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ABSTRACT. f3-Dystroglycan is a ubiquitously expressed integral membrane protein that undergoes tyrosine
phosphorylation in an adhesion-dependent manner. Tyrosine 892 is now thought to be the principal site
for recognition by the c-Src tyrosine kinase; however, little is known about the regulation of this
phosphorylation event in vivo. Here, we generated a novel monoclonal antibody probe that recognizes
only tyrosine 892 phosphorylatgtddystroglycan (pY892). We show that upon tyrosine phosphorylation,
B-dystroglycan undergoes a profound change in its sub-cellular localization (e.g., from the plasma membrane
to an internal membrane compartment). One possibility is that the net negative charge at position 892

causes the redistribution gfdystroglycan to this intracellular vesicular location. In support of this notion,
mutation of tyrosine 892 to glutamate (Y892E) is sufficient to drive this intracellular localization, while
other point mutants (Y892F and Y892A) remain at the plasma membrane. Interestingly, our colocalization
studies with endosomal markers (EEAL, transferrin, and transferrin receptor) suggest that these phospho-
pB-dystroglycan containing internal vesicles represent a subset of recycling endosomes. At the level of
these internal vesicular structures, we find that tyrosine phosphoryfatgaétroglycan is colocalized

with c-Src. In addition, we demonstrate that known ligandsxfalystroglycan, namely, agrin and laminin,

are able to induce the tyrosine phosphorylationgeflystroglycan. Finally, we show that tyrosine
phosphorylateg-dystroglycan is also detectable in skeletal muscle tissue lysates and is localized to an
internal vesicular membrane compartment in skeletal muscle fibers in vivo. The generation of a phospho-
specific 5-dystroglycan (pY892) mAb probe provides a new powerful tool for dissecting the role of
dystroglycan phosphorylation in normal cellular functioning and in the pathogenesis of muscular dystrophies.

Dystrophin is a large, rodlike cytoskeletal protein, which
is found at the inner surface of muscle fibery.(The

through its presence within a large oligomeric complex,
termed the dystrophinglycoprotein complex (DGC)4).

dystrophin gene is mutated in Duchenne Muscular Dystrophy  The dystrophir-glycoprotein complex (DGC) contains

(DMD), as well as in the dystrophin-deficientdx mouse
model @, 3). Dystrophin associates with the cytoskeleton

two smaller complexes, the (i) dystroglycan complex and
the (ii) sarcoglycan complex. Originally identified in skeletal

through its interactions with actin and with the sarcolemma myscle, dystroglycan is encoded by a single transcript that
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is posttranslationally processed into two interacting subunits
of ~156 and~43 kDa, respectively, termegdystroglycan
and g-dystroglycan ).

a-Dystroglycan is a heavily glycosylated extracellular
protein that binds to laminin-2, a component of the basal
lamina, and tgs-dystroglycan.5-Dystroglycan is a trans-
membrane protein that binds, on the intracellular side, both
dystrophin and the dystrophin-related ubiquitous homologue,
utrophin @, 7). As such, dystroglycan is believed to provide
a transmembrane link between the extracellular matrix and
the cytoskeleton§). Disruption of the dystrophinglyco-
protein complex underlies the molecular pathogenesis of a
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variety of forms of muscular dystrophy. This suggests that motif was found to act as a binary regulatory switch to inhibit
this extracellular matrixcytoskeletal linkage is critical for ~ the binding of WW domain containing proteins, while
maintaining the structural integrity of the sarcolemia promoting the recruitment of SH2 domain containing proteins
10). (27).

Interestingly, dystroglycan is expressed in a variety of cell  Here, we directly examine the phosphorylationgedys-
types from early development into adulthood, indicating that troglycan on tyrosine 892 in vivo. For this purpose, we
its function is not restricted to skeletal muscle fibers. The generated and extensively characterized a novel phospho-
binding partners of dystroglycan may differ in different cell - gpecific monoclonal antibody probe that selectively recog-
types and in specialized regions of a single cell type. For \i;eg only tyrosine 892 phosphorylategtdystroglycan
e_xample, studlgs have shown thatlystroglycan can func- (pY892). The generation of a phosphospegifidystroglycan
tion as an agrin receptor at the level of neuro-muscular (PY892) mAb probe provides a new powerful tool for

junction (11, 12), but can bind laminin-2 throughout the  gisqecting the role of dystroglycan phosphorylation in normal
sarcolemmag, 13). Additional functions for-dystroglycan — eyjyjar functioning and in the pathogenesis of muscular
arise from the observations thatdystroglycan may act as dystrophies.

the common receptor for viral and bacterial agents, such as
the Arena virus andvlycobacterium lepraemong others M ATERIALS AND METHODS
(14, 15).

In addition to the crucial structural role of dystroglycan  Materials Antibodies and their sources were as follows:
as an extracellular matrixcytoskeletal linker, it has recently  anti3-dystroglycan IgG (mouse mAb, Novocastra), anti-
been proposed that dystroglycan may also function as aplacental alkaline phosphatase 1gG (rabbit pAb, Zymed
dynamic signal transducing molecule. Structurally, the pro- Laboratories Inc.), anti-phospho-tyrosine 1gG (rabbit pAb,
line-rich cytoplasmic tail ofi-dystroglycan provides putative  BD Biosciences Pharmingen), anti-c-Src 1gG (rabbit pAb
sites of interactions for WW domain and SH3 domain SRC-2, Santa Cruz Biotech, Inc.), anti-transferrin receptor
containing proteins. Recent reports have demonstrated thalgG (rabbit pAb, Cymbus Biotechnology Ltd.), anti-EEA1
the cytoplasmic tail of-dystroglycan binds proteins involved  (rabbit pAb, Calbiochem), anti-caveolin-1 IgG (rabbit pAb,
in signal transduction processes and cytoskeletal organizationN-20, Santa Cruz Biotech, Inc.), and anti-caveolin-3 IgG
such as the SH3 domain containing protein Grb2 (16), and (mouse mAb, clone 26, BD BioscienceBharmingen). The
in clustering neurotransmitter receptors, such as ragsg)n ( cDNA encoding human c-Src WT in the pUSEamp CMV-
In addition, dystrophin is known to bing-dystroglycan  pased vector was purchased from Upstate Biotechnology,
through 15 residues at the extreme C-terminug-af/stro- Inc. A variety of other reagents were purchased com-
glycan 6, 18). _ _ mercially: cell culture reagents were from Gibco-BRL, Agrin

Recent studies have revealed that the interaction of the(550-AG) was from R&D Systems, Inc.; Laminin (L-2020),
C-'term.inal tall ofﬂ—dystroglycan_ with dystrophin occurs  Fibronectin (S-5171), and Poly-Lysine (P-1524; MW
primarily through the WW domain of dystrophidg, 20). ~ >300 000) were from Sigma; and transferrin, a tetrameth-
A similar modular binding mechanism was shown to explain yjrhodamine conjugate (T-2872), was from Molecular Probes.
the interaction off-dystroglycan with utrophin, a ubiquitous ¢ stom synthesis of tyrosine phosphorylated peptides was

homologue of dystrophir2). The WW domain is a small  performed by Genemed Synthesis, Inc. (Irvine, CA).
protein module of~38—40 semiconserved amino acids that

is widely distributed among various structural, regulatory,
and signaling protein2@, 23). The WW domain is named
after two highly conserved tryptophan (W) residues spaced
~20—22 amino acids apart. WW domains have been
implicated in mediating proteinprotein interactions by
binding to peptide sequences containing proline-rich motifs,
such as PPxY 24, 25). The presence of a conserved and
potentially phosphorylatable tyrosine (Y) residue within the
WW domain binding motif (PPxY) prompted early specula-
tion on its regulatory role in WW domairligand binding,
possibly serving as a molecular switch between WW a
SH2 domains Z6). However, only recent studies have
provided supporting evidence for this proposair)(
Significant progress in understanding the roleSedlys-
troglycan in signaling came from the observation tha

