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Dystrophin, the product of the Duchenne muscular
dystrophy gene, is tightly associated with the sarcolem-
mal membrane to a large glycoprotein complex. One
function of the dystrophin-glycoprotein complex is to
link the cytoskeleton to the extracellular matrix in skel-
etal muscle. However, the molecular interactions of dys-
trophin with the membrane components of the dystro-
phin-glycoprotein complex are still elusive. Here, we
demonstrate and characterize a specific interaction be-
tween b-dystroglycan and dystrophin. We show that
skeletal muscle and brain dystrophin as well as brain
dystrophin isoforms specifically bind to b-dystroglycan.
To localize and characterize the dystrophin and b-dys-
troglycan interaction domains, we reconstituted the in-
teraction in vitro using dystrophin fusion proteins and
in vitro translated b-dystroglycan. We demonstrated
that the 15 C-terminal amino acids of b-dystroglycan
constituted a unique binding site for the second half of
the hinge 4 and the cysteine-rich domain of dystrophin
(amino acids 3054–3271). This dystrophin binding site is
located in a proline-rich environment of b-dystroglycan
within amino acids 880–895. The identification of the
interaction sites in dystrophin and b-dystroglycan pro-
vides further insight into the structure and the molecu-
lar organization of the dystrophin-glycoprotein complex
at the sarcolemma membrane and will be helpful for
studying the pathogenesis of Duchenne muscular
dystrophy.

Dystrophin is a large protein with a molecular mass of 427
kDa, which is absent in muscle from patients with Duchenne
muscular dystrophy (1). Based on its primary structure, dys-
trophin can be divided into four domains: the N-terminal actin
binding domain, the large triple helical spectrin-like domain,
the cysteine-rich domain, and the C-terminal domain (2). De-
letion of the cysteine-rich and C-terminal domains is associated
with severe muscular dystrophy, which indicates that
these domains play important roles in the stability of
dystrophin (3, 4).
Immunofluorescence microscopy has established that dystro-

phin is located at the plasma membrane of skeletal muscle (5).

Biochemical studies have demonstrated that dystrophin is
tightly associated through its cysteine-rich and C-terminal do-
mains with the sarcolemmal membrane to a large glycoprotein
complex (6–10). Furthermore, cell membrane fractionation has
shown that the dystrophin-glycoprotein complex can only be
dissociated by alkaline treatment (6). Dystrophin-glycoprotein
complex (DGC)1 is composed of at least five transmembrane
proteins (50-kDa adhalin, 43-kDa b-dystroglycan, 43-kDa dys-
trophin-associated glycoprotein A3b, 35-kDa dystrophin-asso-
ciated glycoprotein, and 25-kDa dystrophin-associated pro-
tein), one extracellular protein (156 kDa a-dystroglycan), and
four cytoplasmic proteins (syntrophin triplet and dystrophin)
(6–9, 11–15). In skeletal muscle, interactions between a-dys-
troglycan and laminin a2 (11, 12, 16) as well as between dys-
trophin and cytoskeletal actin filaments (17) have been identi-
fied, indicating that one function of the DGC is to provide a link
between the extracellular matrix and the cytoskeleton. Fur-
thermore, the loss of dystrophin leads to a great reduction of all
the dystrophin-associated proteins in Duchenne muscular dys-
trophy or mdx mouse skeletal muscle (18, 19). Taken together,
these results suggest that the marked reduction of the DGC in
muscle from Duchenne muscular dystrophy patients and mdx
mice disrupts the linkage between the extracellular matrix and
the cytoskeleton, thereby rendering dystrophic muscle fibers
more susceptible to necrosis.
Protein overlay assays have previously indicated that dys-

