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The neurofibromatosis type 1 (NF1) gene encodes a large tumor
suppressor protein (neurofibromin). Although it is known to
possess Ras GTPase-activating protein (GAP) activity, the cel-
lular role of neurofibromin remains unclear. Here we used yeast
two-hybrid screening to identify neurofibromin-interacting pro-
teins. Syndecan-2, a transmembrane heparan sulfate proteo-
glycan (HSPG), was isolated as a binding partner for two dis-
tinct regions of the neurofibromin protein. We subsequently
found that neurofibromin can bind all four mammalian synde-
cans. NF1 interaction requires the transmembrane domain and
a membrane-proximal region of the cytoplasmic tail of synde-
can, but not the C terminus of syndecan known to bind to

CASK, a membrane-associated guanylate kinase (MAGUK).
Neurofibromin, syndecans, and CASK have overlapping sub-
cellular distributions in axons and synapses of neurons, as
shown by biochemical fractionation and immunostaining.
Moreover, neurofibromin exists in a complex with syndecan and
CASK in vivo, as evidenced by their coimmunoprecipitation
from rat brain. Our findings suggest that interaction with differ-
ent members of the syndecan family may be a mechanism for
localizing neurofibromin to specialized domains of the plasma
membrane.
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Neurofibromatosis type I (NF1) is a common dominantly inher-
ited neurocutaneous disorder characterized by benign and malig-
nant tumors of the nervous system. The disease phenotype seems
to be mainly a manifestation of abnormal proliferation and/or
differentiation in cells of neural crest origin. The NF1 gene is
widely expressed in many tissues but at particularly high levels in
the CNS and peripheral nervous system (PNS; Daston et al.,
1992; Nordlund et al., 1993). NF1 encodes a large protein of 2818
amino acids (aa) known as neurofibromin; most germline muta-
tions in the NF1 gene are predicted to result in a truncated and
probably nonfunctional protein. A central 350-amino-acid region
of neurofibromin (the GAP-related domain or GRD) is homol-
ogous to known GTPase-activating proteins (GAPs). This GRD
has been shown to act as a GAP for the Ras family of small
GTPases that regulate cell growth and differentiation (Ballester
et al., 1990; Martin et al., 1990). Homozygous mice with targeted
disruption of the NF1 gene show lethal developmental abnormal-
ities, whereas heterozygotes are predisposed to the development
of various tumor types (Brannan et al., 1994; Jacks et al., 1994;
Cichowski et al., 1999; Vogel et al.,, 1999). It is assumed that
neurofibromin acts as a tumor suppressor by inhibiting the activ-
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ity of Ras. In addition, Drosophila neurofibromin has been shown
to be a regulator of the cAMP pathway and to be required for
learning (Guo et al., 1997, 2000) However, the precise cellular
roles of neurofibromin remain unclear. To gain potential clues to
neurofibromin function, we used the yeast two-hybrid system to
search for neurofibromin-interacting proteins. Here, we report
that syndecans bind specifically to neurofibromin.

The syndecan family of transmembrane proteins (syndecans
1-4) constitutes a major class of heparan sulfate proteoglycans
(HSPGs) on the cell surface (for review, see Bernfield et al., 1992;
David, 1993; Carey, 1997). By binding to a variety of secreted
growth/differentiation factors at the cell surface (e.g., fibroblast
growth factor, FGF), syndecan HSPGs are believed to function as
coreceptors in many receptor tyrosine kinase signaling pathways
(Schlessinger et al., 1995; Perrimon and Bernfield, 2000). In
addition, syndecans bind to extracellular matrix (ECM) proteins
such as laminin and fibronectin and are implicated in cell matrix
adhesion, cell movement, and tissue morphogenesis.

Extracellular domains of syndecans show little homology, but
their short cytoplasmic domains (~30 amino acids) are highly
conserved. The C-terminal four amino acids (-EF YA) shared by
all syndecans interact with CASK (the mammalian LIN-2 ho-
molog) (Cohen et al., 1998; Hsueh et al., 1998). In Caenorhabditis
elegans the CASK homolog LIN-2 associates with two other
PDZ-containing proteins, LIN-7 and LIN-10 (Kaech et al., 1998),
and all three are required for proper subcellular localization of
the epidermal growth factor (EGF) receptor (Kim, 1997). A
homologous ternary complex also exists in mammalian brain
(Butz et al., 1998). The mammalian LIN-2/LIN-7/LIN-10 com-
plex probably also is involved in subcellular targeting of receptors
and cytoskeletal/signaling proteins to specific plasmalemmal do-
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mains. In this report we show that neurofibromin is associated
with syndecans and CASK in brain, thus providing a potential
mechanism for localizing neurofibromin in a molecular microen-
vironment with specific cell surface receptors and other signaling
molecules.

