm et al., 1999).
The open conformation is believed to be stabilized by
phosphorylation of serine-518 by P21-activated kinase PAK
(PAK) and cAMP-dependent protein kinase A (PKA) (Kissil
et al., 2002; Xiao et al., 2002; Alfthan et al., 2004). Serine-518
phosphorylation is triggered by activation of Pl integrin and
ErbB2/3 receptors in subconfluent Schwann cells (SCs) (Thaxton
et al., 2008) and these receptors are essential for SC motility on
axons, proliferation, and myelination (Chernousov et al., 2008).

We previously demonstrated a direct association between
merlin and paxillin (Fernandez-Valle et al., 2002). Specifically,
we mapped two direct paxillin binding domains, one of which,
PBDI, spans residues 50-70, is encoded by exon 2, and is
absolutely required for translocation of merlin to the plasma
membrane and its phosphorylation at serine-518 (Fernandez-
Valle et al., 2002; Thaxton et al., 2008). Paxillin is a multi-
domain adaptor protein that recruits receptor tyrosine kinases to
focal adhesions, integrates signals from the extracellular matrix
(ECM), and regulates actin organization (Turner, 2000; Schaller,
2001). Within the N-terminus there are five LD protein
recognition motifs (Brown et al., 1998). LDI, 2, and 4 directly
bind vinculin, focal adhesion kinase (FAK), PAK, guanine
nucleotide exchange factor (PIX), and additional proteins (Turner
et al.,, 1990; Turner et al., 1999) involved in focal adhesion
formation and signaling. No binding partner has been identified
for LD3. The C-terminus of paxillin contains four LIM (Linll,
Isl-1, Mec-3) domains that mediate protein-protein interactions
and are essential for paxillin targeting to focal adhesions (Turner,
2000).

In the present study, we explored the functional role of PBD1
in controlling the stability of merlin and its interactions at the
plasma membrane. We report that the 21 amino acid PBD1 is the
domain in NF2 exons 2 and 3 that is actively involved in
controlling the half-life of merlin and its interaction with B1
integrin and actin at the plasma membrane. Moreover, we
identified paxillin LDs 3, 4, and 5 in merlin as direct binding
sites.

Results

Sequence alignment of PBD1 of various species

We traced the evolutionary origin of PBD1 using sequence-based
analysis. First, we analyzed the sequence similarity of merlin in
various vertebrate species, including humans (Homo sapiens),

primates (Papio anubis), rats (Rattus norvegicus), chicken
(Gallus gallus), and zebrafish (Danio rerio), by performing
pairwise alignment of the entire merlin sequence using
ClustalW2. We found that merlin was conserved in mammals,
with an identity higher than 95%. By contrast, when we
compared mammals and evolutionarily distant species, such as
Caenorhabditis elegans and Drosophila melanogaster, the amino
acid identity was less than 50%. PBD1 was the only sequence in
the FERM F1 domain encoded by human exons 1 and 2 that was
conserved across all species. PDB1 has a contiguous stretch of 13
amino acids that have identical (*) or conserved (:) substitutions
(Fig. 1A). Previous phylogenetic analysis of the FERM domain
showed that ERM proteins and merlin form an orthologous group
(Bretscher et al., 2002). Based on this information, we included
human ERM sequences in the alignment analysis and found
that PBDI1 remained a recognizably conserved domain
(supplementary material Fig. S1). However, when we compared
human protein 4.1 and talin (GeneBank No: AAD42222 and

A FERM - F1
exon 1 exon 2
Homo sapfens MAGAIASRMSFSSLKRKQPKTFTVRIVIMDAEME - FNCEMKWKGKDLFDLVCRTLGIRET 59

Papio anubis MAGAIASRMSFSSLKRKQPKTFTVRIVIMDAEME - FNCEMKWKGKDLFDLVCRTLGLRET 59
R, ﬂorvegicus MAGATASRMSFSSLKRKQPKTFTVR IVTMDAEME - FNCEMKWKGKDLFDLVCRTLGLRET 5°
G&ﬂl_ls ga,ffus MAGAIASRMSFSSLKRKQPKTFTVRIVIMDAEME - FSCEVEKWKGKDLFDLVCRTLGIRET 59
Danio rerio --—-----MSILGLKKKQPKTFKVKVSTMDAEME - FSCEVKWKGKDLFDLVCRTIGLRET S1
D. melanogaster--- MSPFGSKENRSLSVRVSTFDSELE-FKLEPRASGQDLFDLVCRTIGLRES 49
C 3’593”3 —-——=-—--MGGFSIFSRNTKPIYAKVSTMDADLEKIVIEKTWIGRHLFEAVCRITIGLRET 52
torror.roLrr erernadog . PEDT
FERM - F1
exon 2 exon 3

Homo sapiens WEEGLQYT IKDTVAWLKMDKKVLDHDVSKEEP---VTFHFLAKFYPENAEEELVQEITQ 11

Papio anubis REEGLOYT - IKDTVAWLKMDKKVLDHDVSKEEP---VTFHFLAKFYPENAEEELVQEITQ
R.norvegicus  WFEGLQYT-TKDTVAWLKMDKKVLDHDVSKEEP---VTFHFLAKFYPENAEEELVQEITQ 11
Gallus gallus