trophin cysteine-rich domain interacts with a 43-kDa dystro-
phin-associated protein (b-dystroglycan or A3b), although the
exact identity of this protein has yet to be conclusively deter-
mined (20). Recently, interactions between syntrophin and the
C-terminal domain (residues 3447–3481) of dystrophin have
also been demonstrated (20–23). However, the molecular orga-
nization of dystrophin with the membrane components of the
DGC is still elusive. Here, we report several experiments aimed
at determining whether b-dystroglycan directly binds to dys-
trophin. We show that dystrophin from solubilized skeletal
muscle and brain binds to the cytoplasmic domain of b-dystro-
glycan expressed as a GST fusion protein and coupled to glu-
tathione-agarose beads. The b-dystroglycan binding site on
dystrophin was further localized to the second half of hinge 4
and the cysteine-rich domain, including amino acids 3054–
3271, by using in vitro translated b-dystroglycan cytoplasmic
domain and dystrophin fusion proteins in an in vitro binding
assay. Finally, we have localized the dystrophin binding site to
the extreme C terminus of b-dystroglycan, including amino
acids 880–895.
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EXPERIMENTAL PROCEDURES

Reagents—TNT-coupled reticulocyte lysate system was purchased
from Promega. [35S]Methionine was from Amersham Corp., isopropyl-
1-thio-b-D-galactopyranoside and reduced glutathione were from U. S.
Biochemical Corp. Glutathione-agarose, protein G-Sepharose, and cy-
anogen bromide (CNBr)-activated Sepharose 4B were from Pharmacia
Biotech Inc. Horseradish peroxidase-conjugated secondary antibodies
were from Boehringer Mannheim. The peptides corresponding to the
rabbit skeletal muscle b-dystroglycan sequences were synthesized at
the biopolymers facility of the Howard Hughes Medical Institute (Uni-
versity of Texas Southwestern Medical Center). All other chemicals
were of reagent grade.
Solubilization of Dystrophin from Rabbit Total Membranes by pH 11

Treatment—Skeletal muscle and brain dystrophin were solubilized
from rabbit total membranes by pH 11 treatment as described previ-
ously (8) with slight modifications. Briefly, KCl-washed membranes
(250 mg) were diluted 20-fold to a volume of 100 ml with buffer A (50
mM Tris-HCl, pH 7.4, 0.1 mM phenylmethylsulfonyl fluoride, 0.75 mM

benzamidine, 2.5 mg/ml aprotinin, 2.5 mg/ml leupeptin, and 0.5 mg/ml
pepstatin A) and titrated to pH 11 with 1 M NaOH. After incubation at
room temperature for 1 h, the samples were centrifuged for 30 min at
100,000 3 g, and the supernatant was decanted from the membrane
pellet. This supernatant was supplemented with NaCl to a final con-
centration of 50 mM, titrated to pH 7.5, and centrifuged for 30 min at
100,000 3 g. The resulting supernatant was decanted and used for
affinity purification and immunoprecipitation.
Affinity Chromatography with b-Dystroglycan Cytoplasmic Domain

GST Fusion Protein—Rabbit skeletal muscle b-dystroglycan cDNA (11)
corresponding to amino acids 775–895 (GenBank accession number
X64393) was amplified by polymerase chain reaction and subcloned into
SmaI-EcoRI sites of pGEX-2TK expression vector (Pharmacia). The
GST-b-dystroglycan cytoplasmic domain fusion protein (b-DGct) con-
struct was transformed into Escherichia coli DH5a cells. Overnight
cultures were grown, and the fusion proteins were induced with 1 mM of
isopropyl-1-thio-b-D-galactopyranoside. The cell cultures were spun
down and resuspended in phosphate-buffered saline containing 1%
Triton X-100 and sonicated twice for 15 s. The sonicated material was
centrifuged at 12,000 3 g for 15 min. The supernatant containing the
GST fusion protein was incubated with glutathione-agarose beads. The
glutathione-agarose beads were extensively washed with phosphate-
buffered saline and stored at 4 °C in the presence of protease inhibitors.
All the available b-dystroglycan antibodies were immunoreactive to the
expressed fusion protein. GST-b-DGct fusion protein immobilized on
glutathione-agarose beads and control GST immobilized on glutathi-
one-agarose beads were equilibrated in buffer A 1 50 mM NaCl and
incubated overnight at 4 °C with the alkaline-solubilized membranes.
After incubation, the voids were collected, and the agarose beads were
washed with buffer A 1 50 mM NaCl. Solubilized membranes (pH 11),
voids, and glutathione-agarose beads were resolved on 3–12% gradient
SDS-polyacrylamide gels and electrotransferred to nitrocellulose
membranes.
Immunoprecipitation of Rabbit Skeletal Muscle Dystrophin—An im-