MATERIALS AND METHODS

Plasmid construction. Ten segments spanning the human neurofibromin
coding region were amplified by using KlenTaq Advantage DNA poly-
merase with Marathon Ready human whole brain cDNA (Clontech, Palo
Alto, CA) according to the manufacturer’s directions. The primers
(sequences available on request) were engineered to contain EcoRI
restriction sites. After purification and digestion these fragments were
ligated into EcoRI-digested pBHA and validated by sequencing. Inter-
stitial deletions of the syndecan-2 coding region were generated by
overlap extension that used chimeric primers (sequences available on
request). To construct synd-2C and C-terminal deletion mutants of
syndecan-2 for yeast two-hybrid experiments, we PCR-amplified and
subcloned the desired sequences of syndecan-2 into an EcoRI site of
vector pGAD10 (Clontech). For construction of GST fusion proteins,
the coding regions of rat syndecan-2 from amino acid residue 33 to the
end (residue 211 for GST-synd-2 or residue 145 for GST-synd-2A65)
were subcloned into an EcoRI site of vector pGEX-4T-1 (Pharmacia,
Piscataway, NJ).

Antibodies. Rabbit polyclonal antibodies NFIGRP(D) and NFIGRP(N)
were obtained from Santa Cruz (Santa Cruz, CA). Rabbit antibodies
Syn-2C and Syn-3C that recognize the cytoplasmic domain of syndecan-2
and syndecan-3, respectively, have been described previously (Hsueh et
al., 1998; Hsueh and Sheng, 1999). The CASK monoclonal antibody also
has been described (Hsueh and Sheng, 1999).

Yeast two-hybrid analysis. Yeast two-hybrid analysis was done by using
the L40 yeast strain harboring reporter genes HIS3 and LacZ under the
control of upstream LexA binding sites, as described previously (Ni-
ethammer and Sheng, 1998). Bait constructs for each segment of the
neurofibromin coding region were cotransfected into L40 yeast host with
pGADI10-cloned cDNA libraries from adult and fetal human brain
(Clontech). This yielded ~4 X 10~ ¢ transformants per bait-library
combination. Colonies growing on histidine-deficient medium (supple-
mented with 2.5 mM 3-aminotriazole) and yielding a blue color with
X-gal were selected for plasmid recovery.

For liquid culture assay 4 ml of fresh yeast extract, peptone, and
dextrose (YPD) medium was added to 1 ml of overnight culture. The
cultures were incubated at 30°C for a further 3.5 hr with shaking to reach
ODyp = 0.5-0.6. The exact ODy,, was recorded at the time of harvesting
of the cells. Then 1 ml of culture was transferred to a microcentrifuge
tube, washed once with Z buffer, and resuspended in 0.1 ml Z buffer.
Three freeze/thaw cycles were performed by using liquid nitrogen and a
37°C water bath to break down yeast cell walls. Then 0.7 ml of Z buffer
containing 0.0027% (v/v) B-mercaptoethanol and 0.16 ml of 4 mg/ml
o-nitrophenyl-B-D-galactopyranoside in Z buffer was added to each tube.
After development of a yellow color, 0.4 ml of 1 M Na,CO; was added to
the tubes. Incubation time was recorded in minutes. After centrifugation
at 14,000 rpm for 10 min, the OD,,, of the supernatant was measured. Z
buffer without yeast cells was used as a blank to calibrate the spectro-
photometer. B-galactosidase units were calculated as (1000 X OD,,,)/
(incubation time X ODyg).

Subcellular fractionation of rat brain extracts. Subcellular fractions of
adult rat brain were prepared as described previously (Huttner et al.,
1983). Briefly, rat brain Dounce homogenate was centrifuged at 1000 X
g to remove nuclei and other large debris (pelleted in P1). The superna-
tant was centrifuged at 10,000 X g to obtain a crude synaptosomal
fraction (P2), which subsequently was lysed with hypotonic buffer and
centrifuged at 25,000 X g to pellet a lysed synaptosomal membrane
fraction (LP1). Then the supernatant (LS1) was centrifuged at 165,000 X
g to obtain a crude synaptic vesicle fraction (LP2) and soluble fraction
(LS2). The supernatant above the P2 fraction was centrifuged at
165,000 X g to obtain a soluble fraction (S3) and a light membrane
fraction (P3). For developmental studies the P2 fractions were collected
from the rats at the ages of embryonic day 14 (E14) and E18 and
postnatal day 3 (P3), P7, P15, P22, and P42.