Danio rerio WEEGLRYT-VKDT YAWLKPDERVLDQEVPKDSP---ITFHFLAKFFPEKVEDELVQEITQ
D. melanogaster WYFGLQYVDTRSNV SWLKMEKRVRDQRVELHASNNVYVFSFYAKFFPENVSEELIQEITQ

1
1
1
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1
1
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HYEGLOETNERN I PCWLONDKT ICGQDIQKDTSDGTFNFLELVKFYPEDVEPEIILDATR

B c

FERM domain a-helix C-Term R
“F1__F2 F3  domain domain 2, O\R‘E\L;:,Xfix!\@ &
merlin | | | | | | kDa € b?e'b?fbe".e:( oot
1798 112-212 220311 506 595

Ex2 Ex3 EX17
FL-Mer '__v_.ﬁl Tl ﬁHHaInTag
PED1 595 37 IB:GAPDH
APBDA-Mer [ B—[HaloTag IEHLT
49-71 505
AEX2-Mer [T} T [HaloTag)
3

8-81 595

AEX2-3-Mer[T]__| I—[HaloTag
38-122 595

AEX17-Mer [T —1{HaloTag
581

APBD1AEX 17 []L I —{HaloTag
-Mer 49-71 581

100 IB:HT

Fig. 1. The conserved PDB1 domain, organization of merlin, and
HaloTag® constructs used. (A) Comparison of Merlin FERM-domain regions
of different species encoded by exons 1, 2, and 3 of NF2. Amino acids
sequences of Homo sapiens (isoform 1, GeneBank Accession No: NP_000259),
Papio anubis (GeneBank Accession No: AAO23133), Rattus norvegicus
(GeneBank Accession No: AAR91694), Gallus gallus (GeneBank Accession
No: NP_989828), Danio rerio (GeneBank Accession No: AAS66973),
Drosophila melanogaster (GeneBank Accession No: AAB08449), and
Caenorhabditis elegans (GeneBank Accession No: AAA19073) were aligned
using ClustalW2. Boundaries among sequences were defined according to the
human merlin protein. Gray boxes indicate the PBD1 domain of merlin and
bold letters denote identical or conserved amino acids. (*) identical, (:)
conserved substitutions, and (.) semi-conserved substitutions. (B) Domain
organization of merlin and diagrams of merlin Halo®Tag (HT) constructs are
shown here. The FERM domain consists of three subdomains, designated F1,
F2 and F3. The central region is predicted to have a high a-helical content.
Numbers represent amino acid positions in human merlin FL isoform 1 and the
position of deletions are indicated by inverted carets (v). (C) Western blot
showing the expected size of merlin HT constructs (100 kDa) in rat SCs. HT
plasmid (control) produced a band at approximately 30 kDa.
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AAF23322, respectively) members of the FERM superfamily of
proteins, no conserved alignment was observed for PBD1 (data
not shown).

PBD1 increases merlin stability in Schwann cells

To test the influence of PBD1 on merlin stability, we cloned
different deletion constructs in HaloTag® (HT) vectors (Fig. 1B)
and placed the corresponding cDNAs from merlin isoform-1
(AAA36212) under the control of a strong (C14) and 10-fold
weaker (C15) cytomegalovirus (CMV) promoter. We confirmed
transient expression of merlin HT variants of approximately
100 kDa in SCs by immunoblotting with an HT antibody.
Expression of HT alone in SCs yielded a band of approximately
30 kDa (Fig. 1C).

Next, we used a pulse-chase labeling approach to measure the
intracellular half-life of full-length merlin (FL-Mer) and deletion
variants in SCs. In brief, we transfected cells with HT merlin
constructs, pulse labeled with HaloTag® TMR Ligand (TMR),
and chased for the indicated times in the presence of a blocking
ligand. TMR fluorescence was quantitated from the gel and total
HT tagged protein was quantitated from western blots by
chemiluminescence. We used the ratio of TMR intensity to HT
antibody intensity to assess the rate of degradation by exponential
decay regression analysis. Merlin variants APBD1, AEx2, and

AEx2-3, all of which lacked PBDI1, exhibited similar degradation
rates with half-lives ranging from 3.4 to 4.5 hours. These variants
were degraded nearly three times faster than FL-Mer, which had
a half-life of 11 hours (Fig. 2A,B). The HT blot indicated that the
total amount of expressed protein did not change over the chase
period. In addition, the unconjugated HT peptide had a half-life
of approximately 17 hours, indicating that the tag was not
responsible for the observed rapid degradation.

