Biochemical and Biophysical Research Communications 290, 366-374 (2002) ®
doi:10.1006/bbre.2001.6178, available online at http:/www.idealibrary.com on I IIE %l

Effects of Nf2 Missense Mutations
on Schwannomin Interactions

Daniel R. Scoles,' Mercy Chen, and Stefan-M. Pulst

Neurogenetics Laboratory and Division of Neurology, CSMC Burns and Allen Research Institute, Cedars-Sinai Medical Center,
School of Medicine, University of California at Los Angeles, 8700 Beverly Boulevard, Los Angeles, California 90048 -

Received November 15, 2001

Most benign brain tumors are associated with loss of
the Nf2 gene tumor suppressor product schwannomin/
merlin. Interactions between schwannomin fragments
have given rise to hypotheses of in vivo schwannomin
folding and dimerization. Previously, we showed that
schwannomin with missense mutations L360P, L535P,
and Q538P alters interaction with BIl-spectrin and
Hrs. Using yeast two-hybrid tests of interaction, we
now show the effects of 11 Nf2 missense mutations on
schwannomin self-interaction as well as schwannomin
interaction with Hrs isoforms 1 and 2, gll-spectrin,
and p110. Missense mutations L46R and K364I signif-
icantly decreased affinity of schwannomin for binding
all interacting proteins. The schwannomin L46R mu-
tation may result in a complex conformational change
that alters folding and denies gll-spectrin access to an
intact binding site in the C-terminal half of schwan-
nomin. We show that unique inter- and intramolecular
interactions occur for schwannomin isoform 2, sug-
gesting that this schwannomin isoform has unique
functional properties compared to schwannomin iso-
form 1. © 2002 Elsevier Science
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Neurofibromatosis 2 (NF2) is an autosomal domi-
nant disorder characterized by benign tumors of the
neural crest. The Nf2 gene is commonly mutated in
benign tumors of the human nervous system, including
nearly all vestibular schwannomas, most sporadic me-
ningiomas and some ependymomas (1-5). Familial
NF2 is also characterized by a variety of nontumor
features in addition to tumors, including cataracts,
retinal hamartomas, and café-au-lait spots (6).
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The Nf2 gene product schwannomin (SCH), also
named merlin, is a tumor suppressor whose biochemi-
cal actions are not fully understood. SCH has high
homology with ezrin, radixin, and moesin (ERM pro-
teins) of the protein 4.1 superfamily that link the cy-
toskeleton to the plasma membrane (7, 8). Schwan-
nomin occurs in two predominant isoforms, SCHil and
SCHi2. Alternative splicing of Nf2 exon 16, which en-
codes an alternative termination codon, results in the
replacement of the last 16 amino acids (aa) encoded by
exon 17 of SCHil (595 aa) with 11 aa of SCHi2 (590 aa)
(9, 10).

Binding sites in the SCH N-terminal domain can be
masked by conformational changes, similar to the
binding site masking that occurs in ERM proteins (11,
12). This is interesting in the context that missense or
truncating Nf2 mutations may alter conformation re-
sulting in unmasking or further masking of binding
sites on schwannomin. Unfolding of ezrin unmasks an
N-terminal domain binding site for the ezrin binding
phosphoprotein EBP50 (13), and a C-terminal domain
binding site for F-actin (14). In schwannomin, tubulin
binding sites in the N-terminal domain are masked in
full-length protein (15). In addition, interaction tests
using the yeast two-hybrid method showed full-length
SCH binds N- and C-terminal SCH fragments but not
N- and C-terminal ezrin fragments unless SCH is trun-
cated (16). This suggested that homodimerization sites
on SCH are exposed while the binding sites for ezrin on
SCH are masked (16). Thus full-length SCH possesses
masked tubulin binding sites in the N-terminal do-
main, as well as masked binding sites for ezrin that are
likely unique from the SCH homodimerization sites.

