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The primary sequence of two components of the
dystrophin-glycoprotein complex has been estab-
lished by complementary DNA cloning. The trans-
membrane 43K and extracellular 156K dystrophin-
associated glycoproteins (DAGs) are encoded by a
single messenger RNA and the extracellular 156K
DAG binds laminin. Thus, the 156K DAG is a new
laminin-binding glycoprotein which may provide a
linkage between the sarcolemma and extracellular
matrix. These results support the hypothesis that
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the dramatic reduction in the 156K DAG in
Duchenne muscular dystrophy leads to a loss of
a linkage between the sarcolemma and extra-
cellular matrix and that this may render muscle
fibres more susceptible to necrosis.

THE Duchenne muscular dystrophy (DMD) gene encodes
dystrophin, a large membrane cytoskeletal protein found in
skeletal muscle'. Dystrophin is localized to the inner surface
of the sarcolemma in normal skeletal muscle but is absent in
skeletal muscle of DMD patients, mdx mice and xmd dogs®™.
Biochemical studies have demonstrated that dystrophin is tightly
linked to a large oligomeric complex of sarcolemma glyco-
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proteins”®. A dystrophin-glycoprotein complex (DGC) has been
isolated and shown to consist of cytoskeletal (relative molecular
mass 59,000 (M, 59K) and dystrophin), transmembrane (50K,
43K, 35K and 25K) and extracellular (156K) components’. A
model for the organization of the DGC has also recently been
proposed’. The membrane organization of the dystrophin-
glycoprotein complex® and the high density of dystrophin in
the sarcolemma membrane'®!! suggest that this complex could
have an important structural role in skeletal muscle, but its exact
function remains unknown. Furthermore, the absence of
dystrophin in skeletal muscle from mdx mice and DMD patients
leads to a dramatic loss of all of the components of the
dystrophin-glycoprotein  complex®'2. Because abnormal
expression of the dystrophin-associated glycoproteins (DAGs)
may have a crucial role in molecular pathogenesis in DMD, it
is important to identify the normal function of the dystrophin-
glycoprotein complex in skeletal muscle.

We report here the complete amino-acid sequence of 43K
and 156K dystrophin-associated glycoproteins deduced from
the cDNA sequence. Both components of the dystrophin-
glycoprotein complex are encoded by the same 5.8-kilobase (kb)
mRNA. Post-transiational modification of a 97K precursor pro-
tein results in two mature proteins: 43K DAG and 156K DAG.
Sequence analysis of cDNAs reveals an open reading frame
encoding a precursor polypeptide with no significant sequence
similarity with any known proteins. The N-terminal portion of
the precursor polypeptide is processed into the mature 156K
DAG with a putative protein core of about 56K with potential
attachment sites for O-linked carbohydrates. The C-terminal
portion of the precursor polypeptide is processed into the mature
43K DAG with potential N-glycosylation sites, a single trans-
membrane domain and a 120 amino-acid long cytoplasmic tail.
Northern and western blot analyses have demonstrated that
the 43K DAG and 156K DAG are expressed in both muscle
and non-muscle tissues. The specific mRNA for the 43-156K
DAG is expressed at normal amounts in mdx and DMD
skeletal muscle, whereas both glycoproteins are greatly re-
duced in dystrophin-deficient muscle. The dramatic decrease
in the 43K DAG occurs in the absence of dystrophin in muscle
but not in other tissues of mdx mice. Finally, we show that the
156K DAG binds laminin, a well characterized component
of the extracellular matrix. Thus, our results demonstrate
that the 156K DAG is a novel laminin-binding glycoprotein
and suggest that the function of the dystrophin-glycoprotein
complex is to link the subsarcolemmal cytoskeleton to the
extracellular matrix. We propose to name the 43-156K
dystrophin-associated glycoprotein ‘dystroglycan’ because
of its identification through dystrophin and its extensive
glycosylation.