Merlin and deletion variants are degraded by the ubiquitin-
proteasome pathway

We assessed the role of the proteasome in merlin degradation
using MG132, a specific proteasome inhibitor (Kisselev and
Goldberg, 2001). MG132 added during the pulse-chase period
reduced degradation of FL-Mer and the merlin deletion variants
as evidenced by a constant level of TMR fluorescence for all
constructs (Fig. 2C). Consistent with protein accumulation, the
HT blot revealed an increase in the amount of expressed HT
tagged protein for all variants in the presence of MG132. Next,
we examined merlin ubiquitination in the presence and absence
of MGI132 for 6 hours. Total protein extracts were
immunoprecipitated with an HT antibody and probed with an
ubiquitin antibody. The HT blot showed merlin variants at their
expected sizes, while the ubiquitin blot exhibited a weak, high

A FL-Mer c
Chase (hours) 0 2 4 6 24 Half-life FL-Mer
Chase (hours) 0 6 24 0 6 24
e | 1 hours ot e i

IBHT — — — — -;‘I

APBD1-Mer |B: GAPDH ——m————— — |
Chase (hours) 0 2 4 6 24 Half-life |
TMR [SEsssaei | 3.5 hours APBD1-Mer
. e Chase(hours) 0 6 24 0 6 24
BHT ==  -=—=m= MG132 _ - - 4 g
IB: GAPDH | =——c— TMR C ——
AEX2-Mer _ BHT —= == - = =
Chase (hours) 0 2 4 6 24 Halflife - :
1B: GAPDH | S S S— ———
TMR i == = 4 hours i
BHT —— === AEX2-Mer
S Chase (hours) 0 6 24 0 6 24 Fig. 2. Merlin variants are unstable in primary rat
- e e :
IB: GAPDH MG132 - - -+ o+ 4 Schwann cells. (A) Transfected rat SCs transiently
AEX2-3-Mer ) T™R _ expressing full-length merlin or variants were pulse labeled
Chase (hours) 0 2 4 6 24 Halflife ‘ " with TMR ligand and chased for 0, 2, 4, 6, and 24 hours.
TMR  — —— —— 4.4 hours IBHT | == == == == ==®  Equal amounts of protein extracts were separated by SDS-
BT _ |B: GAPDH | S——————— | PAGE and labeled proteins were quantified by ﬂuorescept
' . " image analysis (TMR). Immunoblots were conducted with
1B: GAPDH _ HT and GAPDH antibodies. TMR signals were normalized
H against HT signals. Half-lives were calculated from an
Chase (hours) 0 2 4 6 24 Halflife D exponential decay equation according to the formula, half-
FL-Mer APBD1-Mer life = Ln (2) K, where K is the rate constant expressed in
16.9 hours : ) st ®
MG132 _ + - + N reciprocal units of the x-axis time units. Data were analyzed
IB: Ubiquitin using GraphPad from three independent experiments.
Merlin variants (APBD1, AEx2, and AEx2-3) were
IB: HT degraded almost three times as fast as FL. (B) Fluorescent
— EL-Mer ’ normalized intensities (TMR/HT) were plotted relative to
—— AEx2-Mer IP: HT the amount present at the respective zero time points
— AEx2-3-Mer against time. (C) Transfected cells were pulse labeled by

-=- APBD1-Mer

HT TMR ligand and treated with 20 uM MG132 or
identical amounts of carrier for 6 and 24 hours. Inhibition
of the proteasome with MG132 stabilized degradation of
merlin FL and variants. (D) Total lysates of transfected
cells were immunoprecipitated (IP) and immunoblotted
(IB) with the indicated antibodies confirming the
ubiquitination of merlin in these experiments.
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molecular weight smear in lanes treated with MG132 (Fig. 2D).
This shift is typical of polyubiquitinated proteins and these
results are consistent with proteasomal degradation of merlin and
merlin deletion variants.

PBD1 targets merlin to the plasma membrane where it
associates with 1 integrin

We previously reported that merlin is present in a Bl integrin
complex at the plasma membrane in SCs (Fernandez-Valle et al.,
2002). To assess whether PBD1 is required for merlin to
associate with PB1 integrin on the cell surface, we clustered
surface B1 integrins using an antibody targeting the extracellular
(EC) domain of intact SCs that had been transfected with the
following plasmids: FL-Mer, APBD1-Mer, AEx2—3-Mer, AEx17-
Mer, double deletion APBD1AEx17-Mer, and HT. Transiently
transfected SCs in suspension were incubated with either 1
integrin-coated or IgM-coated magnetic beads as a control and
bound cells were collected and lysed. HT blots of the Bl integrin
fraction indicated that only FL-Mer and AEx17-Mer were
present. None of the merlin constructs lacking PBD1 were
detected in the B1 integrin fraction (Fig. 3). The B1 integrin blot
confirmed enrichment of integrins in the bound fraction, while all
merlin variants were found in the soluble fraction confirming
their expression in SCs. We used GAPDH immunoblotting as a
marker for soluble proteins and GAPDH was observed in the
soluble fraction. HT alone was found only in the soluble fraction
(data not shown).

PBD1 is necessary for association of merlin and cortical actin
Next, we studied the cellular localization and detergent resistance
of the merlin variants. When we expressed FL-Mer and AEx17-
Mer in SCs, TMR fluorescence revealed enrichment at the
plasma membrane and in the form of long filamentous
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Fig. 3. Merlin lacking PBD1 does not associate with clustered 1 integrins.
Rat SCs were transiently transfected with HT-fused merlin FL and variants.
Surface Bl integrins were clustered on live SCs with an IgM against 1
integrins covalently linked to magnetic beads. Bound SCs were lysed in CSK
buffer and the soluble fraction and B1 integrin-associated insoluble proteins
(IP) were analyzed by SDS-PAGE and immunoblotting. None of the variants
lacking PBD1 (APBDI, AEx2-3, and double deletion APBD1AEx17) were
found in the IP fraction, while all tested constructs were present in the soluble
fraction, as observed in the IB:HT lanes. GAPDH was used as a soluble protein
marker. The same number of cells was used for all variants and twice the
volume was loaded in the IP lane compared to the soluble fraction lane.