munoaffinity matrix was prepared by coupling anti-dystrophin mono-
clonal antibody XIXC2 (8) to protein G-Sepharose beads. The beads
were washed with buffer A 1 150 mM NaCl and incubated overnight at
4 °C with the solubilized muscle membranes. Solubilized dystrophin
(pH 11), voids, and beads were resolved on 3–12% gradient SDS-poly-
acrylamide gels and electrotransferred to nitrocellulose membrane.
Immunoblotting—Nitrocellulose transfers were blocked in Blotto (50

mM sodium phosphate, pH 7.4, 150 mM sodium chloride, 5% nonfat dry
milk) and subsequently incubated overnight with primary antibody.
Primary antibodies were either a combination of monoclonal antibody
DYS2 (Novocastra Lab, Newcastle) raised against the C terminus of
dystrophin and affinity-purified anti-syntrophin antibodies from sheep
anti-DGC polyclonal antisera (13) or affinity-purified anti-dystrophin
cysteine-rich and C-terminal (amino acids 3054–3685) antibodies from
sheep anti-DGC polyclonal antisera (24). Immunoblots were then
washed with Blotto and incubated for 1 h with peroxidase-conjugated
secondary antibody (Boehringer Mannheim) at a dilution of 1:1,000.
After washing the nitrocellulose blots with Blotto, they were developed
in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl using 4-chloro-1-naphthol as
substrate.
Generation and Purification of Human Dystrophin GST Fusion Pro-

teins—Different portions of human dystrophin C-terminal region (Gen-
Bank accession number M18533) were amplified by polymerase chain
reaction and subcloned into pGEX vectors (Pharmacia). Each fusion
protein construct was transformed into E. coli DH5a cells and the

fusion proteins were purified on glutathione-agarose as described
above. The fusion protein glutathione-agarose beads were extensively
washed with phosphate-buffered saline and either stored at 4 °C in the
presence of protease inhibitors or the fusion proteins were eluted with
10 mM glutathione in 50 mM Tris (pH 8.0).
In Vitro Transcription and Translation of b-Dystroglycan Cytoplas-

mic Domain—Rabbit skeletal muscle b-dystroglycan cDNA (GenBank
accession number X64393) corresponding to amino acids 775–895 or
775–880 were amplified by polymerase chain reaction using a forward
primer that contained an NcoI restriction site encoding the translation
initiation codon and a reverse primer with an XbaI restriction site
encoding the termination codon. The amplified fragments were purified
and subcloned into NcoI and XbaI sites of pGEM3 vector (Promega),
which was modified to contain a 59-alfalfa mosaic virus 50-nucleotide
consensus initiation site and a 39-poly(A) tail. All constructs were ver-
ified by automated sequencing (Applied Biosystems). Constructs were
used to synthesize a [35S]methionine-labeled probe, 35S-labeled b-Dgct,
or 35S-labeled b-Dg775–880 by coupled in vitro transcription and trans-
lation in the TNT system (Promega) as described previously (25).
Dystrophin-GST Fusion Protein 35S-Labeled b-Dystroglycan in Vitro

Binding Assay—Dystrophin-GST fusion proteins (20 mg) immobilized
on glutathione-agarose beads were equilibrated in binding buffer (150
mM NaCl, 0.1% Tween 20, 0.1 mM phenylmethylsulfonyl fluoride, 0.75
mM benzamidine, 2.5 mg/ml aprotinin, 2.5 mg/ml leupeptin, 0.5 mg/ml
pepstatin A, and 10 mM Hepes, pH 7.4) and incubated in a final volume
of 1 ml with 5 ml of 35S-labeled b-Dgct or 35S-labeled b-Dg775–880 for
3 h at 4 °C. For peptide inhibition assays, 1 mM of the different peptides
was added to the reaction mixture. The beads were then pelleted by
centrifugation and washed three times with binding buffer before re-
suspension in SDS-PAGE denaturing sample buffer. The samples were
resolved on 5–16% gradient SDS-polyacrylamide gels, stained with
Coomassie Blue, dried, and exposed to film (X-Omat AR, Kodak). Den-
sitometric scanning of the Coomassie Blue-stained gel and the corre-
sponding autoradiogramwas carried out on aMolecular Dynamics 300S
computing densitometer. Volume integration of densitometric scans
were normalized for the quantity of fusion protein.
Affinity Chromatography with b-Dystroglycan C-terminal Pep-