GST pulldown assay and coimmunoprecipitation. One-week-old rat
brains were minced and homogenized by Dounce homogenizer in PBS.
Total homogenate was solubilized further with 1% Triton X-100 at 4°C
for 1 hr. For GST pulldown assay the extract was diluted with sufficient
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PBS to reduce the final concentration of Triton X-100 to 0.25%. Insol-
uble material was pelleted by centrifugation at 37,000 X g for 1 hr. Then
the supernatant was incubated with glutathione agarose prebound with
GST fusion protein for ~4 hr at 4°C. Unbound proteins were removed by
extensive washing, and the precipitates were analyzed by immunoblot-
ting. Immunoprecipitation of Triton X-100-solublized extract was per-
formed as described previously (Hsueh and Sheng, 1999), except that
antibody NFIGRP(N) (Santa Cruz) was used for immunoprecipitation
and antibody NFIGRP(D) (Santa Cruz) was used in immunoblotting.

Immunofluorescence staining. Double-label immunofluorescence that
used rat brain with two antibodies raised in the same species was
performed as described previously (Hsueh et al., 1998). The procedure
was modified slightly for the staining of cultured hippocampal neurons.
Briefly, cultured neurons were washed three times with PBS and then
fixed with 4% formaldehyde and 4% sucrose in PBS for 10 min. The cells
were treated further with 3% H,O, in methanol at —20°C for 15 min.
After 30 min of incubation in PBS with 0.5% blocking reagent (TSA
fluorescence kit, NEN Life Science Products, Boston, M A) the cells were
incubated with 50 ng/ml Syn-2C or Syn-3C antibodies for 2 hr at room
temperature or overnight at 4°C. (This concentration of primary anti-
body gives no detectable signal with conventional secondary antibody
immunofluorescence protocols.) After being washed three times with
PBST (PBS containing 0.05% Tween 20), the cells were incubated with
a 1:1000 dilution of biotinylated anti-rabbit antibody (NEN Life Science
Products) at room temperature for 1 hr and were incubated further with
a 1:200 dilution of streptavidin-conjugated horseradish peroxidase (TSA
fluorescence kit, NEN Life Science Products) for 30 min. Finally, Cy3-
conjugated tyramide (TSA fluorescence kit, NEN Life Science Products)
was applied at a 1:100 dilution in amplification diluent (TSA fluorescence
kit, NEN Life Science Products) for 10 min to visualize Syn-2C or
Syn-3C staining. After being washed three times with PBST, these cells
were processed for conventional neurofibromin immunofluorescence
staining with FITC-conjugated secondary antibody as described previ-
ously (Hsueh and Sheng, 1999). The results were analyzed with a
confocal microscope (LSMS510, Carl Zeiss, Thornwood, NY) with a
narrow bandpass filter, and digitized images were processed for publica-
tion with Adobe Photoshop (Mountainview, CA).

RESULTS

Identification of syndecan-2 as a
neurofibromin-binding protein

To identify neurofibromin-interacting proteins, we divided the
neurofibromin coding region into 10 segments, each of which was
used as bait in yeast two-hybrid screens of human brain cDNA
libraries. Specific positives were isolated with three regions of
neurofibromin. The N-terminal region (aa 1-135) interacts with a
novel protein with no obvious similarities to known proteins.
Remarkably, two other regions of neurofibromin, aa 1356-1562
(in the GRD, hereafter called the J fragment) and aa 26162812
(near the C terminus, hereafter called the P fragment), “fished
out” the same interacting clones from the library (Fig. 14). The
isolated clones contained amino acid residues 87-211 or 97-211
of human syndecan-2, which includes part of the N-terminal
extracellular domain, the entire transmembrane, and cytoplasmic
domains of syndecan-2. None of the other regions of neurofibro-
min interacted with syndecan-2 in yeast two-hybrid analysis (data
not shown). To narrow down the syndecan-2 binding site on
neurofibromin, we further divided J and P regions into N- and
C-terminal fragments (Jn/Jc and Pn/Pc, respectively). By yeast
two-hybrid assays either Jn (aa 1357-1473) or Pn (aa 2619-2719)
regions of neurofibromin were sufficient to interact with
syndecan-2 (Fig. 1A4). Thus, two separate parts of neurofibromin
can interact with syndecan-2.