(*) denotes a non-specific interaction.

protrusions, with a weaker homogenous distribution throughout
the rest of the cell. By contrast, APBD1-Mer, AEx2-3-Mer, and
double deletion APBDI1AEx17-Mer variants were evenly
distributed throughout the SC, excluding the nucleus. Plasma
membrane localization was not observed (Fig. 4). After
extraction of SCs expressing FL-Mer and AEx17-Mer, only the
characteristic filamentous distribution remained. This insoluble
pool of merlin colocalized with F-actin. Little paxillin
fluorescence was observed after detergent extraction, indicating
that the majority of paxillin was soluble. Deletion variants
lacking PBD1 were completely extracted after detergent
treatment and no TMR fluorescence was observed (Fig. 5).
Because overexpression of merlin with the strong Cl14
promoter may not accurately reflect normal distribution of the
endogenous protein, we repeated the experiment using a weaker
C15 promoter. FL-Mer expressed using both C14 and C15
promoters resisted detergent extraction, but the characteristic

Paxillin/DAPI/F-actin

APBD1-Mer

AEX2-3-Mer

APBD1AEX17-Mer

AEX17-Mer

Fig. 4. PBD1 targets merlin to the plasma membrane and promotes
formation of membrane protrusions. The subcellular localization of HT-
fused FL merlin and other variants is shown in transfected SCs. Fixed cells
were labeled with the TMR ligand. Merlin FL and AEx17 were found in the
cytoplasm and had filamentous membrane structures. APBD1, AEx2-3, and
double deletion APBD1/AEx17 variants localized to the cytoplasmic region and
no membrane protrusions were observed. Left panels show merged pictures
with positive transfected cells (red). Center panels show TMR-labeled SCs
expressing merlin. Right panels show enlargements of the insets in the center
panels. Merlin subcellular localization and membrane structures are visualized
by TMR labeling (red). Scale bar: 20 um. DAPI (blue) was used to visualize
nuclei, phalloidin (white) to detect F-actin, and paxillin (green) to visualize
cell morphology.
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Fig. 5. PBD1 allows association of merlin with F-actin. Cells transfected
with HT-fused merlin and variants were labeled with TMR ligand (red),
extracted on ice with 0.5% Triton X-100 (TX-100), and fixed. Merlin FL and
AEx17 were partially resistant to TX-100 extraction and exhibited a
filamentous distribution that colocalized with F-actin. No expression of
APBDI1, AEx2-3, and APBD1/AEx17 variants was observed after TX-100
extraction. Scale bar: 20 um. Merlin was visualized by TMR labeling (red).
F-actin was stained with phalloidin (white and green in enlargement).

filamentous distribution was observed only when the weaker C15
promoter was used. When the stronger promoter was used, a
punctate distribution for FL-Mer was observed, suggesting
formation of protein aggregates (supplementary material Fig. S2).
On the other hand, APBD1-Mer and AEx2-3-mer variants were
only detected after detergent extraction when expressed under the
C14 promoter and both deletion variants exhibited a punctate
rather than filamentous distribution (supplementary material Fig. S2).
Therefore the higher level of merlin expression could lead to
erroneous conclusions that do not reflect the localization of the
endogenous merlin.

Paxillin LD3 domain binds merlin PBD1

Finally, we identified paxillin domains which bind directly
to merlin. We expressed several merlin (Homo sapiens,
NP_000259) and paxillin (Gallus gallus, NP_990315)
constructs in vitro (Fig. 6A). Paxillin variants were tagged with
glutathione-S-transferase (GST) and merlin variants were tagged
with His. Full-length (FL-pax) and N-terminus (NT-pax) paxillin
bound endogenous merlin in confluent SC extracts, while
C-terminus paxillin (CT-pax) and paxillin LIM domains
(LIM1-4-pax) did not (Fig. 6B), suggesting that merlin binds
to the N-terminus of paxillin. To identify if the LD domains
mediate binding to merlin, we conducted direct binding assays
using paxillin LD-GST and merlin His fusion proteins. We found

= merlin = merlin

= LD3-GST
= GST

IB:Merlin 1B:Merlin+GST

Fig. 6. Paxillin interacts with merlin through its LD3, 4, and 5 domains.
Direct binding assays of paxillin-GST and merlin-His fusion proteins are shown
here. (A) Diagram of merlin and paxillin constructs used. (B) GST-paxillin
fusion proteins were incubated with SC total cell extract (TE). Positive
interactions between merlin and paxillin full-length (FL) and paxillin N-
terminus (NT) were observed. (C) Paxillin fusion proteins were incubated with
merlin-NT. A positive interaction was found for paxillin LDs 3, 4, and 5. GST
immunoblots were used as a control. (D) Paxillin LD3 fusion proteins were
incubated with merlin-NT and NTAPBD1. No positive interaction was
observed in the merlin variant lacking the PBD1 sequence.

that LDs 3, 4, and 5, but not LDs 1 or 2, interacted with NT-Mer
(Fig. 6C). In addition, NT-Mer did not bind the GST-beads or
naked beads, indicating that merlin binding to paxillin LDs 3, 4,
and 5 was specific. Because LD3 binding to other proteins has
not been reported and it has been suggested that LD3 is a pseudo-
domain (Brown and Turner, 2004), we tested the specificity of its
binding to merlin by incubating merlin deletion variants with
LD3-GST. NT-Mer was detected in the LD3 lane, but was not
observed when PBD1 was deleted from NT-Mer (NTAPBDI-
Mer). These results demonstrate that the merlin N-terminus binds
to paxillin LDs 3, 4, and 5, and PBD1 binds directly to paxillin
LD3 (Fig. 6C,D).