B-dystroglycan undergoes c-Src-induced tyrosine phospho-The cDNAs encc_:ding full-length caveo_lin—l and ca_veolin—3
rylation at its extreme C-terminug7, 28). Phosphorylation ~ Were subcloned into pCB7, a mammalian expression vector

of B-dystroglycan is strictly dependent on the presence of driven by the cytomegalovirus (CMV) promote3Z-35).
tyrosine residue 892 within the PPxY motif, which also Hybridoma ProductionA monoclonal antibody to phos-
functions as a ligand for WW domain containing proteins pho{-dystroglycan was generated by immunization of Balb/c
(27, 28). Interestingly, tyrosine phosphorylation gfdys- female mice with g3-dystroglycan peptide phosphorylated
troglycan at this site blocks its interaction with the WW on tyrosine 892 (residues 88895; KNMTPYRSPPP(pY)-
domains of dystrophin and utrophi@§ 29). Furthermore, VPP). Mice showing the highest titer of immunoreactivity
tyrosine phosphorylation ¢gi-dystroglycan within the PPxY  in RSV-transformed cells were used to create fusions with

Construction of cDNAsThe construction of the alkaline
phosphatase-tagg¢ddystroglycan (APSDG) was as previ-
ously described1(9). Briefly, AP-DG is a fusion protein
carrying the transmembrane and cytoplasmic domain of
p-dystroglycan fused to the ectodomain of alkaline phos-
phatase (AP). The constructs encoding APG (Y892F),
AP-SDG (Y892A), and APSDG (Y892E) were generated
via PCR mutagenesis using oligonucleotides. To obtain the
complete sequence fots-dystroglycan, RT-PCR was per-
formed using murine skeletal muscle mRNA as the template
nd (30). The cDNA segment was linked in frame to the signal

peptide sequence of human basement membrane protein BM-

40. A cDNA fragment corresponding to the entire coding

sequence ofi5-DG and BM40 was inserted into the pCEP
t Pu/ AC7 plasmid usinghol andHindlIl cloning sites §1).
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myeloma cells using standard protocoBS) Positive hy- rhodamine (LRSC)-conjugated goat anti-rabbit antibodies
bridomas were cloned twice by limiting dilution and injected (Jackson Immunochemicals).
into mice to produce ascites fluid. IgGs were purified by  Transferrin Internalization AssayCos-7 cells were tran-
affinity chromatography on protein A-Sepharose. siently transfected with an alkaline phosphatase-tagged
Cell Culture and TransfectiorCos-7 and 293T cells were  construct containing the cytoplasmic tail @fdystroglycan
grown in DME supplemented with glutamine, antibiotics (AP-3DG) and c-Src. After 36 h, cells were preincubated
(penicillin and streptomycin), and 10% fetal calf sers)( with regular media containing 1% BSA for 30 min at 37
Constructs were transiently transfected into Cos-7 cells alone°C. Then, the media was replaced with 1 mL of complete
or in combination with c-Src using the Effectene transfection media supplemented with rhodamine-conjugated transferrin
reagent (Qiagen), as per the manufacturer’s instructions, anq(10 xg/mL; Molecular Probes). After incubation at 3T
analyzed 36 h post-transfection. Constructs were transientlyfor 5—60 min, the cells were washed in PBS and fixed in
transfected into 293T cells using using a modified calcium 2% paraformaldehyde for 30 min. Cells transfected with AP-
phosphate precipitation method and analyzed 36 h post-SDG and c-Src were detected by immunostaining with anti-
transfection. phosphgs-dystroglycan (pY892) IgG (mAb clone 14a) using
Immunoblot AnalysisCells were lysed in boiling sample  an FITC-conjugated secondary antibody.
buffer (37). Samples were then collected and boiled for a  pyyification of Lipid Raft/Caeolae Membrane Fractions.
total of 5 min. Samples were homogenized using a 26 g caveolae-enriched membrane fractions were purified es-
needle ad a 1 mLsyringe. To prepare lysates from murine - sentially as we previously described®). Briefly, transfected
skeletal muscle fibers, muscle tissue was harvested, mincecbo3T cells were scraped in 0.7 mL of MBS (25 mM MES,
with a scissor, and solubilized with boiling lysis buffer (10 pH 6.5, 150 mM NaCl) containing 1% Triton X-100 and
mM Tris, pH 8; 50 mM NaCl; 1% SDS) containing homogenized with 10 strokes of a tight-fitting Dounce
phosphatase inhibitors. Protein lysates were resolved by SD§homogenizer. The samples were mixed with an equal volume
PAGE (10% acrylamide) under reducing conditions and of 80% sucrose (prepared in MBS lacking Triton X-100),
transferred to nitrocellulose membranes (Schleicher andiransferred to the bottom of an ultracentrifuge tube, and
Schuell). The protein bands were visualized with Ponceau gyerlaid with a discontinuous sucrose gradient (1.4 mL of
S (Sigma). Membranes were blocked with 4% nonfat dried 3094 sucrose, 1.8 mL of 5% sucrose, both prepared in MBS,
milk in TBST (20 mM Tris-HCI, 150 mM NaCl, 0.1%  |acking detergent). The samples were then subjected to
Tween 20) supplemented with 1% bovine serum albumin centrifugation at 44 000 rpm in a SW60 Sorval rotor for 16
(BSA). For phospho-tyrosine antibodies, membranes werep A |ight scattering band was observed at the 5/30% sucrose
blocked with 4% BSA in TBST. Blots were then incubated jnterface. Twelve 0.375 mL fractions were collected, and

at room temperature fdl h with primary antibody diluted 10 g of each fraction was separated by SEFAGE and

in 1%BSA. Horseradish peroxidase-conjugated secondarysypjected to immunoblot analysis.

antibodies were used to visualize bound primary antibodies Immuno-Staining of Skeletal Muscle SectidBastrocne-

with thg Supersign'a'l chemiluminescence sub;trate (Pierce)mi'JS muscles were isolated from C57BI/6 mig8) rapidly
Peptide CompetitionCos-7 cells were transiently rans- - 4,6 in liquid nitrogen cooled isopentane, and stored in

fected with APSDG and c-Src in combination and subjected liquid nitrogen. Unfixed frozen sections (@m thick) of

to preparative SDSPAGE. After transfer, the nitrocellulose gy ojetal muscle were treated with 1% BSA, 10% horse serum,

sheet was cut into strips and incubated with anti-phospho- 4,4 0194 Triton X-100 fol h atroom temperature. Sections

p-dystroglycan (pY892) IgG alone or in combination With \yere then incubated with a given primary antibody diluted

peptides. Horseradish peroxidase-conjugated secondary any, pgg containing 1% BSA. After three washes with PBS,

tibodies (1:6000 dilution, Pierce) were used to visualize gections were then incubated with an FITC-conjugated goat
bound primary antibodies with the Supersignal chemilumi- 5 mouse secondary antibody. Finally, the sections were

nescence substrate (Pierce). washed three times with PBS, and slides were mounted with
Immunofiuorescence MicroscapyThe procedure Was — gjow-Fade anti-fade reagent.