While efforts have been made to demonstrate the
effects of schwannomin truncation on schwannomin
interactions, little information is available on the ef-
fects of natural Nf2 missense mutations on schwan-
nomin interactions. Previously we identified the HGF-
regulated tyrosine kinase substrate (HRS) isoform 1
(HRSi1), HRS isoform 2 (HRSi2) (17), Bll-spectrin (18),
and the eukaryotic initiation factor 3 (eIF3) p110 sub-
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unit eight (Scoles and Pulst, in preparation) as schwan-
nomin interacting proteins. Each of HRSi1, HRSi2, and
Bll-spectrin interact with the C-terminal half of schwan-
nomin and bind to SCHi2 more strongly than SCHil as
measured by the yeast two-hybrid method. p110 binds
the N-terminal domain of SCHil or SCHi2 with similar
affinity. In the present study we tested the ability for
eleven different naturally occurring mutant schwan-
nomins to interact with its binding partners HRSil,
HRSi2, pIl-spectrin, and p110, and to self-interact with
wild-type (wt-) SCHil, wt-SCHi2, and N- and C-terminal
SCH fragments, using the yeast two-hybrid method. We
showed that many of the missense mutations altered the
SCH binding properties for HRS, gII-spectrin, and p110,
and SCH self-binding.

MATERIALS AND METHODS

Plasmid constructs. The ¢cDNA encoding full-length HRS iso-
form 1 in vector pGAD10 was obtained by yeast two-hybrid screen-
ing and was modified to encode the full-length HRS isoform 2 of
110 kDa as previously described (17). The pGAD10-gII-spectrin
construct was obtained by two-hybrid screening and this construct
encodes amino acids 17161998 of BII-spectrin. The pACT-p110
construct was obtained by two-hybrid screening and this construct
encodes amino acids 69—635 of the eIF3 p110 subunit (Scoles and
Pulst, in preparation). The pGBT9-Nf2i1 and pGBT9-Nf2i2 plas-
mids were made as previously described (18). The pGAD10-N{2i2
construct was made by excising the full-length Nf2i2 from
pGBT9-Nf2i2 with Smal and BamHI then ligating in pGAD10
prepared by digesting with Xkol, followed by blunt filling with T4
DNA polymerase, then digesting with BamHI. The pGAD10—
Nf2i1 construct was made just as was pGAD10-Nf2i2, but start-
ing with pGBT9-SCHil. The pGBT9-N{f2i1(256-595) construct
was made by generating the Nf2i1(256-595) fragment by PCR
using primers 5'-GATCGAATTCCCGTGGAATGAAATCCGAAAC-3’
and 5'-TTTGGAATTCTCAAATGCAGATAGGTCTTCT-3' which was
then digested with EcoRI and ligated in the EcoRI site of pGBT9.
The pGBT9-Nf2i2(256-590) construct was made by generat-
ing the Nf2i1(256-595) fragment by PCR using primers 5’-
GATCGAATTCCCGTGGAATGAAATCCGAAAC-3’ and 5'-GCTG-
GAATTCCTGCTAGAGCTCTTCAAA-3" which was then digested
with EcoRI and ligated in the EcoRI site of pGBT9. The pGBT9-
Nf2i1(469-595) construct was made by generating the Nf2i1(469—
595) fragment by PCR wusing primers 5'-GCGAGAATTCA-
AGCAGAAGCTCCTGGAGATT-3’ and 5'-AAGAAACTTCTCGAG-
ATCGTCCTTAAGGTCG-3' which was then digested with EcoRI
and ligated in the EcoRI site of pGBT9. The pGAD10-Nf2i2(469 —
590) construct was made by generating the Nf2i2(469-590) frag-
ment by PCR using primers 5-GCGAGAATTCAAGCAGAA-
GCTCCTGGAGATT-3’ and 5-TCTTCTGGATAGAGCTAAACT-
CTTAAGTTTG-3' which was then digested with EcoRI and ligated
in the EcoRI site of pGBTY. The pGAD10-Nf2i1(519-595) con-
struct was made by generating the Nf2i1(519-595) fragment by
PCR using primers 5'-GCGGGAATTCATGGAGATAGAGAAAGA-
AAAA-3" and 5'-AAGAAACTTCTCGAGATCGTCCTTAAGGTCG-3’
which was then digested with EcoRI and ligated in the EcoRI site
of pGBT9. The pGAD10-Nf2i2(519-590) construct was made by
generating the Nf2i2(519-590) fragment by PCR using primers
5"- GCGGGAATTCATGGAGATAGAGAAAGAAAAA-3' and 5'-TCT-
TCTGGATAGAGCTAAACTCTTAAGTTTG-3' which was then di-
gested with EcoRI and ligated in the EcoRI site of pGBT9.