Cloning and sequence analysis

A Agtll cDNA expression library from rabbit skeletal muscle
was screened with affinity-purified guinea pig polyclonal anti-
bodies specific for the 43K DAG. One cDNA clone with a 0.6-kb
insert designated R43-A was found and its sequence revealed
one open reading frame (Fig. 1a,b). Overlapping clones covering
the entire coding region of the mRNA were isolated by rescreen-
ing of rabbit skeletal muscle cDNA libraries using radiolabelled
cDNA probes (Fig. 1a).

The 4,200-nucleotide ¢cDNA sequence contains a 2,685
nucleotide open reading frame coding for a polypeptide of 895
amino acids with a calculated M, of 97,029 (Fig. 1b). The first
29 amino acids of the open reading frame are predominantly
hydrophobic and probably represent a signal peptide (Fig. 15,c).
Hydropathy analysis identified a single continuous region of 24
amino acids close to the C terminal showing characteristics of
a transmembrane domain (Fig. 1c). Four potential N-linked
glycosylation sites and numerous potential phosphorylation sites
are found in the 97K polypeptide. No significant sequence
homology was detected in the NBRF database between any
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known proteins and the predicted amino-acid sequence of the
97K polypeptide.

Biochemical characterization of the dystrophin-glycoprotein
complex has demonstrated that the 43K DAG has hydrophobic
properties characteristic of a transmembrane protein and con-
tains Asn-linked oligosaccharides’. These properties are con-
sistent with the predicted sequence of the C-terminal half of the
97K polypeptide which contains a potential transmembrane
domain and three out of four potential sites for N-glycosylation.
The C-terminal origin of 43K DAG was confirmed using an
antibody raised in a rabbit against a synthetic peptide corres-
ponding to the 15 C-terminal amino-acid residues of the deduced
sequence. This anti-peptide antibody specifically recognized the
43K DAG (Fig. 2b). In addition, peptide sequence determined
directly from the 43K DAG matched residues 783-793 of the
deduced amino-acid sequence of the 97K polypeptide (Fig. 1b).

N-terminal domain of the 97K precursor

To identify the N-terminal domain of the 97K precursor poly-
peptide, antibodies to different regions of the 97K precursor
polypeptide were produced by expressing several overlapping
c¢DNAs encoding different regions in the 97K precursor poly-
peptide. The pGEX vectors for the expression of foreign sequen-
ces as glutathione S-transferase (GST) fusion proteins in
Escherichia coli cells were used to examine specific regions in
the 97K precursor protein, corresponding to the 43K DAG, the
N-terminal half of the 97K precursor and to sequence overlap-
ping both the N- and C-terminal halves (Fig. 2a).

Monospecific antibodies to each fusion protein were affinity
purified from the sheep antiserum raised against purified DGC
using immobilized fusion proteins. Affinity-purified antibodies
were then tested using each fusion protein and purified DGC
(Fig. 2b). Consistent with the C-terminal domain encoding the
43K DAG, antibodies to FP-A (fusion protein-A) and FP-C
specifically stained both bands of 43K DAG doublet (Fig. 2b).
But antibodies to FP-B stained the 43K DAG and the 156K
DAG components of DGC (Fig. 2b). Thus, a second product
of 97K precursor polypeptide seems to be the 156K DAG. In
accordance with this supposition, antibodies to FP-D stain only
156K DAG (Fig. 2b). Therefore, post-translational processing
of 97K precursor polypeptide gives rise to two components of
DGC: 43K DAG and 156K DAG. Biochemical studies have
demonstrated that 156K DAG is not an integral membrane
protein and contains N-linked and O-linked glycosylation®.
These properties are consistent with the predicted N-terminal
half of the 97K precursor which does not possess any hydro-
phobic region, has one potential N-linked glycosylation site and
many potential O-glycosylation sites. Although generation of the
43K and 156K DAG by proteolysis during the preparation of
muscle membranes cannot be ruled out, we have never seen a
larger protein react with antibodies to the 43K DAG or 156K
DAG and the 156K DAG is seen in direct SDS extracts of
muscle®. Further analysis of 43-156K-specific mRNA translation
is needed to show that the cleavage of the 97K precursor occurs
during its synthesis and is not occurring during the isolation
procedure. The precise point of cleavage in 97K precursor
protein used in the formation of the 43K DAG has not been
determined because the N terminal of 43K DAG was blocked
and thus could not be sequenced. Among the putative cleavage
sites, Arg 457 is the best fitting according to consensus sequence
for post-translational processing of protein precursors at
monobasic sites'>.