tide—A synthetic peptide representing the 15 C-terminal residues (ami-
no acids 880–895) of rabbit skeletal muscle b-dystroglycan was ob-
tained from the HHMI Peptide Facility (Washington University, St.
Louis) as an N-terminal p-benzolbenzoyl-peptide photoprobe. The pep-
tide was coupled to bovine serum albumin by UV cross-linking, and the
bovine serum albumin-peptide conjugate was then immobilized on
CNBr-activated Sepharose 4B (Pharmacia) using standard procedures.
b-Dystroglycan C-terminal peptide or control peptide immobilized on
Sepharose 4B beads were equilibrated in buffer A 1 50 mM NaCl and
incubated 3 h at 4 °C with rabbit skeletal pH 11 solubilized membranes
or human GST-dystrophin fusion proteins in buffer A 1 50 mM NaCl.
After incubation, the beads were washed with buffer A 1 50 mM NaCl
and resolved by 3–12% gradient SDS-polyacrylamide gels and either
stained with Coomassie Blue or electrotransferred to nitrocellulose
membranes.

RESULTS

Dystrophin from Skeletal Muscle Binds to b-Dystroglycan
Fusion Protein—To investigate the existence of a dystrophin-
b-dystroglycan interaction, the cytoplasmic domain of rabbit
skeletal muscle b-dystroglycan was expressed as a GST fusion
protein (GST-b-DGct). This fusion protein was immobilized on
glutathione-agarose beads to form an affinity column for the
binding of native dystrophin solubilized from rabbit skeletal
muscle membranes by alkaline treatment. The alkaline treat-
ment has been shown to extract dystrophin and syntrophin
from the membrane-associated glycoproteins. Syntrophin and
dystrophin no longer interact after this treatment (6, 8). The
extract was titrated to pH 7.5 and applied to GST-b-DGct-
agarose or control GST-agarose. After extensive washing, the
agarose beads, voids, and extracts were analyzed by SDS-
PAGE and immunoblotted using specific antibodies to dystro-
phin (DYS2) and to the syntrophin triplet. As shown in Fig. 1A,
dystrophin and syntrophin cosediment with the GST-b-DGct-
agarose beads but not with GST-agarose beads. These results
indicate that either dystrophin or syntrophin is able to bind the
cytoplasmic domain of b-dystroglycan. However, using an over-
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lay assay, we have previously shown that syntrophin only
binds to dystrophin and that no interaction of syntrophin with
b-dystroglycan was detected (23). Thus, the cosedimentation of
dystrophin and syntrophin with the GST-b-DGct-agarose
beads is likely due to b-dystroglycan-dystrophin interaction
rather than the b-dystroglycan-syntrophin interaction. The co-
sedimentation of syntrophin together with dystrophin may re-
sult from a reassociation of the two proteins upon titration of
the alkaline extracts to pH 7.5. Indeed, anti-dystrophin mono-
clonal antibody coimmunoprecipitates dystrophin and syntro-
phin from alkaline extracts titrated at pH 7.5 (Fig. 1B), indi-
cating that dystrophin and syntrophin reassociate.
Furthermore, our results suggest that dystrophin is capable of
simultaneously binding syntrophin and b-dystroglycan
through different binding sites.
Dystrophin and Dystrophin Isoforms from Brain Interact

with b-Dystroglycan—Affinity assays with the GST-b-DGct-
agarose beads were also performed on alkaline extracts of brain
microsomes to investigate the ability of b-dystroglycan to bind
brain dystrophin and the C-terminal isoforms of dystrophin
expressed in this tissue. SDS-PAGE and immunoblot analysis
of the proteins bound to the affinity beads were performed
using affinity-purified antibodies to the C-terminal portion of
dystrophin. As shown in Fig. 2, the GST-b-DGct-agarose beads,
but not the GST-agarose beads, specifically bound dystrophin
from brain extract. In addition to dystrophin, a protein doublet
of approximately 80 kDa and two proteins of approximately 260
and 90 kDa also cosedimented specifically with the GST-b-
DGct-agarose beads. The protein doublet, which is highly en-
riched in the GST-b-DGct-agarose beads compared to the alka-
line extract, may correspond to Dp71. Dp71 is an isoform of
dystrophin consisting of the cysteine-rich and C-terminal do-
mains of dystrophin. This protein is mainly expressed in non-