Discussion

In this study, we investigated the role of PBDI1 in merlin
stabilization and the interaction of PBD1 with a Bl integrin
complex at the plasma membrane. We demonstrated that the
PBDI1 domain is necessary and sufficient for merlin stabilization
in SCs and that it directly binds to the LD3 domain in the N-
terminus of paxillin.

PBD1 is a conserved domain among ERM proteins

Sequence similarity among ERM proteins is found in the FERM
domain and phylogeny studies have indicated that ERM proteins
and merlin form an orthologous group originating in the earliest
metazoans (Bretscher et al., 2002). The PBDI sequence is
similarly conserved as it exhibits a high degree of conservation in
metazoans, including worms and insects. Interestingly, PBDI is
the only conserved region in the F1 sub-domain, with 15 of 21
identical or highly conserved amino acids, indicating a high
degree of evolutionary constraint and functional conservation.
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PBD1 confers merlin stability

Multiple observations confirm the importance of PDB1 in merlin
functioning. For example, a high frequency of mutations in exon
2 of NF2, which encodes the PDB1 sequence, has been observed
in NF2 patients and conditional deletion of this exon (Nf21°%%)
results in development of schwannomas in animals (Giovannini
et al., 2000). Merlin lacking exon 2 is not readily detected in
these animals and a merlin isoform with an in-frame deletion of
both exons 2 and 3 appears to be rapidly degraded by the
ubiquitin-dependent proteasome pathway (Gautreau et al., 2002).
Our studies confirmed these observations and demonstrated that
variants lacking exons 2 and 3 were degraded three times faster
than full-length merlin in a proteasome-dependent manner.
Furthermore, building on these observations, we found that
merlin’s resistance to degradation depends almost entirely on the
PBDI domain encoded by exon 2. We propose that merlin
lacking PBD1 is rapidly degraded because it is unable to
associate with paxillin and be targeted to the plasma membrane,
suggesting that merlin on the plasma membrane may have a
different half-life than its cytosolic counterparts. Similar
observations have been made for many peripheral membrane
proteins, whereby their stability increases with recruitment to
the plasma membrane and incorporation into multi-protein
complexes. The disparate properties of membrane- and cytosol-
associated merlin raise a number of interesting questions and
suggest that the tumor suppressor activity of merlin, which has
been ascribed to the cytosolic form of the molecule, may be
regulated by rapid turnover. Our observations provide new
insights into the molecular pathology underpinning NF2
involving mutations in exons 2 and 3.

PBD1 interacts with actin and 1 integrin at the plasma
membrane

Merlin, similar to ERM proteins, influences cytoskeleton
dynamics, and when merlin is absent in SCs, dramatic
alterations in the actin cytoskeleton are observed (Gonzalez-
Agosti et al., 1996; Lallemand et al., 2009a). Merlin
overexpressed in SCs localizes to the plasma membrane and
triggers the development of filamentous protrusions (Fernandez-
Valle et al.,, 2002; Lallemand et al., 2009b). A number of
mechanisms and protein interactions have been proposed to
regulate the localization of merlin to the plasma membrane,
including the formation of heterotypic complexes with other
members of the ERM family such as ezrin (Grénholm et al.,
1999; Gutmann et al., 1999). We examined this possibility using
merlin AEx17, a deletion variant that is unable to self-associate
or interact with other members of the ERM family. Our results
suggest that the paxillin interaction via PBDI1 is necessary and
sufficient for merlin targeting to the plasma membrane. First,
constructs lacking PBD1 localized to the cytosol and had no
filamentous structure. Second, merlin colocalized with cortical F-
actin at or near the plasma membrane, and although merlin lacks
the canonical actin-binding site found in other ERM proteins,
sites of indirect association with actin have been defined in other
areas of the molecule, particularly in the N-terminus (Deguen et
al., 1998; Brault et al., 2001). We observed merlin colocalization
with F-actin only when PBD1 was present, suggesting that
paxillin binding is important for merlin’s indirect interaction with
actin. Along these lines, another interesting observation is the
conservation of the PBD1 domain among other ERM family
members suggesting a conserved ability to associate with

paxillin. The importance of this observation is the subject of
ongoing investigation in our laboratory.

During myelination dramatic changes in SC morphology take
place, many of which depend on the interaction of the SC and the
ECM through formation of B1 integrin complexes. We previously
reported that merlin is instrumental in the association of these 1
integrin complexes with the actin cytoskeleton (Obremski et al.,
1998) and that this association appears to involve paxillin in a
density-dependent manner (Fernandez-Valle et al., 2002). Here,
we confirmed and extended these observations by demonstrating
that merlin lacking PBD1 was not found in B1 integrin clusters
formed at the plasma membrane even though a pool of soluble
merlin variants was observed for all constructs.