PCR-based site directed mutagenesis. Three PCRs were per-
formed in two steps to produce a fragment of the Nf2 gene with
nucleotide base changes to introduce single amino acid substitution
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mutations as previously described (18). The mutated PCR products
were ligated in place of the normal counterpart excised from pGBT9—
Nf2i2.

Two-hybrid tests of interaction. Yeast strain Y190 double-
transformants were grown on SC media with leucine, and trypto-
phane dropped out, and 2% glucose as previously described (18).
B-Galactosidase production was assayed using the filter binding
assay by incubating freeze-fractured colonies on nitrocellulose in
Z-buffer (60 mM Na,HPO,, 40 mM NaH,PQO,, 10 mM KCl, 1 mM
MgSO,, pH 7.0, 0.03 mM B-mercaptoethanol, and 2.5 uM X-gal) at
37°C for 15 min to 8 h. We determined the relative strengths of
interaction using semiquantitative liquid assays for B-galactosi-
dase by incubating yeast extracted in Z buffer and 5% chloroform
with 0.6 mg/ml o-nitrophenyl B-p-galactopyranoside for 40 min.
B-Galactosidase units = 1000 X [OD5/(ODgy X time (in min) X
culture volume (in ml))] (19).

RESULTS

The locations of the studied Nf2 missense mutations
relative to all known Nf2 missense mutations are pro-
vided in Fig. 1. We tested the ability for wt-SCHil,
wt-SCHi2, and SCHi2 missense mutants to bind
HRSi1, HRSi2, pIl-spectrin, and p110 using the yeast
two-hybrid system (20). The pl10 protein interacts
with the schwannomin N-terminal half, within schwan-
nomin residues 1-305 (Scoles and Pulst, in prepara-
tion). SCHi2 interacted considerably stronger with
HRSi1, HRSi2, or BIl-spectrin, all of which bind the
SCH C-terminal half, than did SCHil (Fig. 2). The
strength of interaction between SCHi2 and p110 was
about equal to that of SCHil (Fig. 2). Of the eleven
tested schwannomin missense mutations, L46R lo-
cated in the SCH N-terminal half, decreased interac-
tion with each of the schwannomin binding proteins
(Fig. 2). The decrease for HRSi2, Bll-spectrin, p110
amounted to a complete loss of interaction, while re-
sidual binding remained for HRSil (Fig. 2).

Among the tested Nf2 missense mutations, the effect
of those in the C-terminal half of the protein was great-
est, resulting in loss or near loss of interaction. Schwan-
nomin with the missense mutation L360P did not in-
teract with HRSil or HRSi2, but did interact with
BIl-spectrin and p110 (Fig. 2). Schwannomin with ei-
ther of the missense mutations K364I, L535P, or
Q538P did not significantly bind to HRSi1, HRSi2,
Bll-spectrin, or p110 (Fig. 2).

Some Nf2 missense mutations resulted in elevated
schwannomin interaction with HRSi1, HRSi2, gII-
spectrin, or p110. These mutations are all located be-
tween amino acids 219 and 352. The mutations
V219M, N220Y, I273F, and T352M elevated interac-
tions with HRSil two- to threefold (Fig. 2). Mutations
N220Y and I273F elevated interaction with HRSi2 by
155 and 137%, respectively (Fig. 2). The 1273F muta-
tion elevated BlI-spectrin binding by 241% (Fig. 2).