skeletal muscle tissue such as brain and has been described as
a protein doublet or triplet with an apparent molecular mass in
the range of 77–80 kDa (26–28). The two other proteins may
also correspond to dystrophin isoforms, particularly the 260-
kDa protein since an isoform of this molecular mass has been
previously described in brain (29, 30). Another possibility is
that these proteins simply correspond to degradation products
of dystrophin, containing the cysteine-rich and C-terminal
domains.
Reconstitution of the b-Dystroglycan-Dystrophin Interac-

tion—To characterize the b-dystroglycan and dystrophin inter-
action sites, we developed an in vitro binding assay. In this
binding assay, human dystrophin GST fusion proteins coupled
to glutathione-agarose beads were used as ligands for in vitro
translated cytoplasmic domain of b-dystroglycan labeled with
[35S]methionine (35S-labeled b-DGct). Since it has been dem-
onstrated that the C-terminal portion of dystrophin is involved
in the binding to the glycoprotein complex (10), we used dys-
trophin C-terminal portion fusion proteins to investigate the
interaction with b-dystroglycan. As shown in Fig. 3A, 35S-
labeled b-DGct specifically bound with similar intensity to the
fusion proteins containing either the entire C-terminal portion
(amino acids 3054–3685) or the second half of hinge 4, the
cysteine-rich domain, and the first half of the C-terminal do-
main (amino acids 3054–3446) but did not interact with fusion
proteins containing the second half of the C-terminal domain
(amino acids 3435–3685). No signals were observed with con-
trol GST fusion proteins, indicating the specificity of binding
between b-dystroglycan and dystrophin. Thus, these results
confirm our previous observation that b-dystroglycan binds to
dystrophin. To further define the b-dystroglycan binding site,
in vitro binding assays were performed with seven GST fusion
proteins containing overlapping portions of human dystrophin
sequence 3054–3446 (amino acids 3054–3189, 3054–3271,
3120–3271, 3189–3271, 3189–3446, 3271–3446, and 3100–
3200). The positions of the fusion proteins in human dystrophin
and their association with b-dystroglycan are summarized in
Fig. 3B. Only GST fusion proteins that contained the second
half of hinge 4 and the cysteine-rich domain of dystrophin
(amino acids 3054–3271) bind 35S-labeled b-DGct (Fig. 3, A and
B). However, the absence of amino acids 3271–3446 in this
fusion protein results in reduced binding of b-dystroglycan
(compare lanes 3 and 5 of Fig. 3A). Densitometric scanning has

FIG. 1. Skeletal muscle dystrophin binds to b-dystroglycan. A,
rabbit skeletal muscle dystrophin solubilized by pH 11 treatment was
subjected to affinity chromatography on various columns including
GST-agarose (GST) and GST-b-dystroglycan cytoplasmic domain (GST-
b-DGct). The starting material, solubilized membrane (pH 11), flow-
through (Void), agarose beads before chromatography (Beads(2)) and
after chromatography (Beads(1)) were resolved on SDS-PAGE. The
gels were electrotransferred to nitrocellulose membrane and immuno-
reacted with anti-dystrophin DYS2 monoclonal antibody and affinity-
purified anti-syntrophin. Molecular weight standards (31023) are indi-
cated on the left. B, rabbit skeletal muscle dystrophin solubilized by pH
11 treatment was immunoprecipitated with anti-dystrophin (Mab
XIXC2) protein G beads. The starting material, solubilized membrane
(pH 11), flow-through (Void), and protein G beads (Beads) were resolved
on SDS-PAGE. The gels were electrotransferred to nitrocellulose mem-
brane and immunoreacted with anti-dystrophin DYS2 monoclonal an-
tibody and affinity-purified anti-syntrophin polyclonal antibodies. Mo-
lecular mass standards (31023) are indicated on the left.