Merlin binds to paxillin LD domains

The paxillin scaffold protein is a key player in Bl integrin
signaling pathways because it facilitates assembly of multi-
protein signaling complexes localized at focal adhesions (Brown
and Turner, 2004). Paxillin LD motifs, encoded in the N-terminal
domain, interact with several proteins associated with remodeling
of the actin cytoskeleton including FAK, vinculin, and PAK.
Different proteins can bind the same LD domain as well as
interact with multiple LDs, indicating a level of redundancy
between the different LD domains. For example, vinculin binds
LD1, 2, and 4; actopaxin binds LD1 and 4; and FAK and Pyk2
bind LD2 and 4 (reviewed by Tumbarello et al., 2002). It has
been hypothesized that redundancy in LD interactions could be
advantageous for large protein complex formation, although
relative affinities of each paxillin binding partner for individual
LD motifs could be an important factor in complex assembly
(Robertson and Ostergaard, 2011). To date no interactions or
binding partners had been attributed to the LD3 domain
(Hoellerer et al., 2003; Brown and Turner, 2004). In this study,
we used a direct binding assay to demonstrate that the merlin N-
terminus binds to paxillin LDs 3, 4, and 5. Moreover, we showed
that deletion of PBD1 from the merlin N-terminus abrogates LD3
binding, thus identifying the first known binding partner of the
LD3 domain of paxillin.

Based on the crystal structure of the merlin FERM domain
alone (Kang et al., 2002), we propose a three-dimensional model
of the merlin-PBD1 interaction with paxillin-LD4. Using SWISS-
Pdb Viewer (Guex and Peitsch, 1997), we determined that PBD1
lies at the exterior of the merlin three-dimensional structure, and
thus, is available for interaction with paxillin LD domains. By
superposing this structure with the one reported for LD4 in
complex with the focal adhesion kinase (FAK) targeting domain,
FAT, a fit is predicted (Fig. 7A). The three point mutations
reported in NF2 patients (Trp60Cys, Phe62Ser, and Leu64Pro)
which occur within PBDI are highlighted in the model. There is a
predicted molecular interaction between Trp60 and Glu4 in LD4
of paxillin when bound to the FAT domain of FAK. This
interaction is lost in the Trp60Cys mutant (Fig. 7B).
Additionally, when the crystal structure of the reported merlin
closed conformation is used, a fit with the LD4-paxillin is no
longer predicted (Yogesha et al., 2011) (PDB ID 3U8Z; data not
shown). This provides supporting evidence for a direct
interaction between PBD1 in the open merlin conformation and
paxillin LD3-5 domains possibly when bound to FAK. This is
consistent with our previous report demonstrating that merlin,
paxillin and focal adhesion kinase form a complex with Bl
integrin at the SC surface (Fig. 7C) (Taylor et al., 2003).
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In sum, numerous observations suggest an important functional
role for amino acid sequences encoded by exon 2 of the merlin
gene. In this study, we demonstrated conservation of this
sequence, PBDI1, in members of the ERM family and showed
that it is necessary and sufficient for membrane localization of
merlin driven by association with LD domains 3, 4, and 5 of
paxillin. In addition, we showed that this interaction is important
for the stabilization of merlin and that cytosolic isoforms of the
molecule incapable of interacting with paxillin are rapidly
degraded in a proteasome-dependent manner. These findings
are important for understanding of the molecular pathology of
NF2, particularly those cases associated with mutations in exon 2
of the NF2 gene.

Materials and Methods

Antibodies and western blotting

The following antibodies were used: mouse monoclonal against GAPDH (1:1000,
Millipore); rabbit monoclonal against integrin beta-1/CD29 (Epitomics); hamster
monoclonal against anti-rat CD29 (BD Pharmagin); monoclonal hamster IgM, A
Isotype control (BD Pharmagin); rabbit polyclonal against HT (1:4000, Promega);
mouse monoclonal against Paxillin (1:2000, BD Pharmagin), rabbit polyclonal
against merlin (C18 and A19, Santa Cruz Biotechnologies), and rabbit whole serum
against ubiquitin (Sigma). Western blotting was carried out using standard protocols.
Horseradish peroxidase conjugated secondary antibodies (Jackson Immunoresearch)
were used for detection of bound proteins using Super Signal West Pico
Chemiluminescent Substrate (Pierce). Signals were measured using the KODAK
Image Station 4000MM PRO with selected ROI (regions of interest). Net Intensity
was quantified using Carestrem Molecular Imaging Software (Version 5.0).