To show the effects of schwannomin missense muta-
tions on interactions with other schwannomins, we
tested the ability for wt-SCHil, wt-SCHi2, and SCHi2
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Schwannomin domains and locations of naturally occurring amino acid substitutions. The N- and C-terminal domains of

schwannomin are separated by the a-helical (hatched) central domain. Germline mutations are at the top of the diagram and somatic
mutations are at the bottom. Missense mutations that are underlined were included in the study.

missense mutants to bind wt-SCHil, wt-SCHi2. The
interaction of SCHil with itself was as strong as with
SCHi2, whereas the self-interaction of SCHi2 was
stronger that its interaction with SCHil (Fig. 3).

Most of the Nf2 missense mutations had little effect
on SCH self-binding, and in general, the mutations
decreased SCHi2 binding more than SCHil binding.
Wt-SCHil interaction with wt-SCHi2 was of the ap-
proximate same strength as for missense SCHi2 pro-
teins with the W41C, L46R, G197C, V219M, N220Y,
1273F, and T352M mutations (Fig. 3). SCHil interac-
tion was reduced with SCHi2 proteins mutated at
L360P, K3641I, L535P, and Q538P (Fig. 3). Most of the
tested mutant SCHi2 proteins had decreased interac-
tion with wt-SCHi2 compared to the strength of inter-
action observed between two wt-SCHi2 proteins (Fig.
3). SCHi2 with the K364I mutation did not bind wt-
SCHi2, and SCHi2 with the L46R mutation did not
interact with either SCHil or SCHi2 (Fig. 3).

We determined that sites for schwannomin self-
interaction are different between schwannomin iso-
form 1 and schwannomin isoform 2 by interacting full-
length SCHil or SCHi2 with C-terminal fragments of
SCHil and SCHi2. Strengths of interactions between
C-terminal fragments of SCH isoform 1 or isoform 2
(including amino acids 256-595 and 256590, respec-
tively) and wt-SCHil were insignificant (Fig. 4). In
contrast, the strengths of interactions between the
same C-terminal fragments and full-length SCHi2 was
significantly higher than control tests (P < 0.01, Stu-
dent’s t test) (Fig. 4).

The masking of binding sites may complicate the
interaction between schwannomin and other proteins.

To demonstrate this, we determined the strengths of
interaction between full-length or C-terminal frag-
ments of SCHi2 or SCHil with BII-spectrin using the
yeast two-hybrid system. BII-Spectrin interacted more
strongly with full-length SCHi2 than SCHil, and suc-
cessive N-terminal truncation resulted in loss of BII-
spectrin binding (Fig. 5). However, the interaction of
SCHil C-terminal fragments was stronger than full-
length SCHil, suggesting that the N-terminal half of
schwannomin isoform 1 masks a site for BII-spectrin
binding in the C-terminal domain (Fig. 5).

The effect of Nf2 missense mutations on schwan-
nomin interaction with each of the interacting proteins
is summarized in Table 1.

DISCUSSION

A general framework for how SCH intramolecular
interactions might influence SCH intermolecular inter-
actions can be obtained by comparing SCH to ERM
family proteins. The identities between ezrin and
schwannomin N-terminal, «-helical, and C-terminal
domains are 61, 30, and 22%, respectively (21). Ezrin
exists in at least two conformational states, folded
monomers and elongated dimers, both containing
masked C-terminal domain binding sites for interac-
tion with N-terminal domains of other ERM proteins
that are unmasked in both the monomeric and dimeric
states (12, 22). Moesin also folds like ezrin in a manner
involving interaction between the N- and C-terminal
domains (11).