performed as we previously describe88). Transfected

Cos-7 were fixed for 30 min in PBS containing 2% RESULTS

paraformaldehyde. Fixed cells were rinsed with PBS and then

incubated in permeabilization buffer (PBS; 0.2% BSA; 0.1%  Characterization of a mAb Probe Specific for Tyrosine
Triton X-100) for 10 min. The cells were then treated with 892 Phosphorylate@-Dystroglycan We and others have
25 mM NH,CI in PBS for 10 min to quench free aldehyde recently demonstrated thaddystroglycan undergoes tyrosine
groups, washed with PBS, and successively labeled with aphosphorylation at its extreme C-termin@5,(28). Further-
1:100 dilution of anti-phosphg-dystroglycan (pY892) IgG ~ more, we identified the kinase responsible for this phospho-
(mAb clone 14a). After washing with PBS X3, cells were  rylation event as the c-Src tyrosine kinas)( Using a
incubated with a secondary antibody [fluorescein (FITC)- deletion mutagenesis approach, we have implicated tyrosine
conjugated goat anti-mouse antibody (Jackson Immunochem-Jesidue 892 as the critical site for this event. However, direct
icals)]. Cells were then washed with PBSx(B and slides ~ in vivo evidence that3-dystroglycan undergoes tyrosine
were mounted with Slow-Fade anti-fade reagent (Molecular phosphorylation on residue 892 is lacking.

Probes). A CCD camera mounted on an Olympus microscope To resolve this issue, we generated a novel phospho-
was used for detection of bound secondary antibodies. Forspecific mAb probe that recognizeésdystroglycan only
double-labeling experiments, the appropriate primary poly- when phosphorylated on tyrosine 892 (see Materials and
clonal antibody (pAb) was incubated along with anti- Methods). Briefly, a tyrosine phosphorylatgelystroglycan
phosphos-dystroglycan mAb and detected with lissamine- peptide (KNMTPYRSPPP(pY)VPP, residues 88B5) was
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Ficure 1: Characterization of a mouse mAb probe (cl 14a) that
only recognizeg3-dystroglycan phosphorylated on tyrosine 892.
A [-dystroglycan peptide phosphorylated on tyrosine 892 (KN-
MTPYRSPPP(pY)VPP, residues 88895) was used to immunize
mice and generate a phospBalystroglycan specific mAb probe.

(A) Western blot analysis. Cos-7 cells were transiently transfected

with an alkaline phosphatase-tagged formpedystroglycan (AP-
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Phospho B-DG mAb

AP-BDG alone

AP-BDG + c-Src

FiIGURE 2: Localization of tyrosine 892 phosphorylatgetlystro-
glycan in Cos-7 cells transiently transfected with c-Src. To examine
the localization of tyrosine phosphorylatgtidystroglycan, we
transiently transfected Cos-7 cells with an alkaline phosphatase-
tagged form of -dystroglycan (APSDG), either alone or in
combination with c-Src. Thirty-six h post-transfection, cells were
formaldehyde-fixed and immuno-stained with an anti-phosgho-
dystroglycan mouse mAb (cl 14a). As shown in the upper panel,
when Cos-7 cells were transfected with APG alone, little or

no immuno-staining with anti-phosplfdystroglycan IgG was
observed. In cells cotransfected with the cDNA encodingrRs

and c-Src, immunostaining with the anti-phosghdystroglycan
probe revealed internal membranous/vesicular staining. Most of the
cells showed a fluorescent intracellular dotted pattern. A repre-
senative example is shown in the lower panel.

used to immunize mice. Five positive hybridoma clones were

BDG) and c-Src, alone or in combination. Note that anti-phospho- Obtained (cl 1, 14a, 24a, 27, and 45). Clone 14a gave the

pB-dystroglycan (pY892) IgG only recognizg@sdystroglycan when
it is coexpressed with c-Src. Importantly, when tyrosine 892 is
mutated to phenylalanine (Y982F), this immuno-reactivity is
completely abolished. Immunoblotting with a rabbit pAb that
recognizes the alkaline phosphatase epitope tag offitigstro-

strongest immuno-reactivity and was selected for detailed
characterization.
Figure 1 demonstrates the specificity of this anti-phospho-

pB-dystroglycan (pY892) antibody in vivo. Cos-7 cells were

glycan construct is shown as a control for equal loading. The transiently transfected with an alkaline phosphatase-tagged

mobility of AP-DG (Y892F) may be upwardly shifted because
of a conformational change. (B}Dystroglycan phospho-peptides.
Sequence of the threg-dystroglycan peptides (pY892, Y892,
pY886) and of an irrelevant peptide (Cav-1 pY14) used for the

competition assay are shown. (C) Peptide competition. Cos-7 cells

were transiently cotransfected with A®®G and c-Src and
subjected to preparative SBPAGE. After transfer to nitrocel-

lulose, the blot was cut into strips and incubated with anti-phospho-

pB-dystroglycan 1gG alone or in combination with peptides. Note

that after preincubation with the tyrosine 892 phospho-peptide [the

immunogenpDG (pY892)], anti-phosph@-dystroglycan (pY892)

construct containing the cytoplasmic tail @§fdystroglycan
(AP-SDG) and c-Src, alone or in combination. Note that anti-
phosphog-dystroglycan 1gG only recognize tyrosine phos-
phorylateds-dystroglycan when it is coexpressed with c-Src
(Figure 1A). Equal protein loading was assessed using an
antibody raised against alkaline phosphatase (AP pAb).
Importantly, when tyrosine 892 is mutated to phenylalanine
(Y892F), preventing phosphorylation at this site, this im-
munoreactivity is completely abolished (Figure 1A). In

IgG is no longer able to recognize the phosphorylated protein. In addition, the mobility of phosphg-dystroglycan was shifted
contrast, preincubation with either (i) an unphosphorylated version ypward, as we and others have previously no®g 28).

of the same peptidgsDG (Y892)], (ii) with an irrelevant phospho-
peptide peptide [Cav-1 (pY14)], or (iii) with #-dystroglycan
peptide phosphorylated on an adjacent tyrosfiizg (pY886)] does
not affect the immunoreactivity of anti-phospfiedystroglycan
(pY892) IgG.