To examine the interaction of syndecan-2 and full-length neu-
rofibromin, we performed GST pulldown assays from rat brain
extract. Neurofibromin was precipitated specifically by a GST
fusion of syndecan-2 (amino acid residue 33-211) containing part
of the extracellular domain, plus complete transmembrane and
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Figure 1. Bipartite interaction of neurofibromin and syndecan-2. A4,

Neurofibromin is depicted schematically at the fop; the J and P regions
used as baits in yeast two-hybrid screens are aligned below. GRD, GAP-
related domain. Interactions with human syndecan-2 are summarized,
based on induction of the reporter gene B-galactosidase in yeast two-
hybrid assays. B, GST pulldown assays from brain. Triton X-100 rat brain
extract was incubated with glutathione agarose charged with GST-
syndecan-2 (Synd-2) or GST-syndecan-2 mutant lacking the last 65 amino
acids (Synd-2A65). The precipitates were analyzed via immunoblotting by
using neurofibromin (NFI) and syndecan-3 (Synd-3) antibodies.

cytoplasmic domains of rat syndecan-2 (Fig. 1B; data not shown).
GST-syndecan-2A65, which lacks the C-terminal 65 amino acid
residues corresponding to the transmembrane and cytoplasmic
domains of syndecan-2, was unable to pull down neurofibromin
from rat brain extract (Fig. 1B). These biochemical results con-
firm an interaction between syndecan-2 and native neurofibromin
and indicate that the transmembrane and cytoplasmic domains of
syndecan are required for neurofibromin binding. GST-synde-
can-2 also precipitated syndecan-3 from brain extracts (Fig. 1B),
which is consistent with the known multimerization of syndecans
via their transmembrane domains (Asundi and Carey, 1995).

All four mammalian syndecans interact

with neurofibromin

Syndecans 1-4 are very similar to each other in their transmem-
brane and cytoplasmic domains (60-80% amino acid identity)
but share minimal homology in the extracellular regions (Fig.
2A). Syndecan-1, -3, and -4 also interacted with neurofibromin in
the yeast two-hybrid system (Fig. 24). The constructs of
syndecan-1, -3, and -4 (fused to the GAL4 activation domain)
were made to mimic the syndecan-2 cDNA isolated in the original
yeast two-hybrid screen; they contained 58 residues of the extra-
cellular domain and the entire transmembrane and cytoplasmic
domains (Fig. 24). Both J/Jn and P/Pn fragments of neurofibro-
min were able to interact with syndecans 1-4 (Fig. 24), although
the interaction between Jn and syndecan-1 was relatively weak.
The same fragments of neurofibromin did not interact with
CASK (data not shown), confirming the specificity of the
interaction.

Both transmembrane and cytoplasmic domains of
syndecans are involved in interaction

with neurofibromin

The GST pulldown result (see Fig. 1B) and the fact that all four
syndecans bind to J and P regions of neurofibromin suggest that
the neurofibromin binding site or sites lie within the highly
conserved transmembrane or cytoplasmic regions of syndecans
1-4 (Fig. 2A4). We first tested whether the cytoplasmic domain
alone was sufficient for interaction with neurofibromin in yeast
two-hybrid assays. A construct containing the cytoplasmic domain
and four residues of the transmembrane domain of syndecan-2
(synd-2C) showed no interaction with either the Jn or Pn frag-
ment of neurofibromin (Fig. 2B, second row). Synd-2C, however,
also did not interact with CASK, despite an intact C terminus
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containing the CASK PDZ-binding sequence (-EF YA), suggest-
ing that conformation of this fusion is incorrect. Similarly, synd-
2ATM (a construct deleted specifically for the transmembrane
domain of syndecan-2) was unable to interact with either neuro-
fibromin or CASK (Fig. 2B, third row). Because the transmem-
brane domains of syndecans mediate homo- and heteromultim-
erization of syndecans (Asundi and Carey, 1995) (Fig. 1B; data
not shown), we suspect that association via the transmembrane
domain is essential to present the cytoplasmic domain appropri-
ately for interaction with neurofibromin and CASK.

The two most highly conserved regions in the cytoplasmic
domains of syndecans are the C terminus (-EFYA) and a
membrane-proximal segment (RMRKKDEGSY). A mutant
lacking the last three amino acids of syndecan-2 (synd-2A3)
retained strong interaction with the J/Jn and P/Pn fragments of
neurofibromin but lost its interaction with CASK (Fig. 2B). Thus
neurofibromin binds to a region of syndecan distinct from the
C-terminal CASK binding site. Deletion of the membrane-
proximal sequence RKKDEGSY (synd-2A23-30) virtually abol-
ished syndecan interaction with either Jn and Pn fragments of
neurofibromin (Fig. 2B), reducing the binding activities to 2 and
0.8% of wild-type, respectively (based on quantitative
B-galactosidase assays). This result suggests that the conserved
membrane-proximal sequence RKKDEGSY is indeed important
for interaction with both regions of neurofibromin. We proceeded
to construct double alanine substitution mutants to map the
critical residues. Replacement of RK or KD with alanines (synd-
2RK/AA and synd-2KD/AA) greatly inhibited the interaction
with either Jn or Pn fragments of neurofibromin (Fig. 2B). The
effects were similar to that of the RKKDEGSY deletion mutant
(synd-2A23-30). Mutation of EG to AA (synd-2EG/AA) had a
modest effect on the interaction with neurofibromin, retaining 34
and 85% activity for Jn and Pn fragments, respectively. Synd-
2SY/AA mutation had no effect on neurofibromin binding. Taken
together, the sequence RKKD within the membrane-proximal
region of syndecan appears to be most important for neurofibro-
min interaction.