Expression of 43-156K DAG

A prominent 5.8-kb transcript was detected in mRNA from
rabbit skeletal muscle, cardiac muscle and lung (Fig. 3a). A
weaker hybridizing transcript of the same size was found in
brain (Fig. 3a). Northern blot analysis with total RNA from
liver, kidney, diaphragm and stomach also detected a 5.8-kb
mRNA in all these tissues (data not shown). Thus, the 5.8-kb
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transcript for the 43-156K DAG is present in various muscle
and non-muscle tissues, most probably originating from the
same gene. The 43-156K DAG in muscle and non-muscle tissues
was identified using immunoblots of membranes from different
tissues and affinity-purified antibodies to FP-B (43-156K
specific) (Fig. 3b). The 43K DAG was detected in isolated
membranes from skeletal muscle, brain, cardiac muscle and lung
(Fig. 3b). The 156K DAG was detected in skeletal and cardiac
muscle membranes, but has a slightly lower M, in cardiac
membranes (Fig. 3b). In brain and lung membranes the M, of
the ‘156K’ DAG reactive protein was ~120K. The variability in
M, for the ‘156K’ reactive protein may be due to differential
glycosylation of the core protein in muscle versus non-muscle
tissues.

Analysis of dystrophic muscle

RNA blot analysis of skeletal muscle mRNA from control and
mdx mice of different ages using cDNA probe R43-B to 43-156K
mRNA revealed no reduction of 43-156K DAG mRNA in mdx
mice versus control mice (Fig. 4a). But as previously obser-
ved®'? the 43K DAG is greatly reduced in mdx skeletal muscle
membranes (Fig. 4b). Thus, the absence of dystrophin causes
no change in the mRNA for the 43-156K DAG but leads to
dramatic reductions in the amount of the 43K DAG and 156K
DAG in skeletal muscle. Analysis of mRNA from control and
DMD skeletal muscle also showed no difference in 43-156K
DAG mRNA expression (Fig. 5a). In agreement with findings
in mdx mouse muscle, indirect immunofluorescence analysis of
cryosections from normal and DMD skeletal muscle with 156K-
specific (anti FP-D) and 43K-specific (anti FP-A) antibodies
demonstrated a drastically reduced density of 43K DAG and
156K DAG in skeletal muscle of a DMD patient (Fig. 5b). Thus
the 43-156K DAG-encoding gene is transcribed and specific
mRNA is still present at the normal amount in dystrophic
muscle, but the 43K DAG and 156K DAG are greatly reduced
in dystrophic muscle.

Because the 43-156K DAG is expressed in non-muscle tissues
we also examined expression of 43K DAG in the non-muscle
tissues of control and mdx mice. The 156K DAG could not be
tested because polyclonal antibodies to the protein core of rabbit
156K DAG described above do not crossreact with the 156K
DAG in mouse muscle. Immunoblot analysis of brain and kidney
membranes from control and mdx mice, stained with polyclonal
anti FP-A antibodies (43K specific), revealed no reduction in
the amount of 43K DAG in these mdx tissues (Fig. 4b). Thus,
the dramatic reduction of the 43K DAG that is found in mdx
mice seems to be restricted to skeletal muscle and is not found
in non-muscle tissues.