FIG. 2.Brain dystrophin and dystrophin isoform bind to b-dys-
troglycan. Rabbit brain dystrophin solubilized by pH 11 treatment
was subjected to affinity chromatography on various columns including
GST-agarose (GST) and GST-b-dystroglycan cytoplasmic domain (GST-
b-DGct). The starting material, solubilized membrane (pH 11), and
agarose beads after chromatography (GST or b-DGct) were resolved by
SDS-PAGE. The gels were electrotransferred to nitrocellulose mem-
brane and immunoreacted with affinity-purified anti-dystrophin C-ter-
minal domains. Molecular mass standard (3 1023) are indicated on the
left.
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demonstrated a 5-fold decrease in the binding of 35S-labeled
b-dystroglycan to dystrophin fusion protein containing amino
acids 3054–3271 compared to the fusion protein containing
amino acids 3054–3446. This suggests that a minimum b-dys-
troglycan binding motif is confined to amino acids 3054–3271,
which include exons 62–67. However, additional amino acids
located downstream between residues 3271 and 3446 are re-
quired for maximum binding. On the other hand, b-dystrogly-
can did not bind to fusion proteins that contained the dystro-
phin amino acid sequence 3054–3189, 3120–3271, 3189–3271,
3189–3446, and 3100–3200. The absence of interaction with
these fusion proteins containing a smaller portion of the cys-
teine-rich domain suggests that the binding motif is composed
of several amino acids distributed throughout the second half of
hinge 4 and the cysteine-rich domain rather that a consecutive
amino acid sequence. Alternatively, disruption of some resi-
dues in these two regions could induce a modified tertiary
structure of the b-dystroglycan binding domain abolishing the
interaction.

Identification of the Dystrophin Binding Site on b-Dystrogly-
can—To characterize the portion of the b-dystroglycan cyto-
plasmic domain involved in the binding of dystrophin, six pep-
tides covering the entire b-dystroglycan cytoplasmic domain
were synthesized (peptides 1–6) (Fig. 4). These synthetic pep-
tides were used in competitive binding experiments to test
whether they form part of a binding site for dystrophin. As
shown in Fig. 4, an unrelated peptide corresponding to the b1b
Ca21 channel subunit sequence (25) did not inhibit 35S-labeled
b-DGct binding to GST fusion proteins containing amino acids
3054–3446 of dystrophin. However, peptide 6 competed with
35S-labeled b-DGct for the binding to dystrophin fusion protein,
whereas peptides 1, 2, 3, 4, and 5 did not interfere with this
interaction. The 15 C-terminal amino acid sequence of b-dys-
troglycan, which corresponds to peptide 6, is therefore suffi-
cient by itself to entirely prevent the association between
b-dystroglycan and dystrophin. Thus, this result suggests that
the extreme C-terminal domain (amino acids 880–895) of
b-dystroglycan is a unique binding motif for dystrophin.
To confirm the localization of a unique dystrophin binding

site at the C-terminal domain of b-dystroglycan, we determined
whether or not b-dystroglycan lacking the 15 C-terminal amino
acids is still able to bind dystrophin. For this purpose, the
cytoplasmic domain of b-dystroglycan lacking the 15 C-termi-
nal amino acids was translated in vitro (35S-labeled b-DG775–
880). In vitro binding assays were performed with this 35S-
labeled probe and dystrophin fusion protein. As shown in Fig.
5, the binding of b-dystroglycan to the cysteine-rich domain of
dystrophin was completely abolished by the truncation of the
C-terminal 15 amino acids of b-dystroglycan. This result dem-
onstrated that the C-terminal 15 amino acids of b-dystroglycan
are part of the dystrophin binding motif and that no other
binding motif is present on b-dystroglycan.
However, despite the fact that the truncation of the C-termi-

nal 15 amino acids of b-dystroglycan abolished the binding to
dystrophin, it does not rule out the possibility that flanking
N-terminal sequences are contributing to the interaction. To
test this possibility, we performed a dystrophin affinity purifi-
cation assay with a b-dystroglycan C-terminal synthetic pep-
tide (amino acids 880–895) immobilized on Sepharose beads.