We found, however, that other regions of the cytoplasmic
domain of syndecan-2 also may be involved in the interaction with
neurofibromin. Deletion of the sequence DLGERK (synd-2A17-
22) that lies immediately C-terminal to RKKDEGSY reduced
the interactions with Jn and Pn fragments to 9 and 9.6%, respec-
tively (Fig. 2B). Deletion of the more C-terminal sequence
YQKAPT (synd-2A6-11) reduced the activities to 18.4% (for Jn)
and 24.9% (for Pn). These results suggest that sequences
DLGERK and YQKAPT also contribute to the interaction with
neurofibromin, although they are less important than the
membrane-proximal RKKD motif. This is supported further by
the results from C-terminal truncation mutants. Deleting the last
11 amino acids of syndecan-2 (synd-2A11) greatly impaired its
ability to associate with neurofibromin (Fig. 2B); further deletion
of 20 C-terminal amino acids (synd-2A20) completely abolished
neurofibromin binding (Fig. 2B).

Developmental expression and biochemical
fractionation of neurofibromin, syndecan, and CASK

To study the biochemical interactions of neurofibromin, synde-
cans, and CASK in vivo, we first analyzed their expression pat-
terns in rat brain by immunoblotting (Fig. 3). Expression of
neurofibromin protein was highest in embryonic brain but re-
mained at moderate levels throughout postnatal development
(Fig. 34). Syndecan-3 (also known as neuronal or N-syndecan)
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Extracellular Transmembrane Cytoplasmic Jn Pn
Synd-1  DETT~ (50aa) ~DRKEVLGGVIAGGLVGLIFAVCLVAFMLYRMKKKDEGSYSLEE PKQANGGAY QK- PTKQEEFYA + ++
Synd-2 ETMT~ (50aa)~KRTEVLAAVIAGGVIGFLFAIFLILLLVYRMRKKDEGSYDLGERKPSSAR-YQKAPTK--EFYA  +++ +++
Synd-3  PDTA~ (50aa) ~ERKEVLVAVIVGGVVGALFAAFLVTLLIYRMKKKDEGSYTLEEPKQA-SVTYQK-PDKQEEFYA  ++ +++
Synd-4  HIPE~ (50aa)~ERTEVLAALIVGGVVGILFAVEFLILLLVYRMKKKDEGSYDLG-KK-P---IYKKAPTN--EFYA  +++ ++
B- Extracellular Transmembrane Cytoplasmnic
Relative position -20 -11 -3-1 CASK
I | ([ Jn Pn PDZ
Synd-2 (54aa) ~KRTEVLAAVIAGGVIGFLFATIFLILLLVYRMRKKDEGSYDLGERKPSSAAYQKAPTKEFYA  470.5 310.9 20.6
Synd-2C LLVYRMRKKDEGSYDLGERKPSSARYQKAPTKEFYA 0.2 2 0.2
Synd-2ATM (54aa)~KRTE RMRKKDEGSYDLGERKPSSAAYQKAPTKEFYA 0.2 0.2 0.2
Synd-2A3 (54aa) ~KRTEVLARVIAGGVIGFLFAIFLILLLVYRMRKKDEGSYDLGERKPSSAAYQKAPTKE 474.1 364.2 nd
Synd-2A11 (54aa)~KRTEVLAAVIAGGVIGFLFATFLILLLVYRMRKKDEGSYDLGERKPSSAR 5.2 2.3 nd
Synd-2A20 (54aa) ~KRTEVLAAVIAGGVIGFLFAIFLILLLVYRMRKKDEGSYDL 1.2 0.6 nd
Synd-2A32 (54aa)~KRTEVLAAVIAGGVIGFLFATFLILLLVY 1.4 0.5 nd
Synd-2A6-11 (54aa) ~KRTEVLAAVIAGGVIGFLFATIFLILLLVYRMRKKDEGSYDLGERKPSSAA KEFYA 86.6 77.3 nd
Synd-2A17-22  (54aa) ~KRTEVLAAVIAGGVIGFLFAIFLILLLVYRMRKKDEGSY PSSARYQKAPTKEFYA 42.4  29.9 nd
Synd-2A23-30 (54aa) ~KRTEVLAAVIAGGVIGFLFAIFLILLLVYRM DLGERKPSSAAYQKAPTKEFYA 10.5 2.6 0.6
Synd-2RK/AA  (54aa) ~KRTEVLAAVIAGGVIGFLFAIFLILLLVYRMAAKDEGSYDLGERKPSSARYQKAPTKEFYA 15.5 11.4 3.3
Synd-2KD/AA  (54aa) ~KRTEVLAAVIAGGVIGFLFAIFLILLLVYRMRKAAEGSYDLGERKPSSAAYQKAPTKEFYA 10.7 19.5 2.6
Synd-2EG/AA  (54aa) ~KRTEVLAAVIAGGVIGFLFAIFLILLLVYRMRKKDAASYDLGERKPSSAAYQKAPTKEFYA 160.2 265.6 25.3
Synd-2SY/AA  (54aa) ~KRTEVLAAVIAGGVIGFLFAIFLILLLVYRMRKKDEGAADLGERKPSSAAYQKAPTKEFYA  410.2 345.9 14.8
pGAD10 empty vector 0.2 0.2 0.2