FIG. 2. Yeast two-hybrid tests of interaction between schwannomin isoform 1, schwannomin isoform 2, or schwannomin isoform 2 with the
indicated missense mutations and (A) HRSi1 and HRSi2 or (B) BlI-spectrin and p110. Each of the SCHil, SCHi2, or SCHi2 mutant proteins as
indicated on the X-axis were expressed as fusions to the GAL4 binding domain and tested in yeast cells for interaction with HRSi1, HRSi2,
BII-spectrin, or p110 fused to the GAL4 activation domain. Values are 3-galactosidase units and are reported as means = SD of three replicates.
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FIG. 3. Yeast two-hybrid tests of interaction between schwannomin isoform 1, schwannomin isoform 2, or schwannomin isoform 2 with the
indicated missense mutations and schwannomin isoform 1 or schwannomin isoform 2. Each of the SCHil, SCHi2, or SCHi2 mutant proteins as
indicated on the X-axis were expressed as fusions to the GAL4 binding domain and tested in yeast cells for interaction with SCHil or SCHi2 fused
to the GALA4 activation domain. The control tests show the levels of background obtained in the control interaction between SCHil or SCHi2 and
the GAL4 binding domain with no fusion. Values are g-galactosidase units and are reported as means * SD of three replicates.

Schwannomin Folding

Schwannomin folds in a head-to-tail manner. Gut-
mann et al. (23) demonstrated that two intramolecular
interactions in schwannomin mediate the folded con-
formation. One of these occurs between two regions
within the schwannomin N-terminal domain (resi-
dues 8-121 and 200-320). The other occurs between
N-terminal and C-terminal schwannomin regions (res-
idues 302—-308 and residues 580-595). The latter N- to
C-terminal domain interaction could not be demon-
strated in schwannomin isoform 2 (24) or in a L64P
schwannomin isoform 1 mutant protein that had lost
the ability for N-terminal domain self-association (23).
Gutmann et al. (23) hypothesized that the N-terminal
domain self-association is required for the N- to
C-terminal domain interaction to take place. This hy-
pothesis was strongly supported by Gronholm et al.
(16) who showed that schwannomin N- and C-terminal
domain fragments of residues 1-339 and 252-595 in-
teracted, but schwannomin fragments of residues
1-167 and 252-595 did not. But inconsistently, Gron-

holm et al. (16) also showed that a schwannomin frag-
ment of residues 339-585 interacted with schwan-
nomin fragments of residues 1-167 and 252-595. This
result suggested that a masked binding site in the
C-terminal domain, present in both schwannomin iso-
forms, interacted with the unfolded N-terminal do-
main, and placed into question whether schwannomin
isoform 2 could undergo folding. This is of particular
interest since it is believed that schwannomin must be
folded to function as a negative growth regulator (24).
We tested the effects of mutation on schwannomin
isoform 2 interactions using the Gal4-based yeast two-
hybrid system in the framework of two hypotheses.

Hypothesis I. Any mutation that disrupts schwan-
nomin self-association alters its ability to bind other
proteins.

Hypothesis II.  Schwannomin isoform 2 is folded dif-
ferently than schwannomin isoform 1, perhaps ex-
plaining why schwannomin isoform 2 is not a negative
growth regulator.
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FIG. 3. Yeast two-hybrid tests of interaction between schwannomin isoform 1, schwannomin isoform 2, or schwannomin isoform 2 with the
indicated missense mutations and schwannomin isoform 1 or schwannomin isoform 2. Each of the SCHil, SCHi2, or SCHi2 mutant proteins as
indicated on the X-axis were expressed as fusions to the GAL4 binding domain and tested in yeast cells for interaction with SCHil or SCHi2 fused
to the GAL4 activation domain. The control tests show the levels of background obtained in the control interaction between SCHil or SCHi2 and
the GAL4 binding domain with no fusion. Values are g-galactosidase units and are reported as means * SD of three replicates.