We further stringently tested the specificity of anti-
phosphags-dystroglycan (pY892) IgG by peptide competition
with -dystroglycan-derived peptides and with an irrelevant
peptide. The sequences of these thfedystroglycan-based
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A AP-BDG + c-Src A AP-BDG + c-Src

Phospho Phospho
B-DG mAb B-DG mAb
pY pAb

AP pAb

B AP-gDG + c-Src
B AP-BDG + c-Src

Merged
Merged Image

Image

FiIGURE 4: Tyrosine 892 phosphorylategidystroglycan does not
FIGURE 3: Localization of tyrosine 892 phosphorylatgetlystro- localize to focal adhesions. To examine whether tyrosine phos-
glycan does not coincide with the pattern observed for total Phorylated f-dystroglycan would localize to focal contacts or
B-dystroglycan. To examine whether the localization of tyrosine adhesions, we transiently transfected Cos-7 cells with an alkaline
phosphorylateg-dystroglycan coincides with totgdystroglycan, phosphatase-tagged form/@fdystroglycan (ARSDG) in combina-

we transiently cotransfected Cos-7 cells with an alkaline phos- fion with c-Src. (A) Phosph@-dystroglycan vs total phospho-
phatase-tagged form @kdystroglycan (APSDG) and c-Src. (A) tyrosine. Thirty-six h post-transfection, cells were formaldehyde-
Distribution of 8-dystroglycan (total vs pY892) hirty-six h post- fixed and doubly immuno-stained with (i) anti-phosphialys-
transfection, cells were formaldehyde-fixed and doubly immuno- froglycan 1gG (pY892; mouse mADb cl 14a) and with (ii) an antibody
stained with (i) anti-phosphg-dystroglycan 1IgG (mouse mAb cl raised against total phospho-tyrosine (pY) (rabbit pAb). Note that
14a) and with (ii) an antibody raised against the alkaline phosphatasety"osine phosphorylatef-dystroglycan does not colocalize with
(AP) tag (rabbit pAb). In cells cotransfected with ABG plus the major sites of tyrosine phosphorylation. These major sites of
¢-Src, immunostaining with anti-phosplfedystroglycan appeared ~ tyrosine phosphorylation activity are known to correspond to focal
as large intracellular dots (upper panel). In contrast, the lower panel 2dhesions (40). (B) Color overlay. The merged image clearly indi-
shows the membrane-bound distribution of the t8tdiystroglycan, cates that tyrosine phosphorylatgdlystroglycan is not localized

as detected by labeling with the AP-tag polyclonal antibody. Note I proximity to the major sites of tyrosine phosphorylation in vivo.
that little or no colocalization is observed. These results indicate

that the bulk of-dystroglycan is not localized in proximity to the  peptides (pY892, Y892, pY886) and an irrelevant peptide

major sites of3-dystroglycan tyrosine phosphorylation in vivo. (B) (Cav-1 pY14) are detailed in Figure 1B. As predicted,

Color overlay A merged image of the micrographs presented in . g : : . . )
panel A is shown to better illustrate the relatively nonoverlapping immunoreactivity was abolished by preincubation with a 100

distributions of phosph@-dystroglycan and totaf-dystroglycan  fold molar excess of the antigenic peptideRG/pY892)
within a single cell. (Figure 1C). Importantly, no inhibitory effect was observed
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A B

AP-BDG + c-Src AP-BDG + c-Src

Phospho B-DG Phospho p-DG

(Green) (Green)
EEA-1 Transferrin Receptor
(Red) (Red)

AP-BDG + c-Src AP-BDG + c-Src

Phospho B-DG
(Green)

Phospho B-DG
(Green)

Transferrin Ligand
--15 minutes
(Red)

Transferrin Ligand
--30 minutes
(Red)

Ficure 5: Tyrosine 892 phosphorylatgttdystroglycan colocalizes with late endosomes. (A) EEA-1, early endosomal antiggosd/

cells were transiently cotransfected with PG and c-Src. Thirty-six h post-transfection, cells were formaldehyde-fixed and doubly
immuno-stained with (i) anti-phosph@dystroglycan IgG (mouse mADb, cl 14a; green) and (ii) an antibody raised against EEA 1 (early
endosomal antigen 1, rabbit pAb; red). The merged image clearly shows that tyrosine phosphgrgigegdglycan does not colocalize

with EEAL, a marker for early endosomes. (B) Transferrin recef@os-7 cells were transiently cotransfected with APG and c-Src.
Thirty-six h post-transfection, cells were formaldehyde-fixed and doubly immuno-stained with (i) anti-ph®slylstroglycan IgG (mouse

mADb, cl 14a; green) and with (ii) an antibody raised against the transferrin receptor (rabbit pAb; red). The merged image clearly indicates
that tyrosine phosphorylatgddystroglycan colocalizes to a large extent with the transferrin receptor (see yellow areas). (C and D) Internalized
transferrin ligandCos-7 cells were transiently cotransfected with APG and c-Src. Thirty-six h post-transfection, cells were incubated

in normal media supplemented with rodhamine-conjugated transferrig({ihil ; red). After 15 and 30 min at 3C, cells were formaldehyde-

fixed and immuno-stained with anti-phospfedystroglycan 1gG (mouse mAb cl 14a; green). The merged images show that tyrosine
phosphorylate@-dystroglycan (green) partially colocalizes with internalized transferrin (red) at a late time point (30 min, panel D) but not
at an early point (15 min, panel C). Colocalization appears as yellowish areas.

with the nonphosphorylated version of the same pepfide ( conditions, phosphg-dystroglycan (pY892) was localized
DG/Y892), with an irrelevant phospho-peptide (Cav-1/pY14), to an intracellular membranous compartment, yielding an
or with anothers-dystroglycan-based phospho-peptigle ( intriguing dot-like pattern (Figure 2, lower panel).
DG/pY886), in which the phosphorylated tyrosine is located  To evaluate if the localization of phosplfedystroglycan
only six amino acids upstream of tyrosine 892. These results(pY892) and total3-dystroglycan coincides, we next per-
directly demonstrate the high selectivity of this novel mAb formed a series of double-labeling experiments. Cos-7 cells

probe for tyrosine 892 phosphorylat8eldystroglycan. were transiently cotransfected with an alkaline phosphatase-
Phosphos-dystroglycan (pY892) Is Localized within an  tagged form of3-dystroglycan (ARSDG) and c-Src.
Intracellular Membranous Compartmenffo assess the Immuno-staining with anti-alkaline phosphatase 1gG (rab-

localization of phosphg@-dystroglycan (pY892), we next  bit pAb) and anti-phosphg-dystroglycan (pY892) IgG
performed immuno-staining on Cos-7 cells transiently trans- (mouse mADb) revealed that the bulk of togablystroglycan
fected with an alkaline phosphatase-tagged construct containwas localized to the plasma membrane and was completely
ing the cytoplasmic tail of;-dystroglycan (APSDG) and segregated from phospltbeystroglycan.

c-Src, alone or in combination. For this purpose, cells were  Figure 3A shows that phosphdystroglycan (pY892)
labeled using the phospho-specificdystroglycan antibody  is localized to a vesicular internal membrane compartment
(cl 14a). The upper panel of Figure 2 shows that little or no (upper panel). In contrast, tot#@-dystroglycan shows a
phosphos-dystroglycan staining is detectable in cells ex- characteristic plasma membrane staining pattern (lower
pressing APSDG alone. Interestingly, in cells coexpressing panel). Thus, these two labeling patterns appear distinct,
AP-DG and c-Src, we detected a strong signal. Under thesesuggesting that tyrosine phosphorylafedlystroglycan is
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FiIGURE 6: Mutation of tyrosine 892 to glutamate (Y892E) redistribifedystroglycan to an internal membrane compartment. (A) Constructs
Schematic representation of the four alkaline phosphatase-tagged fogrdysfroglycan that were utilized: WT (wild-type) and three

point mutants Y892F, Y892A, and Y892E. An arrow points at the relevant tyrosine residue (Y892) within the C-terminal PPxY motif.
Amino acid substitutions are underlined. (B) Western blot analg¥is-7 cells were transiently transfected with mutant versions of AP-
BDG, alone or in combination with c-Src. Note that when tyrosine 892 is mutated either to phenylalanine (Y892F), alanine (Y892A), or
glutamate (Y982E), anti-phosphbdystroglycan (pY892) antibody immuno-reactivity is completely abolished. Immunoblotting with a
rabbit pAb that recognizes the alkaline phosphatase tag ofiitigstroglycan construct is shown as a control for equal loading. (C)
Immunolocalization of ARBBDG mutants Cos-7 cells were transiently transfected with each of the cDNAs encoding the abogB®@P-
constructs. Thirty-six h post-transfection, cells were formaldehyde-fixed and immuno-stained with a polyclonal antibody directed against
the alkaline phosphatase tag (anti-AP 1gG; rabbit pAb). Note that the point mutations Y892F and Y892A do not induce any significant
changes in the distribution gfdystroglycan. In striking contrast, the Y892E mutation caused the redistribution §D&Pto an intracellular
vesicular compartment. Interestingly, this pattern closely resembles the distribution we observed for phdgginoglycan (pY892).