Figure 2. Yeast two-hybrid analysis of the neurofibromin—syndecan interaction. Yeast two-hybrid interactions of neurofibromin fragments Jn and Pn
with syndecans 1-4 (A) or with various syndecan-2 deletion and substitution mutants (B) were determined by induction of the reporter gene
B-galactosidase. 4, The activity of B-galactosidase was measured by the time taken for colonies to turn blue in the X-gal filter assay; +++, 1 hr; ++,

1-3 hr; +, 3-5 hr;

—, no significant reaction. B, B-galactosidase activity was measured by liquid culture assay. The numbers represent units of

B-galactosidase activity (see Materials and Methods). Neurofibromin fragments were fused to the LexA DNA binding domain, and syndecans were fused
to the GAL-4 transactivation domain. The sequences of syndecans in GAL-4 fusions are aligned, with deleted sequences left blank. Approximately 50
aa of the extracellular domain are omitted because of a lack of homology among different syndecans.

showed higher expression in embryonic and early postnatal rat
brain than in adult brain (Fig. 34). Because our syndecan-1 and -4
antibodies do not work efficiently on immunoblots of brain, where
syndecans are modified highly and heterogeneously by heparan
sulfate, we were unable to assess the levels of these proteins.
CASK is expressed fairly constantly in embryonic and postnatal
brain (Fig. 34).

The subcellular distribution of neurofibromin, syndecan-3, and
CASK was investigated by biochemical fractionation of adult rat
brain (Fig. 3B). Neurofibromin is associated predominantly with
membrane fractions, e.g., crude synaptosome (P2), light mem-
brane (P3), lysed synaptosomal membrane (LP1), and crude
synaptic vesicle (LP2) fractions. Syndecan-3 also is enriched in P2
and LP1. CASK is distributed more broadly in soluble and
membrane fractions. Thus neurofibromin, syndecan-3, and CASK
have nonidentical subcellular distributions overlapping in synap-
tosome (P2) and synaptosomal membrane (LP1) fractions.

To explore the possibility that neurofibromin is localized at
synapses, we examined whether neurofibromin cofractionated
with the postsynaptic density (PSD). Indeed, neurofibromin was
present in both PSDI (extracted once with Triton X-100) and
PSDII (extracted twice with Triton X-100) fractions; however, it
was not enriched in the PSD like CASK or PSD-95 (Fig. 3C).

Coimmunoprecipitation of neurofibromin, syndecan-3,
and CASK from rat brain

Because neurofibromin and CASK have different binding sites on
syndecans, these three proteins may form a ternary protein com-

plex. To test this in vivo, we performed coimmunoprecipitation
experiments of rat brain extracts (Fig. 3D). Neurofibromin anti-
bodies precipitated >50% of neurofibromin from Triton X-100-
solubilized rat brain and coprecipitated ~5-10% of syndecan-3.
In addition, a small fraction of CASK was coimmunoprecipitated
by neurofibromin antibody, indicating the existence of a native
complex containing neurofibromin/syndecan/CASK. A control
integral membrane protein, GluR2, was undetectable in neurofi-
bromin immunoprecipitates, confirming the specificity of the
coimmunoprecipitation.