Schwannomin Folding

Schwannomin folds in a head-to-tail manner. Gut-
mann et al. (23) demonstrated that two intramolecular
interactions in schwannomin mediate the folded con-
formation. One of these occurs between two regions
within the schwannomin N-terminal domain (resi-
dues 8-121 and 200-320). The other occurs between
N-terminal and C-terminal schwannomin regions (res-
idues 302-308 and residues 580-595). The latter N- to
C-terminal domain interaction could not be demon-
strated in schwannomin isoform 2 (24) or in a L64P
schwannomin isoform 1 mutant protein that had lost
the ability for N-terminal domain self-association (23).
Gutmann et al. (23) hypothesized that the N-terminal
domain self-association is required for the N- to
C-terminal domain interaction to take place. This hy-
pothesis was strongly supported by Gronholm et al.
(16) who showed that schwannomin N- and C-terminal
domain fragments of residues 1-339 and 252-595 in-
teracted, but schwannomin fragments of residues
1-167 and 252-595 did not. But inconsistently, Gron-

holm et al. (16) also showed that a schwannomin frag-
ment of residues 339-585 interacted with schwan-
nomin fragments of residues 1-167 and 252-595. This
result suggested that a masked binding site in the
C-terminal domain, present in both schwannomin iso-
forms, interacted with the unfolded N-terminal do-
main, and placed into question whether schwannomin
isoform 2 could undergo folding. This is of particular
interest since it is believed that schwannomin must be
folded to function as a negative growth regulator (24).
We tested the effects of mutation on schwannomin
isoform 2 interactions using the Gal4-based yeast two-
hybrid system in the framework of two hypotheses.

Hypothesis I.  Any mutation that disrupts schwan-
nomin self-association alters its ability to bind other
proteins.

Hypothesis II.  Schwannomin isoform 2 is folded dif-
ferently than schwannomin isoform 1, perhaps ex-
plaining why schwannomin isoform 2 is not a negative
growth regulator.
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TABLE 1

Nf2 Missense Mutation, Mutation Type (Somatic or Germline), Patient Phenotype (for Germline Mutations Only),
and Effect on Schwannomin Interaction

Mutation Somatic/Germline  Patient phenotype Effect of the mutation on binding

Trp41Cys (25) Somatic — Interacted with all proteins like the nonmutant SCHi2

Leud6Arg (26, 27) Somatic — Disrupted interactions with all proteins, but interacted strongly with
HRSi1 and moderately with HRSi2

Gly197Cys (25) Somatic — Interacted with all proteins like the nonmutant SCHi2, but the mutation
decreased binding to BII-spectrin and SCHi2

Val219Met (9, 28) Somatic — Interacted with all proteins like the nonmutant SCHi2, but the mutation
elevated HRSil binding and decreased SCHi2 binding

Asn220Tyr (2) Germline Mild Interacted with all proteins like the nonmutant SCHi2, but the mutation
elevated HRSi1 and HRSi2 binding and decreased SCHi2 binding

[1e273Phe (29) Somatic — Interacted with all proteins like the nonmutant SCHi2, but the mutation
elevated HRSi1, HRSi2, and BII-spectrin binding and decreased SCHi2
binding

Thr352Met (30) Germline Severe Interacted with all proteins like the nonmutant SCHi2, but the mutation
elevated HRSi1 and BlI-spectrin binding and decreased SCHi2 binding

Leu360Pro (7, 26) Germline Mild The mutation did not alter p110 binding, but disrupted interaction with
HRSIi1 and HRSi2 and weakened binding to gII-spectrin, SCHil, and
SCHi2

Lys3641le (29) Somatic — The mutation weakened binding to SCHil and disrupted binding to
HRSi1, HRSi2, Bll-spectrin, p110, and SCHi2

Leu535Pro (31) Germline Mild The mutation weakened interaction with HRSi1, HRSi2, gII-spectrin,
p110, and SCHi2

GIn538Pro (32) Germline Mild/Severe The mutation weakened interaction with HRSi1, HRSi2, gll-spectrin,

pl10, and SCHi2

Our approach to test hypothesis I was to assess the
ability for full-length schwannomin isoform 1, isoform
2, and isoform 2 mutants (Fig. 1) to interact with
HRSi1, HRSi2, pIl-spectrin, p110 and with wild-type
schwannomin isoform 1 and isoform 2. The second
hypothesis was tested by comparing the binding of
C-terminal fragments with that of full-length proteins.