These results are consistent with the notion that a net negative charge at position 892 (either pY or E) causes the redigritlysitooghfcan

to this intracellular vesicular location.

present in a different region of the cell or that only a is localized, we next performed immuno-staining on Cos-7
subpopulation of-dystroglycan is tyrosine-phosphorylated. cells transiently cotransfected with AFG and c-Src. Cells
A merged image is also shown to better illustrate that the were then double-labeled with the phospho-spedifitys-
distribution of totals-dystroglycan and phosphg-dystro- troglycan monoclonal antibody (cl 14a) and a polyclonal
glycan do not coincide (Figure 3B). antibody directed against EEAL (early endosomal antigen
As the sites of tyrosine phosphorylation activity are known 1). Virtually identical experiments were also carried out using
to correspond to focal adhesion®0), we next wondered if  a polyclonal antibody directed against the transferrin receptor,
phosphgs-dystroglycan (pY892) would colocalize with focal ~ which primarily labels both early and recycling endosomes,
adhesions. Immuno-staining with anti-phospho-tyrosine IgG normally found in the peri-nuclear Golgi region. The
(rabbit pAb) and anti-phosphg-dystroglycan (pY892) IgG  resulting merged images are shown in Figure 5, panels A
(mouse mADb) revealed that tyrosine phosphorylgtetys- and B. Figure 5A shows that phospheadystroglycan (green)
troglycan does not colocalize with the major sites of tyrosine does not colocalize with EEA1, an early endosomal marker
phosphorylation in Cos-7 cells (Figure 4A). Figure 4B shows (red). However, phosphg-dystroglycan (green) does colo-
a merged image, clearly indicating that tyrosine phospho- calize to a large extent with the transferrin receptor (red)
rylateds-dystroglycan does not localize to focal adhesions. (Figure 5B), which is known to be localized mainly to
Phosphos-dystroglycan (pY892) Shows Colocalization recycling endosomes at steady state.
with Endosomal MarkersTo identify the nature of the To further evaluate whether phospBedystroglycan
vesicular compartment where phosghdystroglycan (pY892) (pY892) localizes to an early or a recycling endosomal
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FIGURE 7: Src-induced tyrosine phosphorylation of natiwg-
dystroglycan. To rule out any nonspecific effects of the alkaline
phosphatase extracellular domain, we next compared the behavio
of alkaline-phosphatase taggédlystroglycan (APSDG) with full-
length native a-dystroglycan ¢3-DG). For this purpose, we
employed a cDNA encoding full-length-dystroglycan. Cos-7
cells were transiently transfected with the full-length cDNA
encodinga-dystroglycan ¢3-DG) and c-Src, alone or in com-
bination. Note that anti-phosphdystroglycan (pY892) IgG only
recognizeg-dystroglycan when it is coexpressed with c-Src. Equal
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expected to impede tyrosine phosphorylation of APG at
residue 892. In addition, as glutamate is a negatively charged
amino acid, the Y892E mutation is expected to mimic the
net negative charge of phosphorylated tyrosine (pY892).

Next, Cos-7 cells were transiently transfected with these
AP-SDG mutants, alone or in combination with c-Src. As
predicted, all three of these mutants (Y892F, Y892A, and
Y892E) are unable to undergo phosphorylation on tyrosine
892 and are, therefore, not recognized by anti-phogpho-
dystroglycan (pY892) IgG (Figure 6B). Equal protein loading
was assessed using an antibody raised against alkaline
phosphatase (AP pAb).

To visualize the cellular distribution of these ABG
mutants, we performed immunofluorescence microscopy on
transiently transfected Cos-7 cells. These cells were then
labeled with an alkaline phosphatase polyclonal antibody to
detect the distribution of totg#-dystroglycan.

Figure 6C shows that the point mutations Y892F and
Y892A do not induce any significant changes in the
Irdistribution of3-dystroglycan. In striking contrast, the Y892E
mutation caused the redistribution of ABG to an intra-
cellular vesicular compartment. Interestingly, this pattern
closely resembles the distribution we observed for phospho-
p-dystroglycan (pY892). These results are consistent with
the notion that a net negative charge at position 892 (either
pY or E) causes the redistribution gfdystroglycan to this

loading was assessed by immunoblot analysis with an antibody thatintracellular vesicular location.

recognizes totap-dystroglycan. Also, note that a characteristic
upward mobility shift was observed for tyrosine phosphorylated
pB-dystroglycan.

compartment, we next performed internalization studies with
rhodamine-conjugated transferrin using Cos-7 cells tran-
siently cotransfected with ABDG and c-Src. After inter-
nalization, the cells were fixed and immuno-stained with anti-
phosphgs-dystroglycan IgG (mouse mAb cl 14a). Using this
approach, we were able to follow the timing of the
internalization of the fluorescent transferrin ligand and
evaluate its possible colocalization with phosghdystro-
glycan. Figure 5C shows that phosphdystroglycan (green)
does not colocalize with internalized transferring (red) after
15 min of incubation (early endosomes). However, after 30
min of incubation, phosphg@-dystroglycan (green) does
show colocalization with internalized transferrin (red) (re-

cycling endosomes; Figure 5D). These results are consisten

with the observation that phosplfisdystroglycan does not
colocalize with EEA1 but does colocalize to a large degree
with the transferrin receptor.

Mutation of Tyrosine 892 to Glutamate (Y892E) Redis-
tributesS-Dystroglycan to an Internal Membrane Compart-
ment Recent findings have suggested that phosphorylation
of -dystroglycan within the C-terminal PPxY motif blocks
its interaction with WW domain containing proteins, such
as dystrophin and utrophin28, 29), while favoring the
binding with SH2 domain containing protein&7j.

Full-Lengtha-Dystroglycan Behees in a Similar Fash-
ion as the Alkaline Phosphatase-Tagged Forrg-@ystro-
glycan To rule out any nonspecific effects of the alkaline
phosphatase extracellular domain, we next compared the
behavior of alkaline-phosphatase taggedlystroglycan (AP-
BDG) with full-length nativeoS-dystroglycan ¢3-DG). For
this purpose, we employed a cDNA encoding full-lengfh
dystroglycan.

Cos-7 cells were transiently transfected with-DG and
c-Src, alone or in combination. In accordance to the previous
results, Figure 7 shows that anti-phosphdystroglycan
(pY892) IgG recognizeg-dystroglycan only wheib-dys-
troglycan is coexpressed with c-Src. Equal protein loading
was assessed using a monoclonal antibody agghusts-
troglycan DG mAb). It is also interesting to note the
characteristic upward mobility shift of tyrosine phosphory-
{atedﬁ-dystroglycan, as compared with tofatlystroglycan-
as we and others have previously descrikigd 28).