Overlapping distribution of neurofibromin and
syndecan-3 at axons
By immunofluorescence and immunogold EM localization,
syndecan-2 is highly enriched at synapses (Hsueh et al., 1998),
whereas syndecan-3 is concentrated on axons (Fig. 4B; Hsueh
and Sheng, 1999). Immunostaining of immature cortical neurons
in culture (7 DIV) showed neurofibromin to be distributed widely
in neurons, including axons, dendrites, and cell bodies (Fig. 4A417;
data not shown). In mature hippocampal neuronal cultures (20
DIV) neurofibromin antibody revealed staining of both puncta
and long processes as well as diffuse cell body labeling (Fig.
5A1,B1). By confocal microscopy, neurofibromin staining over-
lapped with syndecan-3 in axonal processes of both young and
mature neuronal culture (Figs. 4E, 54), whereas in mature hip-
pocampal neurons it colocalized with syndecan-2 in a punctate
synaptic pattern (Fig. 5B).

We also performed double immunofluorescence staining of rat
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Figure 3. Expression, fractionation, and coimmunoprecipitation of neurofibromin, syndecan-3, and CASK. 4, Developmental expression profile. Crude
synaptosomal membrane fractions were collected from rat whole brain at different embryonic (E) and postnatal (P) ages (days) and immunoblotted for
the indicated proteins. B, Biochemical fractionation. Adult rat brain homogenate was fractionated by centrifugation (see details in Materials and
Methods). The resulting fractions were immunoblotted for the indicated proteins. H, Total homogenate; PI, crude nuclear pellet; S2, supernatant of P2
pellet; P2, crude synaptosomal membrane; S3, cytosolic fraction; P3, light membrane fraction; LS, supernatant of LP1; LPI, lysed synaptosomal fraction;
LS2, supernatant of LP2; LP2, crude synaptic vesicle fraction. C, Presence of neurofibromin in the postsynaptic density (PSD) fraction of adult rat brain.
Equal protein amounts of crude synaptosomal fraction (P2), PSD fraction I (PSDI; extracted once by Triton X-100), and fraction II (PSDII; extracted
twice by Triton X-100) were immunoblotted for neurofibromin, CASK, and PSD-95. D, Coimmunoprecipitation of neurofibromin, syndecan, and CASK.
Triton X-100-solubilized total homogenate of P7 rat brain was immunoprecipitated with neurofibromin antibodies or control rabbit IgG. The precipitates
were analyzed by immunoblotting for neurofibromin, syndecan-3, CASK, and GluR2.

brain sections. In concordance with the hippocampal culture
results, neurofibromin colocalized with syndecan-3 in axonal
pathways such as the corpus callosum (Fig. 6A4). Neurofibromin
also codistributed with syndecan-2 in synapses in the mossy fiber
tract of the hippocampus (Fig. 6 B). Taken together with staining
results of cultured neurons, neurofibromin localization overlaps
with different syndecans in different subcellular compartments,
namely with syndecan-2 at synaptic sites and with syndecan-3 in
axons.

DISCUSSION

Interaction between neurofibromin and the syndecans

To date the only identified biochemical function of neurofibromin
is that of stimulating the GTPase activity of Ras. Here, we report
a novel interaction between neurofibromin and the syndecan
family of transmembrane HSPGs. To our knowledge this repre-
sents the first demonstration of a neurofibromin-interacting pro-
tein other than Ras.

Neurofibromin and the syndecans are expressed widely in both
neurons and glia (Daston et al., 1992; Nordlund et al., 1993;
Hsueh et al., 1998; Hsueh and Sheng, 1999). Syndecans 1-4 show
differential cell type-specific patterns of expression in the rat CNS
(Hsueh and Sheng, 1999). For instance, syndecan-2 and -3 are
mainly neuronal, whereas syndecan-4 is expressed selectively in
glial cells. Syndecans also are distributed differentially with re-
spect to subcellular compartment, syndecan-2 being concentrated
in synapses (Hsueh et al., 1998) and syndecan-3 in axons (Hsueh
and Sheng, 1999). The functional significance of this differential
localization is not clear. However, because neurofibromin can
bind to all four known mammalian syndecans, it may associate
with different syndecan family members in different cell types or
at different subcellular locations in the same way that CASK can
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Figure 4. Overlapping distribution of neurofibromin, syndecan-3, and
CASK in axons of 7 DIV cultured cortical neurons. A-C, Indirect double
immunofluorescence staining was performed with neurofibromin (NF1),
syndecan-3 (Synd-3), CASK, and tau antibodies. Each group of images
represents the same field visualized for the protein indicated in color in
each panel. Tau is used as an axonal marker. D, Neurofibromin antibody
was preincubated with antigenic peptide for 1 hr before being added to the
cells. The neurofibromin staining signal was inhibited completely by
competition of antigenic peptide, suggesting specificity of staining. E,
Confocal images of double immunofluorescence staining with the use of
the TSA fluorescence system (see details in Materials and Methods).
Asterisks in A mark neurofibromin-positive glial cells at top left corner.
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Figure 5. Colocalization of neurofibromin with different syndecans at
different subcellular compartments in mature hippocampal neuronal cul-
tures. Confocal analysis of indirect immunofluorescence staining of 20
DIV hippocampal neuronal cultures was performed. Each group of im-
ages represents the same field visualized for the protein indicated in color
in each panel. The fourth panel of each group is a higher magnification
image of the inset in the third panel. A, Double staining of neurofibromin
and syndecan-3. B, Double staining of neurofibromin and syndecan-2.
TSA fluorescence system was used for syndecan-2 and syndecan-3 staining
(see details in Materials and Methods).