FIG. 3. Characterization of b-dystroglycan binding motif in
dystrophin. A, in vitro translated b-dystroglycan cytoplasmic domain
([35S] b-DGct) was incubated with GST or GST-dystrophin fusion pro-
teins (containing amino acids 3054–3685, 3054–3446, 3435–3685,
3054–3271, or 3189–3448) coupled to glutathione-agarose. The beads
were subjected to SDS-PAGE, stained with Coomassie Blue (CB), dried,
and subjected to autoradiography (Autorad). Autoradiograph of in vitro
translated b-dystroglycan cytoplasmic domain resolved on SDS-PAGE
is shown on the right ([35S] b-Dgct). Molecular mass standards (3 1023)
are indicated on the left. B, alignment of the dystrophin fusion proteins
in the C-terminal portion of human dystrophin. The white, black, and
gray box represents the hinge 4, the cysteine-rich domain, and the
C-terminal domain, respectively. The amino acids of the fusion proteins
were numbered based on their locations in the primary structure of
human dystrophin. Exons numbers are indicated. The interactions
between these fusion proteins and b-dystroglycan cytoplasmic domain
are indicated on the left by (1) for interaction or (2) for no interaction.

FIG. 4. Binding of b-dystroglycan to dystrophin fusion protein
can be blocked by peptides of the cytoplasmic domain of b-dys-
troglycan. Upper panel, peptide locations in the cytoplasmic domain of
b-dystroglycan; the peptide sequences are underlined. Lower panel, In
vitro translated b-dystroglycan cytoplasmic domain ([35S] b-DGct) was
incubated in the presence of 1 mM peptides (1PEP) or the absence of
peptides, with GST-dystrophin (amino acids 3054–3446) coupled to
glutathione-agarose. Control experiments were performed with GST
glutathione-agarose or GST-dystrophin (amino acids 3054–3446) glu-
tathione-agarose in the presence of 1 mM control peptide (1PEPc). The
proteins attached to beads were resolved on SDS-PAGE, dried, and
subjected to autoradiography. Autoradiograph of in vitro translated
b-dystroglycan cytoplasmic domain resolved on SDS-PAGE is shown on
the right ([35S] b-Dgct).
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As shown in Fig. 6A, dystrophin from pH 11 solubilized skeletal
muscle membranes was retained by b-dystroglycan C terminus
peptide-Sepharose beads but not by beads conjugated to an
unrelated peptide. In addition, b-dystroglycan C-terminal pep-
tide-Sepharose beads successfully bound human dystrophin
fusion proteins containing amino acids 3054–3685 or amino
acids 3054–3446 but did not bind to fusion proteins containing

amino acids 3435–3685 (Fig. 6B). Taken together, these exper-
iments demonstrate 1) the existence of a unique dystrophin
binding domain on b-dystroglycan C terminus, which contains
amino acids 880–895 and 2) that this 15-amino acid sequence
is sufficient by itself for the association to dystrophin.

DISCUSSION

In conclusion, our results demonstrate that b-dystroglycan
directly binds to dystrophin. Furthermore, we identified the
interacting motif on both proteins. One function of dystrophin
is to link, by way of the associated glycoprotein complex, the
actin cytoskeleton to the extracellular matrix (11–17). Two
domains of dystrophin responsible for its interaction with the
associated glycoprotein complex have now been characterized.
The C-terminal domain binds syntrophin (20–23), and, as we
demonstrated here, the second half of hinge 4 and cysteine-rich
domain binds the C terminus of b-dystroglycan. Recently,
Rafael and colleagues (31) have generated a transgenic mdx
mouse expressing a dystrophin gene missing exons 71–74. Dys-
trophin expression in this mdx transgenic mouse restored all
the dystrophin-associated proteins in muscle sarcolemma and
prevented dystrophic pathology, even in the absence of the
syntrophin binding motif in dystrophin. Consequently, the in-
tegrity of the b-dystroglycan motif in dystrophin, which ap-
pears to lie outside exons 71–74, is sufficient to maintain the
link between the subsarcolemmal cytoskeleton and the extra-
cellular matrix and maintain the structural integrity of the
muscle cells. Furthermore, syntrophin is a dystrophin binding
protein but does not exhibit any dystrophin-associated glyco-
protein binding activity (23). Therefore, it is unlikely that syn-
trophin is a direct molecular linker that connects dystrophin to
the associated glycoprotein complex. This function may be ful-
filled by b-dystroglycan.