To further corroborate our findings, we next performed
immuno-fluorescnce on Cos-7 cells transiently transfected
with o,3-DG and c-Src, alone or in combination. When Cos-7
cells were transiently transfected with3-DG alone, im-
muno-staining with anti-phosph@-dystroglycan (pY892)
IgG revealed little or no signal (Figure 8A, upper panel).
However, immunostaining with gdystroglycan monoclonal
antibody revealed a cell surface distribution pattern, as
expected (Figure 7A, lower panel).

In contrast, in Cos-7 cells transiently cotransfected with

Thus, we reasoned that the net negative charge of thisa5-DG and c-Src, tyrosine phosphorylatgetystroglycan

phosphorylated tyrosine residue might affect the localization
of S-dystroglycan itself. To test this hypothesis, we next
generated a panel of APBG mutants, in which the WW-
domain ligand (PPxY motif) is modified: Y892F, Y892A,

was localized to an intracellular membrane compartment,
while total 8-dystroglycan was located at the cell surface
(Figure 8B). Thus, these results are consistent with our
findings using the alkaline phosphatase-tagged form of

and Y892E. A schematic representation of these mutantg-dystroglycan. Importantly, the overall cellular distribution

constructs is shown in Figure 6A. All three mutations are

of AP-6DG and nativen3-DG appeared indistinguishable.
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Ficure 8: Localization of tyrosine phosphorylated natieg-dystroglycan. Cos-7 cells were transiently transfected with the full-length
cDNA encodingo-dystroglycan ¢3-DG) and c-Src, alone or in combination. Thirty-six h post-transfection, cells were formaldehyde-
fixed and immuno-stained with either (i) anti-phosphalystroglycan 1gG (pY892; mouse mAb cl 14a) or with (ii) an antibody raised
against totaB-dystroglycan §-DG mouse mAb). Double labeling was not performed, as a polyclonal antibody probe fgi-thtstroglycan

is not commercially available. (A) As shown in the upper panel, when Cos-7 cells were transfectegwigistroglycan alone, little or

no immunostaining with anti-phosplfbeystroglycan IgG was observed. The lower panel shows the cell surface staining gfdgsitoglycan

in another cell. (B) In cells cotransfected with the full-length cDNA encodifigdystroglycan and c-Src, immunostaining with the anti-
phosphgs-dystroglycan probe revealed an intracellular vesicular staining pattern (upper panel). A similar pfabtimglycan staining
pattern was also observed using MG contransfected with c-Src (see Figure 2). The lower panel shows thgftdyaitroglycan is still
targeted to the plasma membrane in c-Src transfected cells, as expected.

sufficient to induce the tyrosine phosphorylation/btlys-
troglycan (Figure 9A, right panel). Similar results were
obtained when cells were plated on laminin and fibronectin
(Figure 9B). However, as a critical negative control, coating
receptor for the laminio2 chain in skeletal muscle, as well ~ with poly-lysine did not induce any appreciable signal (Figure
as in the central and peripheral nervous syste™1). More 9A, left panel). Thus, extracellular matrix components (agrin,
recently,o-dystroglycan was shown to also act as receptor laminin, and fibronectin) can function as ligands during cell
for agrin, a component of the basal lamina that promotes adhesion to induce the phosphorylation/®tlystroglycan
acetylcholine receptor-induced clustering in skeletal muscle on tyrosine 892.

(42, 43). Interestingly, when purified, the agrin receptor was  Colocalization of Phosphg-dystroglycan (pY892) and
identified as a heteromeric complex of two membrane c-Src in Vio. Using both in vitro and in vivo approaches,
proteins of 190 and 50 kDa, respectively. Microsequencing we have previously demonstrated that SH2 domain contain-
of the 190 and 50 kDa subunits revealed great homology ing proteins interact witlf-dystroglycan in a phosphoryla-
with a-dystroglycan ang-dystroglycan, respectivelyp). tion-dependent manner, including c-SB3); As a phospho-
The shift from the expected 43 kDa to the observed 50 kDa j-dystroglycan specific probe was not available at that time,
for p-dystroglycan was attributed to a carbohydrate modi- we could not determine the cellular location where this event
fication. might occur.

As tyrosine phosphorylategtdystroglycan migrates as a To address this issue, we transiently cotransfected Cos-7
higher molecular mass band 60 kDa (see Figure 7), we  cells with af-dystroglycan ¢3-DG) and c-Src. Next, we
reasoned that upon binding tedystroglycan, agrin might  performed double-labeling experiments using anti-phospho-
induce the tyrosine phosphorylation gfdystroglycan. To  S-dystroglycan (pY892) IgG (mouse mAb) and antibodies
test this hypothesis, Cos-7 cells were transiently transfecteddirected against c-Src. Figure 10A shows that tyrosine

Extracellular Matrix Components (AgrirLaminin, and
Fibronectin) Can Function as Ligands During Cell Adhesion
to Induce the Phosphorylation gfDystroglycan on Tyrosine
892 Recently,o-dystroglycan was shown to function as a

with af-dystroglycan ¢S-DG). After 24 h of serum starva-

phosphorylated3-dystroglycan precisely colocalizes with

tion, the cells were then replated on coverslips coated with c-Src at the level of an intracellular vesicular compartment.

poly-lysine, agrin, laminin, or fibronectin.
Interestingly, immuno-staining with anti-phospfedys-

A merged color image is shown in Figure 10B, clearly
illustrating the overlapping localization of phospfedys-

troglycan (pY892) IgG clearly demonstrates that agrin is troglycan and c-Src.
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Ficure 9: Ligand-induced phosphorylation @Fdystroglycan on tyrosine 892. To identify upstream events that induce the tyrosine
phosphorylation off-dystroglycan, Cos-7 cells were transfected with the full-length cDNA encagjirdystroglycan. After 24 h of serum
starvation, cells were then trypsinized and replated on either poly-lysine-, agrin-, laminin-, or fibronectin-coated coverslips. Aftasrincubati
at 37°C for 20 min after plating, cells were formaldehyde-fixed and immuno-stained with anti-ph@sgystroglycan 1IgG (pY892; mouse
mADb cl 14a). Immuno-staining with anti-phospfedystroglycan 1gG was detectable only when cells were plated on agrin, laminin, and
fibronectin, suggesting that these three ligands are able to inghdgstroglycan tyrosine phosphorylation (panels A and B). In contrast,
when cells were plated on poly-lysine, immunostaing with anti-phogptgstroglycan 1gG was extremely faint or absent (panel A).

Phosphos-dystroglycan Is Targeted to Lipid Raft Do- dystroglycan and totgh-dystroglycan (seen by immunof-
mains As previous studies have shown tlfadystroglycan luorescence microscopy) may therefore reflect internalized
is normally targeted to lipid rafts/caveolae microdomains lipid rafts and cell surface lipid rafts, respectively.