interact with multiple distinct syndecans (Hsueh et al., 1998,
1999).

Remarkably, two widely separated regions in neurofibromin (J
and P) can bind to syndecan. This bipartite interaction could
increase the avidity of binding between neurofibromin and syn-
decan proteins. By yeast two-hybrid analysis that used various
mutants of syndecan-2, we could not distinguish between the
binding of J and P fragments, suggesting that the J and P frag-
ments may bind to the same or overlapping regions of syndecan.
Surprisingly, there is no sequence similarity between the J and P
regions. It will be interesting to know whether the J and P
segments lie close to each other in the tertiary or quaternary
structure of neurofibromin and whether they compete or collab-
orate with each other for binding to syndecan.

Deletion analysis indicates that both transmembrane and cyto-
plasmic domains of syndecan are required for interaction with
neurofibromin. The transmembrane domain of syndecan is un-
likely to be the direct binding site of neurofibromin and previ-
ously has been shown to act as a multimerization domain. Be-
cause the cytoplasmic tail of syndecan is short (~30 amino acids),
it is possible that multimerization via the transmembrane region
is required for its presentation in the correct conformation or
stoichiometry for binding to neurofibromin. For instance, neuro-
fibromin binding may require two or more cytoplasmic tails of
syndecans in close proximity.
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Figure 6. Colocalization of neurofibromin with different syndecans in
different regions of rat brains. A, Double staining with neurofibromin and
syndecan-3 in corpus callosum. B, Double staining with neurofibromin
and syndecan-2 in region CA3 of hippocampus. MF, Mossy fiber tract.
Each group of images represents the same field visualized for the protein
indicated in color in each panel. TSA fluorescence system was used for
syndecan-2 and syndecan-3 staining (see details in Materials and
Methods).

Role of the neurofibromin-syndecan interaction

The biochemical fractionation studies indicate that neurofibromin
is associated predominantly with brain membrane fractions (see
Fig. 3B). Binding to the transmembrane syndecan proteins pro-
vides a potential mechanism for the membrane association of
neurofibromin. Syndecans are targeted to specific subcellular sites
where they probably are anchored via C terminus—-PDZ domain
interaction to scaffold proteins such as CASK (Cohen et al., 1998;
Hsueh et al., 1998) and syntenin (Grootjans et al., 1997). PDZ-
containing scaffolds typically assemble large protein complexes at
particular sites at the plasma membrane (Sheng and Sala, 2001).
CASK also binds to additional proteins such as Veli/LIN-7 and
Mint1/LIN-10, which in turn interact with other proteins (Bredt,
1998). The binding of neurofibromin to syndecan therefore could
target it to a specialized molecular microdomain organized by
CASK and associated proteins at the cell surface.

What is the functional significance of the interaction between
neurofibromin and the syndecans? The exact roles of syndecan
HSPGs at the cell surface are not clearly understood. In general,
cell surface HSPGs are believed to play roles in cell adhesion and
intercellular signaling, often acting as binding sites for growth/
differentiation factors and as coreceptors for conventional recep-
tors (Carey, 1997; Perrimon and Bernfield, 2000). Syndecans are
implicated in the maintenance of differentiation and in suppres-
sion of tumor growth in epithelial cells (Leppa et al., 1992). In
neurons, syndecan-2 promotes the development of dendritic
spines (Ethell and Yamaguchi, 1999). By association with
syndecan-2, neurofibromin may contribute to synaptic RasGAP
activity. All of these activities are pertinent to cell differentiation
and proliferation and/or to synaptic plasticity and hence are
relevant to the tumorigenic and learning defect phenotypes of
NF1. The association of neurofibromin with syndecans and
CASK suggests that it may function in an adhesion-signaling
complex at the cell surface, perhaps via the targeting of neurofi-
bromin RasGAP activity to syndecan-containing microdomains.
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