a- and b-dystroglycan are tightly associated and therefore
likely exist as a unique complex in various tissues (32–34). It is
reasonable to assume that this dystroglycan complex could link
the underlying plasma membrane cytoskeleton to the extracel-
lular matrix by itself especially in non-muscle tissues. So far,

FIG. 5. Truncation of the 15 C-terminal amino acids of b-dys-
troglycan abolish the binding to dystrophin. A, autoradiograph of
in vitro translated b-dystroglycan containing the full-length cytoplas-
mic domain ([35S] b-DGct) and the cytoplasmic domain lacking the 15
C-terminal amino acids ([35S] b-DG775–880) resolved on SDS-PAGE.
B, in vitro translated b-dystroglycan ([35S] b-DGct) or [35S] b-DG775–
880 were incubated with GST-dystrophin fusion protein, containing
amino acids 3054–3446, coupled to glutathione-agarose. The beads
were washed and subjected to SDS-PAGE, dried, and subjected to
autoradiography. Molecular mass standards (3 1023) are indicated on
the left.

FIG. 6. Dystrophin binds to the 15 last amino acids of b-dys-
troglycan. A, rabbit skeletal muscle dystrophin solubilized by pH 11
treatment was subjected to affinity chromatography on Sepharose
beads coupled to a synthetic peptide covering the sequence of the 15 last
amino acids of b-dystroglycan (PEP-b-DGct) or a control peptide (PEP-
cont). The starting material, solubilized membrane (pH 11), and the
Sepharose beads after chromatography were resolved on SDS-PAGE.
The gels were electrotransferred to nitrocellulose membrane and im-
munoreacted with anti-dystrophin DYS2 monoclonal antibody. B, Up-
per panel shows a Coomassie Blue-stained polyacrylamide gel of 15 mg
of purified human dystrophin fusion protein (FP) containing amino
acids 3054–3685, amino acids 3054–3446, and amino acids 3435–3685.
Lower panel, purified human dystrophin fusion protein described above
were incubated with Sepharose beads coupled to a synthetic peptide
covering the sequence of the 15 last amino acids of b-dystroglycan
(PEP-b-DGct). After an extensive wash, the beads were resolved on
SDS-PAGE, and the gel was stained with Coomassie Blue. Molecular
mass standards (31023) are indicated on the left.

FIG. 7. Schematic structure of b-dystroglycan. Each amino acid
is represented by a circle. The putative N-terminal amino acid, corre-
sponding to the cleavage site of the 97-kDa dystroglycan precursor, is
based on the results of Gee and colleagues (35). Potential N-linked
glycosylation sites (branched chains), transmembrane domain (gray
circles), and proline residues from the cytoplasmic domain (X) are
indicated. The dystrophin anchoring site is indicated by the light gray
circles.
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no pathologies resulting from the absence of dystroglycan have
been reported. However, this may be because dystroglycan,
which is ubiquitously expressed, plays an essential role in cell
function and/or development, and cells harboring such muta-
tions may be inviable.
On the basis of these results and previous data (11, 35), a

schematic representation of b-dystroglycan structure can be
drawn (Fig. 7). This model of b-dystroglycan includes the pu-
tative N-terminal amino acid, the potential N-linked glycosy-
lation sites, the transmembrane domain, and the dystrophin
anchoring site. It is interesting to notice that the dystrophin
binding is located in a proline-rich environment within the
cytoplasmic domain of b-dystroglycan. We recently demon-
strated that the cytoplasmic domain of b-dystroglycan binds to
the SH3 domains of Grb2 (36). Therefore, It is reasonable to
assume that the interaction between dystrophin and b-dystro-
glycan could be structurally related to a SH3-proline-rich se-
quence interaction.
The identification of the interaction sites in dystrophin and

b-dystroglycan provides further insight into the structure and
the molecular organization of the dystrophin-glycoprotein com-
plex at the sarcolemma membrane and will be helpful for
studying the pathogenesis of Duchenne muscular dystrophy.
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