Cell culture and transfection

Primary rat SCs were obtained from newborn rat sciatic nerves as previously
described (Obremski et al., 1998). Cells were plated on uncoated plastic dishes and
grown in DMEM with 10% fetal bovine serum (D10). Rapidly dividing fibroblasts
were eliminated by growth in D10 containing 107> M cytosine arabinoside
(Sigma-Aldrich, St Louis, MO) for 5 days. SCs were expanded on 200 ug/ml
poly-L-lysine (PLL, Sigma-Aldrich, St Louis, MO) coated dishes in DIOM
[DMEM, 10% fetal bovine serum, 2 M Forskolin (Sigma-Aldrich, St Louis, MO)

)
. FERM domain-Chain A l‘Chain A-PBD1
FERM domain-Chain B & 1Chain B - PBD1

‘. Leut4
. Paxillin
EQL FAT domain - Chain A w paxilin LD4 - Chain D

H FAT domain - Chain B . paxillin LD4 - Chain E
. FAT domain - Chain C . paxillin LD4 - Chain F

Fig. 7. Model of merlin-paxillin interaction.

(A) Representation of a potential complex between the
FERM domain of merlin and the paxillin LD4 motif based
on published crystal structures. The crystal structure of
merlin FERM domain (PDB ID: 1H4R) was superposed
with paxillin LD4 motif bound to the focal adhesion kinase
(FAK) targeting domain (FAT) (PDB ID: 10W7). PBD1
(amino acids 50-70; yellow) are exposed in the merlin
FERM domain allowing potential binding to paxillin LD
domains (green). Naturally occurring missense mutations
in PBD1, Trp60Cys, Phe62Ser, and Leu64Pro are shown
(pink/purple). All structures are shown as molecular
surfaces. (B) Enlargement of PBD1 Tryp60 region. When
the non-polar Trp60 is mutated to the polar Cys the
interface architecture is changed and the interaction of
residue 60 with Glu4 of LD4 is lost. (C) Merlin PBD1
potentially interacts with the paxillin LD3-5 bound to
FAK. This interaction targets and/or stabilizes merlin at the
plasma membrane and allows association with B1 integrin
and actin. These associations protect merlin from
degradation by the ubiquitin-proteasome pathway. Merlin
lacking PBD1 remains in the cytosolic compartment and is
rapidly degraded. ECM: extracellular matrix. PAK: p-21-
activated kinase.

and 20 pg/mL Pituitary Gland Extract (Biomedical Technologies, Stoughton,
MA). Cultures were passaged no more than 7 times prior to use and checked for
purity by assessing cellular morphology. Transfections were carried out using
Effectene (Quiagen) according to the manufacturer’s instructions. Cultures were
used 2448 h after transfection. For immunostaining experiments, SCs were plated
on PLL (200 pg/mL) coated German glass coverslips (Caroline Biol., Burlington,
NC). Cells were grown at 37°C, 5% CO,.

Plasmid construction

Merlin human isoform 1 (NM_000268) and merlin APBD1 (residues 50-70
deleted) in pGEX2TK (Pharmacia) (described in Fernandez-Valle et al., 2002)
were used as templates for cloning into HaloTag® (HT) vectors following the
manufacturer’s instructions (Promega). Fragment amplification was performed
using Phusion® High-Fidelity DNA Polymerase (New England BioLabs). The HT
plasmid (control, expressing only the Halo Tag) was constructed using primers
5'CGCGTAAGGGTAGGTTT3' and 5'AAACCTACCCTTACGCGAT3' by
direct annealing and cloned into pFN21A. His-merlin-N terminus (NT, residues
1-298), His-merlin-C terminus (CT, residues 299-595), His-merlin-NTAPBDI1
(residues 5070 deleted) constructs in pET-28a (+) (Novagen), and GST-paxillin-
full length (FL), GST-paxillin-N terminus (NT, residues 1-325), GST-paxillin-C
terminus (CT, residues 326-559) constructs in pGEX-6P — 1 vector (Amersham)
for prokaryotic expression — were cloned using standard techniques or as
previously described (Fernandez-Valle et al., 2002). Paxillin LD1 (residues 3—15),
LD2 (residues 144—156), LD3 (residues 216-228), LD4 (residues 265-276), and
LD5 (residues 333-345) in pGEX-2TK (Amersham) for prokaryotic expression
were a gift from Dr. C Turner (State University of New York at Syracuse).
Deletion constructs (AEx2, AEx2-3) were made using the In-Fusion®EcoDry™
Cloning System from Clontech following manufacturer’s instructions. Deletion
construct AEx17 was made using specific primers. All constructs were confirmed
by sequencing.

Pulse-chase analysis

SCs were labeled for 15 min with 50 pM HT TMR Ligand according to the
manufacturer’s protocol (Promega), at 37°C, 5% CO,. The HT Ligand is
comprised of a linker that covalently binds to the HT protein and a fluorescent
moiety (TMR, tetramethylrhodamine). After labeling, cells were washed and
incubated in D10M for 30 min to wash away all unbound ligand. Next, cells were
incubated with 50 uM HT Succinimidyl Ester (O4) Ligand in D10M as a blocking
agent for the indicated chase times and extracted in SDS extraction buffer
(Fermentas). Samples were heated at 95°C for 5 min and equal amounts of samples
were loaded and resolved by 10% SDS-PAGE. TMR fluorescence was detected
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from the gel with MWL Ex55 Em600 with KODAK Image Station 4000MM PRO
and ROI (region of interest) Net Intensity was quantified using Carestrem
Molecular Imaging Software (Version 5.0). Western blotting was conducted using
standard protocols. Three independent experiments were performed and the half-
life was calculated using GraphPad Prism version 5.00 with an exponential decay
model (one phase decay, fitting method least square), where half-life is computed
as In (2)/K and K is the rate constant expressed in reciprocal of the x-axis. For the
proteasome inhibitor experiment, MG132 (C,sH41N30s, Calbiochem) was used at
a concentration of 20 uM for the indicated times.