156K DAG binds laminin

The high density of dystrophin in isolated sarcolemma and the
membrane organization of the DGC have suggested a structural
function for the DGC®'. That the 156K DAG is an extracellular
component of the dystrophin-glycoprotein complex suggests it
may interact with the extracellular matrix. To test for the associ-
ation of the 156K DAG with the extracellular matrix, rabbit
skeletal muscle surface membranes and pure DGC were electro-
phoretically separated, transferred to nitrocellulose membranes
and overlaid with '**I-labelled laminin. A single laminin-binding
band, corresponding to the 156K DAG, was detected in surface
membranes and purified DGC (Fig. 6a). Binding of '*I-labelled
laminin to the 156K DAG was significantly decreased by a
1,000-fold excess of unlabelled laminin demonstrating the
specificity of '*°I-labelled laminin binding to the 156K DAG
(Fig. 6a). '*’1-Labelled fibronectin did not label the 156K DAG
or any other component of the DGC, nor did a 1,000-fold excess
of non-radioactive fibronectin have any effect on the binding of
125F.]1abelled laminin to the 156K DAG (data not shown). The
interaction of 156K DAG with laminin was also shown by
coimmunoprecipitation of laminin and 156K DAG (Fig. 6b).
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Anti-laminin antibodies did not precipitate the 156K DAG from
alkaline extracts of rabbit skeletal muscle surface membranes
(Fig. 6b, lane 3). This result was consistent with our observation
(not shown) that the surface membranes used were devoid of
laminin, merosin'* or S-laminin'® as detected on immunoblots
using specific antibodies'®. But anti-laminin antibodies
effectively precipitated the 156K DAG from alkaline extracts
that had been preincubated with exogenously added laminin
(Fig. 6b, lane 7). These results suggest that the 156K DAG
specifically binds laminin and may mediate interaction of DGC
with extracellular matrix.

Discussion

We report here the nucleotide and deduced amino-acid sequen-
ces for two components of the dystrophin-glycoprotein com-
plex. We show that the 43K DAG and 156K DAG are encoded
by the same mRNA and that post-translational processing of
the 97K precursor polypeptide results in two mature proteins:
43K DAG and 156K DAG. The mature 43K DAG contains a
single transmembrane domain, three potential sites for N-
glycosylation and a 120 amino-acid long cytoplasmic tail
whereas the 156K DAG contains no transmembrane sequences,
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FIG. 1 Cloning and sequence analysis of ¢cDNAs encoding a precursor for
the 43-156K DAG. g Restriction map and overlapping cDNA clones encoding
the precursor protein for the 43-156K DAG. The protein-coding region is
indicated by a solid box. b, The nucleotide and predicted amino-acid sequence
(single-letter code) of precursor protein for the 43-156K DAG. The putative
signal peptide is underlined and the predicted transmembrane domain is
double underlined. A sequence matching that of a peptide isolated from the
mature 43K DAG is indicated by a dashed line. ¥, Potential asparagine-linked
glycosylation sites. ¢, Hydropathy plot of the 43-156K DAG precursor protein.
Hydropathy profile of the 43-156K DAG precursor protein computed accord-
ing to ref. 29; the window size is 19 residues plotted at one-residue intervals.
T, Position for the predicted transmembrane domain; S, proposed signal
sequence.

METHODS. Affinity-purified guinea pig polyclonal antibodies to the 43K DAG
were prepared as previously described® and used to screen 2 x10° clones
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GGCTGCTTTTCAGGAAGATAAAGCTTTTAAGGCTGCCTAACACTAGAAG -121
GAGAGGCTCTCGATGCTCTGGGATGGAGCAGGTGTGCAGAGGGTGAGGACCCGGCTCTGGGATCAAGTCACTTGCTTGCTTCCTTAGCAAGATCTTCGGCT TGAGCGAACTTGGCCTGGG -1
AGGACATTTCTCCTCCTCCTCTGTGTGGCCGTGGCTCAGTCCCATTGGCCCAGCGAACCCTCGGAGGCTGTCAGG 120