(44), we next wondered if phosph@-dystroglycan would These results are consistent with the notion that the
still localize to such microdomains. 293T cells were tran- tyrosine phosphorylation g#-dystroglycan may take place
siently cotransfected with an alkaline phosphatase-taggedin lipid rafts. In support of this possibility, we and others
construct containing the cytoplasmic tail @fdystroglycan have shown that lipid-modified signaling molecules, such
(AP-SDG) and c-Src. Cell lysates were then subjected to as the c-Src tyrosine kinase, are targeted with high-efficiency
sucrose density gradient ultracentrifugation, a procedure thatto lipid rafts/caveolae membranes7( 48).

allows the separation of cholesterol/sphingolipid-enriched  Caveolin Expression Negagly Regulates the Src-Induced
domains (aka, lipid rafts) from other membranous and Phosphorylation of-Dystroglycan on Tyrosine 89%iven
intracellular components4b, 46). Using this method, it is  the association of phosphbeystroglycan (pY892) with lipid
possible to distinguish the caveolael/lipid raft membranes rafts, we wondered whether caveolins could functionally
(fractions 5-7) from the total cellular proteins (fractions regulate the tyrosine phosphorylation/&flystroglycan. In
8—12). Figure 11 shows that both phosphalystroglycan support of this notion, caveolins (Cav-1 and Cav-3) are
and total 5-dystroglycan are both found in the lipid raft targeted to lipid raft domains3®, 34, 35, 49, 50), interact
fractions. The difference in the distribution of phosgho-  with the extreme C-terminal domain gfdystroglycan, at a
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Ficure 10: Tyrosine phosphorylateft-dystroglycan colocalizes
with c-Src in vivo. Cos-7 cells were transiently cotransfected with
the full-length cDNA encodings-dystroglycan ¢3-DG) and c-Src.
Thirty-six h post-transfection, cells were formaldehyde-fixed and
doubly immuno-stained with (i) anti-phosplfedystroglycan 1gG
(mouse mADb) and with (ii) an antibody raised against c-Src (rabbit
pAb). (A) Phosphg3-dystroglycan vs c-Srd\ote that the distribu-
tion of phosphag3-dystroglycan and c-Src precisely coincides. In
addition, they both display an intracellular vesicular membrane
staining pattern. (B) Color overlayThe merged image clearly
indicates that tyrosine phosphorylajedlystroglycan is colocalized
with c-Src in an intracellular vesicular compartment (seen in

yellow).

site including tyrosine 8924¢), and have been shown to
negatively regulate the activity of Src-family tyrosine kinases,
including c-Src itself 88). On the basis of these findings,

Sotgia et al.
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Ficure 11: Phosphg-dystroglycan (pY892) is localized to lipid
rafts. 293T cells were transiently cotransfected with an alkaline
phosphatase-tagged construct containing the cytoplasmic tail of
p-dystroglycan (APSDG) and c-Src. Cell lysates were subjected
to subcellular fractionation after homogenization in a buffer
containing Triton X-100. Gradient fractions were collected from
the top and analyzed by immunoblotting with (i) anti-phospho-
dystroglycan IgG (mouse mAb cl 14a) and with (ii) an antibody
raised against the alkaline phosphatase (AP) tag (rabbit-pAb)
to detect totals-dystroglycan. Note that totgd-dystroglycan is
found mainly within the lipid rafts (fractions -57). Similarly,
phosphos-dystroglycan is clearly targeted to these lipid raft
microdomains.

Src-induced phosphorylation gfdystroglycan on tyrosine
892.

To test this hypothesis, 293T cells were transiently
transfected with ARBBDG and c-Src, alone or in combination
with Cav-1 and Cav-3. Figure 12 shows that both Cav-1 and
Cav-3 dramatically inhibit the Src-induced phosphorylation
of pB-dystroglycan on tyrosine 892, as predicted. Thus,
caveolin expression can serve to functionally modulate the
phosphorylation state @gFdystroglycan within caveolae/lipid
raft domains.

Localization of Phosph@-dystroglycan (pY892) in Skel-
etal Muscle Fibers in \Mio. Is tyrosine-phosphorylated
pB-dystroglycan detectable in whole tissue samples? Is ty-
rosine-phosphorylateédystroglycan localized to an internal
vesicular compartment in vivo? To address these issues, we
examined the expression and localization of tyrosine-
phosphorylateg@-dystroglycan in murine skeletal muscle, a
tissue known for its abundant expressiorpedystroglycan.

Skeletal muscle tissue lysates were prepared from C57BI/6
mice and subjected to Western blot analysis using an anti-
phosphos-dystroglycan (pY892) IgG. In addition, immu-
noblot analysis with an anfi-dystroglycan antibody was also
performed. Figure 13A shows the upward mobility shift of
tyrosine phosphorylate@-dystroglycan, as compared with
total S5-dystroglycan-as we and others have previously
described 27, 28).

Next, frozen sections of murine skeletal muscle tissue were
probed with anti-phosphg-dystroglycan (pY892) IgG.
Figure 13B shows that tyrosine-phosphorylajgdystro-
glycan is localized within an intracellular vesicular compart-
ment, yielding a dot-like pattern. Importantly, this localization
pattern is consistent with what we observed in fibroblastic
cells in culture.

As an important internal control, we also immuno-stained
skeletal muscle sections with an antibody directed against
pB-dystroglycan. Figure 13C shows that tgfatlystroglycan
is confined to the muscle cell plasma membrane (sarco-

we would predict that caveolin expression would inhibit the lemma), as expected.
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I of B-dystroglycan, 18). An accurate analysis of the binding
N 2 xo"" site between dystrophin aiddystroglycan revealed that this
g & © interaction occurs mainly through the WW domain of
VNIV AR v S dystrophin. Specifically, the WW domain of dystrophin was
AT ec',@' shown to bind the PPxY motif at the C-terminal tail of
P P P ,b({} B-dystroglycan 19, 20). The clarification of the structure of
‘,g'q? \??'Q? ?32'%0(\\‘ this binding modality opened unexpected avenues and helped
in uncovering new binding partners férdystroglycan itself.
200 — Phospho Caveolin-3, a muscle-specific membrane protein, was found
to interact with the C-terminal PPxY motif gtdystroglycan,
97 — B-DG mAb at the same or an overlapping site as dystroplid).(
Interestingly, this interaction occurs through a WW-like
200 — domain in the caveolin-3 protein. As such, caveolin-3 is able
AP bAb to compete with dystrophin for the same binding site on
o - R P S-dystroglycan and can disrupt the interaction between
dystrophin andg3-dystroglycan. These results highlight the
novel idea that interactions between dystrophin Ardi/s-
troglycan are not static but may be modulated by physi-
ological stimuli.
e Src mAb Recent findings have demonstrated fialystroglycan can
serve as a substrate of the c-Src tyrosine kingsa. (
Phosphorylation off-dystroglycan was found to be strictly
dependent on the presence of the tyrosine at residue&92
. Cav-3 mAb the extreme C-terminal of-dystroglycan 27, 28). This
critical residue lies within the PPxY motif, which functions
as a ligand for WW domain containing proteins. Interestingly,
tyrosine phosphorylation ¢f-dystroglycan blocks its inter-
- Cav-1 pAb action with the WW domains of dystrophin and utropt,(
29). In contrast, the ability of caveolin-3 to bingtdystro-
glycan is not affected by the phosphorylation/tlystro-
Ficure 12: Caveolin expression negatively regulates the Src- glycan on tyrosine 892 (44). Thus, phosphorylation of
induced phosphorylation gf-dystroglycan on tyrosine 892. 293T B-dystroglycan at this key tyrosine residue within the PPxY

cells were transiently transfected with ABG and c-Src, alone . . . .
or in combination with Cav-1 and Cav-3. Thirty-six h post- motif may determine which molecules can or cannot associ-

transfection, cell lysates were prepared in hot sample buffer and ate withj-dystroglycan (e.g., acting as a switch to discrimi-
separated by SDSPAGE. After transfer to nitrocellulose, samples nhate between available binding partners). Thus, the phos-
were subjected to immunoblotting using antibodies directed against phorylation state of-dystroglycan may modify the composi-

phosphgs-DG (pY892), alkaline phosphatase (as an APG ; fetrila i ; :
control for equal loading). c-Src, and caveolins (Cav-1and Cav-3). tion, distribution, and possible function of the dystroglycan