Immunoprecipitation

SCs were extracted using TAN buffer (10 mM Tris-acetate pH 8.0, 100 mM NacCl,
and 1% IGEPAL) supplemented with protease inhibitors. Equal amounts of lysates
were immunoprecipated with 5 g of HT antibody adsorbed to Dynabeads®
Protein G (Invitrogen) overnight at 4°C.

B1 integrin aggregation on SCs

Bl integrin aggregation was performed as previously described (Taylor et al.,
2003). Briefly, anti-B1 integrin IgM antibodies (BD) and normal Hamster IgM
were coupled with Dynabeads® M-450 Tosylactivated (Invitrogen) according to
the manufacturer’s protocol. Transfected SCs in suspension were incubated with
10 coated-beads per cell for 30 min at 4°C. Antibody-bound SCs were lysed in
CSK lysis buffer (10 mM PIPES, pH 6.8; 50 mM NaCl; 300 mM sucrose, 2 mM
MgCly; 0.5% (v/v) Triton X-100 (TX-100)) with Halt™ Protease Inhibitor
Cocktail (Pierce) that enriches for focal adhesion proteins (Plopper et al., 1993).
Magnetic beads containing the Bl integrin-associated complex were washed and
resuspended in SDS sample buffer (Fermentas).

Immunostaining

Primary rat SC cultures were fixed in 4% paraformaldehyde and permeabilized for
10 min in 0.2% TX-100 before immunostaining. Non-specific binding sites were
blocked for 30 min in phosphate buffer containing 10% goat serum (blocking
buffer) and primary antibodies diluted in blocking buffer were added to the
coverslips for 1 h. Bound antibodies were detected by incubation with secondary
antibodies conjugated with fluorescent Alexa Fluor® (Invitrogen) for 30-45 min at
room temperature. SCs were post-fixed with 4% paraformaldehyde for 5 min and
stained with Alexa Fluor® 633 phalloidin or DAPI (Invitrogen) when indicated and
mounted in Gel Mount (ECM Bioscience, CA, USA). To visualize merlin
colocalization with F-actin, SCs were extracted on ice for 45 min in CSK
extraction buffer (10 mM PIPES, pH 6.8; 50 mM NaCl; 300 mM sucrose, 2 mM
MgCly; 0.5% (v/v) TX-100), and then fixed and permeabilized as already
described. All cultures were analyzed with a Zeiss LSM710 microscope and Zen
2009 software. Image acquisition was optimized for each antibody and
fluorescence was collected on separate channels using identical parameters for
all variants.

In vitro affinity precipitation assay

Expression of recombinant GST fusion proteins was induced in E. coli BL21 with
1 mM isopropyl-B-D-1-thiogalactopyranoside (IPTG). Proteins were extracted in a
GST lysis buffer (10 mM Tris-HCI, pH 8.0, 100 ul PIC, 1% TX-100) with
lysozyme (1 mg/30 mL pellet). Complete bacterial lysis was obtained either by a
French press or by sonication, and proteins were purified using glutathione-
Sepharose 4B beads (Amersham) according to the manufacturer’s
recommendations. SCs were extracted using TAN buffer containing protease
and phosphatase inhibitors (20 pug/mL aprotinin, 10 pg/mL luepeptin, 1 mM SOV,
I mM sodium pyrophosphate, 50 mM NaF, 2 mM PMSF). Immobilized GST
fusion proteins were incubated overnight at 4°C with 200 pg of lysate and washed
with GST Bind/Wash Buffer containing 0.1% TX-100 before immunoblot
analysis.

Direct binding assays

Expression of N-terminal His-tagged merlin proteins was induced in BL21 (DE3)
cells with 1 mM IPTG for 4 h at 33°C, and cells were purified using the QTAGEN
Ni-NTA kit (QUIAGEN) according to the manufacturer’s instructions. GST-
paxillin proteins were purified as already described. Immobilized GST fusion
proteins were mixed with 0.2 ug of the His-tagged deletion variant or truncated
merlin protein in 1 mL of 1x PBS containing 0.1% TX-100 and 500 mM NaCl and
incubated overnight at 4°C. Binding was assessed by immunoblotting against
merlin with the indicated antibodies.

BLAST search and alignment

Protein sequences were identified from the National Center for Biotechnology
Information (NCBI) database (http://www.ncbi.nlm.nih.gov/BLAST) using the
BLAST algorithm (Altschul et al., 1997). The CLUSTALW?2 program from EBI
(Larkin et al., 2007; Goujon et al., 2010) was used for sequence alignment.

Three-dimensional model

The SWISS-MODEL and Swiss-Pdb Viewer 4.0.4 (Guex and Peitsch, 1997)
(http://spdbv.vital-it.ch) were used to construct a theoretical model of the
interaction between merlin FERM domain (PDB ID: 1H4R) and paxillin LD4
bound to FAT domain (PDB ID: 10W7). Superposing structures were done using
Deep View Magic Fit, PAM 20 matrix.
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