M R M SV 6L S L L L P L WG RTVFULLLLCV AV A QS HWUPTZSEUZPSTEA AVR 40
GACTGGGAGAACCAGCTGGAGGCGTCCATGCACTCTGTGCTCTCAGACCTGCACGAAGCCCT TCCCACAGTGGTTGGCATTCCTGATGGCACGGCTGTTGTTGGGCGCTCGTTTCGAGTG 240
D WEWNOQLTEASMUBHESV VL SDULUHEA ALU®PTV VYV GIU?PDGTA AV YV GRST FRY 80
ACCATTCCAACAGATTTAATTGGCTCCAGTGGAGAAGTCATCAAGGTATCCACGGCAGGGAAGGAGGTTTTGCCATCGTGGCTGCATTGGGATCCACAGAGCCACACCCTGGAGGGCCTT 360
T I PTDULIGS S GEUVII KUVSTAGTI KETVILUPSWILHWDUPQSHTULETGIL 120
CCGCTGGACACGGACAAGGGTGTGCATTACATCTCAGTGAGCGCTGCACAGC TGGATGCCAACGGAAGCCACATCCCTCAGACCTCCAGTGTGTTCTCCATCGAGGTCTACCCCGAAGAC 480
P LDTDIKGVHYTISVS A AQLDANGS SUHTIUPAOQTSSVF FS5TITEVYU?PETD 160
CACAGTGAGCCGCAGTCTGTGCGGGCGGCCTCTCCAGACC TGGGCGAGGCGGCGGCGTCTGCCTGTGC TGCCGAGGAGCCGGTGACCGTCTTGACCGTGAT TCTGGATGCCGATCTCACC 600
HSEPQSVRAASZPDLTGEA AAASACAAETEUPVTV VLTV VTIULUDADLT 200
AAGATGACTCCGAAGCAGAGGATCGACCTCCTGCACAGGATGCAGAGCTTCTCGGAGGTGGAGCTCCACAACATGAAGT TGGTGCCGGTGGTGAATAACAGACTGTTTGATATGTCTGCC 720
XK M TPXKQRIDIULLMHRMGQST FSE EVETLHNMIEKTLTVYVZPVVNINTR RLTFIDMSA 240
TTCATGGCCGGCCCCGGAAACGCCAAAAAGGTGGTAGAGAACGGGGCCCTGCTCTCCTGGAAGCTGGGC TGCTCCCTGAACCAGAACAGTGTGCCTGACAT TCGCGGCGTGGAGGCCCCT 840
F MAGPGNA AWAIK KV V ENGALTLS SW®WI KT LSGTCS SIL®NA QNSV VZPDTIU®RGTYTEA AT?®P 280
GCCAGGGAGGGCACTATGTCTGCCCAGCTTGGCTACCCTGTGGTGGGTTGGCACAT TGCCAACAAGAAGCCACCTCTCCCCAAGCGTATCCGAAGGCAGATCCATGCCACACCCACACCT 960
A REGTMSAQLGYPVV GWHTIANTIEKTI KZPZPLUPI KR RTIIRROQQIHATTPTFP 320
GTCACTGCCATTGGGCCCCCAACCACGGCCATCCAGGAGCCGCCGTCCAGGATCGTGCCTACCCCCACTTCTCCAGCCATTGCTCCTCCCACAGAGACGATGGCTCCTCCAGTCAGGGAT 1080
vV 1TAIGPUPTTATIQEU®PZPSRTIUVZPTUPTS SU?PATIAPZPTUETMMAZPZPVR RD 360
CCTGTTCCTGGGAAGCCCACGGTCACCACTCGGACTCGAGGTGCCAT TATTCAGACCCCAACCCTAGGCCCCATCCAGCCCACTCGGGTGTCAGACGCTGGCACCGTAGTTTCTGGCCAG 1200
1 QTPTULGPTIO QU PTRVSDAGTU VUV S G Q 400