In some cases, interactions in yeast may not wholly
reflect interactions in mammalian cells. For example,
Meng et al. (33) showed SCHil and ezrin interacted by
coimmunoprecipitation of overexpressed proteins from
A431 cells, but the authors were unable to show these
two proteins interacted using a transcriptionally based
yeast two-hybrid method. In the Gal4-based yeast two-
hybrid method, the SCHil-ezrin protein complex may
fail to translocate to the nucleus, or perhaps the con-
formation of the complex does not allow the Gal4 acti-
vation domain the correct positioning for transcrip-
tional activation. In addition, while yeast two-hybrid
experiments cannot address the stability of missense
or nonsense containing transcripts under physiologic
conditions, they can make important contributions to
structure/function studies. However, comparisons of the
B-galactosidase values among Figs. 2 and 3 suggest that
all mutant constructs were similarly expressed in yeast.

Effect of Nf2 Mutation on Binding to HRS,
BII-Spectrin, and p110

Nf2 mutations significantly altered schwannomin
binding to HRS, lI-spectrin, and p110. Schwannomin

isoform 2 mutated at L46R had reduced or no binding to
HRS isoform 2 and BII-spectrin, which interact with the
schwannomin C-terminal half, and p110 which binds the
schwannomin N-terminal half (Fig. 2). L46 is within
the region involved in N-terminal domain folding (23).
Schwannomin binding to each of HRS, glII-spectrin, or p110
was abolished by mutations K364I, L535P, and Q538P.
The crystal structure of moesin showed that the surface
residues where contact is made between the N- and
C-terminal domains share 81% identity to schwannomin,
suggesting a similar mechanism in schwannomin folding
(11). Because moesin residues V518 and H521, which lie
on the interface where the moesin N- and C-terminal
domains make contact, correspond to schwannomin res-
idues L535 and Q538 (11), schwannomin mutations at
these locations are likely to alter schwannomin folding
and binding properties. Missense mutations in the mid-
dle domain of SCH (V219M, N220Y, I1273F, and T352M)
elevated strengths of interactions with HRS and BII-
spectrin. The elevated interaction may be of no conse-
quence to SCH loss of function, or may result in loss of
schwannomin-mediated signaling due to irreversible
binding. Schwannomin isoform 2 mutated at L.46R, K3641I,
L535P, or Q538P is either misfolded or in an otherwise
unfavorable conformation that denies sites for binding.

Effect of Nf2 Mutation on Binding
of Other SCH Proteins

Only two Nf2 mutations abolished schwannomin iso-
form 2 binding to other schwannomin proteins as well
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replicates.

as to other schwannomin interacting proteins. The
schwannomin isoform 2 mutated at L46R failed to in-
teract with either wild-type SCHil or SCHi2, demon-
strating that this mutant does not self-associate (Fig.
3). Schwannomin isoform 1 and 2 differed remarkably
in their affinity for binding SCHi2 mutated at K3641I.
Schwannomin isoform 1 interacted with the K3641 mu-
tant while SCHi2 did not (Fig. 3). The SCHi2 mutated
at K364I also had reduced affinity for SCHil compared
to all other mutant SCHi2 proteins except L46R (Fig.
3). HRS, Bll-spectrin or pl110 did not interact with
SCHi2 mutated at K3641. Our hypothesis I is strongly
upheld for L46R and K364I. In addition, the mutations
L535P, and Q538P that reduced but did not abolish
schwannomin self-interaction had significant effect on
schwannomin interaction with HRS, ll-spectrin and
p110. Likewise, the mutation L360P that reduced but
did not abolish schwannomin self-interaction had sig-
nificant effect on schwannomin interaction with HRS,

but did not disrupt schwannomin binding with BII-
spectrin or p110.