Note that both Cav-1 and Cav-3 dramatically inhibit the Src-induced OMPplex itself. In further support of this notion, tyrosine

x

66 —

30 —

20 —

30 —

20 —

phosphorylation of3-dystroglycan on tyrosine 892. phosphorylation of the PPxY motif withii-dystroglycan
also promotes the recruitment of SH2-domain containing
DISCUSSION proteins, namely, c-Src, Fyn, Csk, NCK, and SH&Z)(

However, it remains unknown which stimuli can induce the

Dystrophin and dystroglycan are central components of tyrosine phosphorylation g8-dystroglycan.
the skeletal muscle dystrophiglycoprotein complex (DGC), Here, we directly examined the phosphorylatiofadys-
a multimeric complex that spans the cell membrane and "nkstroglycan on tyrosine 892 in vivo. For this purpose, we
the actin cytoskeleton to the extracellular bgsement mem-generated and extensively characterized a novel phospho-
brane 8, 51). Dystroglycan is thought to provide structural = gpecific monoclonal antibody probe that selectively recog-
stab|llty to the plasma membrane and to stab|I|_ze muscle pizes only tyrosine 892 phosphorylatgdlystroglycan. We
fibers as they alternately contract and rel®2)((i.e., @  find that upon tyrosine phosphorylatiof-dystroglycan
mechanical role in the transmission of contraction). However, undergoes a profound change in its subcellular localization
a more recent view attributes a more intricate role to 5q compared to totg-dystroglycan (e.g., from the plasma
dystroglycan, such that its function is not restricted to the yembprane to an internal membrane compartment). In addi-
stru.ctyrallintggrity of the plasma_l membrane but includes its tjon as tyrosine phosphorylation occurs primarily at focal
participation in signal transduction events. adhesions, we next explored the possibility that phosphory-

Initially encoded as a single protein, dystroglycan under- |ateds-dystroglycan would localize to these sites. However,
goes posttranslational cleavage to form two interacting tyrosine phosphorylateg-dystroglycan shows a localization
subunits, namelyg-dystroglycan ang-dystroglycano-Dys- pattern that overtly diverges from immuno-staining with anti-
troglycan is a peripheral membrane laminin-binding protein, phospho-tyrosine IgG, suggesting that tyrosine phosphory-
while B-dystroglycan is a transmembrane protein, which |ated -dystroglycan does not localize to focal adhesions.
anchors dystrophin to the sarcolemmal membra&ne) In an attempt to uncover the physiological stimuli that

Earlier work has shown that dystrophin bingsdystro- induce the tyrosine phosphorylation gfdystroglycan, we
glycan through 15 amino acids at the extreme C-terminus have shown that known ligands efdystroglycan, namely,
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Ficure 13: Localization of phosphg-dystroglycan (pY892) in skeletal muscle fibers in viy8) Western blot analysis. Skeletal muscle

tissue lysates were prepared from C57BI/6 mice and subjected to Western blot analysis using anti-gttystiaglycan (pY892) IgG.

In addition, immunoblot analysis with an aiftidystroglycan antibody was also performed. Note the characteristic upward mobility shift

of tyrosine phosphorylateft-dystroglycan, as compared with tofadystroglycar-as we and others have previously described (27,28). (B

and C) Immunohistochemistry. Frozen sections of skeletal muscle tissue were prepared from C57BI/6 mice and were probed with anti-
phosphgs-dystroglycan (pY892) IgG. Note that tyrosine-phosphorylatedystroglycan is localized within an intracellular vesicular
compartment that is proximal to the plasma membrane, yielding a dot-like pattern (panel B, see higher magnification inset). As an important
internal control, we also immuno-stained skeletal muscle sections with an antibody directed agaifistiystabglycan. In contrast, total
pB-dystroglycan is confined to the muscle cell plasma membrane (sarcolemma), as expected (panel C).

agrin and laminin, are able to induce the tyrosine phospho- functionally regulate the tyrosine phosphorylatiorgedys-
rylation of S-dystroglycan. These results strongly support troglycan. In support of this notion, caveolins (Cav-1 and
the idea that dystroglycan acts as a signal-tranducing receptorCav-3) are targeted to lipid raft domain32( 34, 35, 49,
thereby mediating signaling between the outside and the50), interact with the extreme C-terminal domain/tlys-
inside of the cell. Consistent with this idea, tyrosine troglycan, at a site including tyrosine 8924, and have
phosphorylate@-dystroglycan colocalizes with c-Src at the been shown to negatively regulate the activity of Src-family
level of intracellular vesicles. tyrosine kinases, including c-Src itsef8). On the basis of

As previous studies have shown that a percentage ofthese findings, we would predict that caveolin expression
S-dystroglycan is normally targeted to lipid rafts/caveolae would inhibit the Src-induced phosphorylation@dystro-
microdomains 44), we next wondered if phosph®-dystro- glycan on tyrosine 892. Here, we show that both Cav-1 and
glycan would still localize to such microdomains. In direct Cav-3 dramatically inhibit the Src-induced phosphorylation
support of this notion, we observed using a biochemical of j-dystroglycan on tyrosine 892, as predicted. Thus,
fractionation technique that both phosphalystroglycan and ~ caveolin expression can serve to functionally modulate the
total S-dystroglycan are colocalized within the lipid raft/ phosphorylation state gFdystroglycan within caveolae/lipid
caveolae fractions. Thus, these results are consistent withraft domains. As such, the internal membranous vesicles
the notion that the tyrosine phosphorylatiorpedystroglycan ~ containing phosphorylategtdystroglycan may be internal-
takes place in lipid rafts. In support of this possibility, we ized lipid rafts/caveolae-like vesicles.

and others have shown that Iipid-m_odified signaling mol-_ In further support of this notion, we show here that
ecules, such as the c-Src tyrosine kinase, are targeted wittphosphorylateg-dystroglycan colocalizes with endosomal
high-efficiency to lipid rafts/caveolae membrandg,(48). markers (transferrin receptor and its ligand; Figure 5),

Given the association of phospedystroglycan (pY892)  suggesting that these internalized lipid rafts are indeed
with lipid rafts, we wondered whether caveolins could endosomes. Similarly, we show that phosphorylgtetys-
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troglycan is localized to an internal membrane compartment 29
in skeletal muscle fibers, while totgtdystroglycan remains

at the cell surface. Thus, the difference in the distribution of 30
phospho-bDG and bDG seen by immunofluorescence may .,
simply reflect two dynamic populations of lipid rafts
(internalized vs cell surface). Evidence has been presented 32
by other groups that lipid rafts can exist both at the level of

the plasma membrane, as well as within internal membrane 33
compartmentssuch as endosomeS3 54).

34.
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