Full-Length SCH Isoform 2 Can Bind SCH
C-Terminal Domain of Either Isoform

We tested the hypothesis II that schwannomin iso-
form 2 is unable to fold like schwannomin isoform 1 by
assessing the ability for SCHil or SCHi2 C-terminal
domain fragments (residues 256-595 and 256-590,
respectively) to bind full-length SCHil or SCHi2. Full-
length schwannomin isoform 1 did not interact with
the C-terminal fragment of either isoform while full-
length schwannomin isoform 2 interacted with the
C-terminal fragments of both isoforms (Fig. 4). The
schwannomin isoform 1 may be so strongly folded in
our assay that a binding site for the C-terminal frag-
ment of schwannomin isoform 1 was masked. Schwan-
nomin isoform 2, which previously was believed to not
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domain. The control tests show the levels of background obtained in
the control interaction between SCHil or SCHi2 and the GAL4
binding domain with no fusion. Values are p-galactosidase units and
are reported as means * SD of three replicates.

undergo N- to C-terminal domain folding, interacted
with the C-terminal fragments of both isoforms. Thus
we conclude that a site that binds the C-terminal half
of either isoform of schwannomin is available in the
full-length schwannomin isoform 2 that is unavailable
in schwannomin isoform 1 in our assay. This is likely
due to differences in the folding strengths of the
full-length proteins. Schwannomin isoform 2 may un-
dergo N- to C-terminal domain folding in a manner
that is entirely different from that in schwannomin
isoform 1.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Schwannomin Isoforms Bind BII-Spectrin Uniquely

Because the interactions between schwannomin C-ter-
minal fragments and full-length proteins were all exceed-
ingly weak (Fig. 4), we supported the conclusions of those
tests, that schwannomin isoforms 1 and 2 fold uniquely,
by testing the ability for truncated schwannomin pro-
teins to bind BllI-spectrin. Interactions by SCHil and
SCHi2 for BlI-spectrin and SCHi2 L46R support that the
schwannomin isoforms are differently folded and present
some unique binding properties. We previously showed
that C-terminal fragments of schwannomin interacted
with Bll-spectrin (18). We have now compared BII-
spectrin binding affinities between the schwannomin iso-
forms using matched sets of C-terminal domain frag-
ments in effort to identify differences in schwannomin
isoform conformations. We found that deletion of resi-
dues 1-255 markedly decreased SCHi2 affinity for SII-
spectrin, but allowed SCHil to more strongly bind BII-
spectrin (Fig. 5). Further truncation abolished BII-
spectrin binding by SCHi2, but not by SCHil (Fig. 5).
BII-Spectrin binding properties are remarkably unique
between the two schwannomin isoforms. The BII-spectrin
binding site is masked in full-length schwannomin iso-
form 1 but not 2, and in truncated schwannomin isoform
2 but not 1.

Our hypothesis II is strongly supported by these
tests. The data strongly show that the schwannomin
isoform 2 folded conformation is unique from that of
schwannomin isoform 1. We further hypothesize that
the differences in growth regulatory properties be-
tween schwannomin isoform 1 and 2 result from dif-
ferences in protein binding or folded conformations.

Mutation in the Nf2 gene severely affects schwan-
nomin normal function by disrupting interactions be-
tween schwannomin with itself and its interacting pro-
teins. Schwannomin isoform 1 is a verified growth
suppressor while no such function has been proven for
schwannomin isoform 2 (24). The growth suppressor
function in schwannomin isoform 1 has been tied to
schwannomin intramolecular interactions (23). We now
show that unique inter- and intramolecular interactions
occur for schwannomin isoform 2, suggesting that this
schwannomin isoform has unique functional properties.
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