ATTCGTGCAACGGTGACCATTCCTGGCTACGTGGAGCCCACAGCAGTTGCCACCCCTCCCACAACTACAACCAAAAAGCCACGAGTGTCCACACCAAAACCAGCAACGCCTTCAACGGAC 1320
P G Y VEPTA AV ATZPZPTTTTI KU KU PRV VSTUZPI KU PATUZPSTTD 440
TCCTCAGCCACCACGACTCGCAGGCCAACCAAGAAGCCACGGACACCCAGGCCGGTGCCACGGGTCACCACTAAAGCTCCCATCACCAGGCTGGAGACGGCCTCCCCACCTACTCGTATC 1440
S $ ATTTIRRUPTIEKI K PRTUPRUPVPRVYVYTTI XA APTITRTILTETASTE PZPTT RTI 480
CGCACCACCACCAGCGGGGTGCCCCGCGGGGGAGAACCCAACCAGCGCCCAGAGCTCAAGAACCACATCGACAGGGTGGACGCCTGGGTCGGCACCTACTTTGAGGTGAAGATCCCATCT 1560
R TTTSGV PRGGEUPUNI QRZPETLTI KNUHTIUDTR RVYVDAWVYGTY YT FETV VI KTITEPS 520
GATACCTTCTACGACAAGGAGGATACCACCACCGACAAGCTCAAGCTGACCCTGAAGCTGCGAGAGCAGCAGCTGGTGGGCGAGAAGTCCTGGGTGCAGT TCAACAGCAACAGCCAGCTC 1680
D TF YDIXETDTTTDI KU LI KTLTTLI XKULREIU QQLVGET K SWVQFNSNSUGQGGEL 560
ATGTATGGCCTGCCCGACAGCAGCCACGTGGGCAAACACGAGTATTTCATGCATGCCACAGACAAGGGAGGCCTGTCCGCCGTGGATGCCTTTGAGATCCATGTCCACAAGCGCCCTCAA 1800
MY GL PD S S HV GKHEYVFMHATUDIEKSGG GLTSAVDATFTETIUHV YVHI KT RTEPAQ 600
GGGGACAAAGCTCCTGCTCGTTTCAAAGCCAAGTICGTGGGTGACCCAGCGCCAGTGGTGAATGACATCCACAAGAAGATTGCCCTGGTGAAGAAGCTGGCCTTTGCCTTTGGGGATCGC 1920
G D K A PARVFIKAKT FVGDPAPVVNDTIHI KTI KTIA ALV VI KT KL ATFATFTGTDR 640
AATTGCAGCACCGTCACCCTGCAGAACATCACCCGCGGCTCCATTGTGGTGGAGTGGACCAACAACACACTGCCGCTGGAGCCCTGCCCCAAGGAGCAGATCACGGGGCTGAGCCGCAGG 2040
I VVEWTNNTTLUPLETPCEPIKENQTITGTLS ST RR 680
ATCGCCGAGGACAACGGGCAGCCTCGGCCAGCCTTCACCAATGCCCTGGAGCCTGACTTTAAGGCCACGAGCATCGCCATAACGGGCTCTGGCAGTTGTCGGCACTTGCAGTTTATCCCC 2160
T 68 G S CRUHLIQTFTIFP 720
GTGGCACCGCCTGGGATCCCGTCCTCGGTGACACCACCCACGGAGGTGCCAGACAGGGACCCCGAGAAGAGCAGTGAGGATGACGTCTACCTACACACAGTCATTCCGGCTGTGGTGGTG 2280
P s SsSvTPPTEUV?PDRTDUPEIKSSETDTDVYLHTVIPAVV YV 760
GCGGCCATCCTGCTCATTGCTGGCATCAT TGCCATGATCTGC TACCGCAAGAAGCGGAAGGGCAAGCTCACCCTGGAGGACCAGGCCACCTTCATCAAGAAGGGGGTGCCCATCATCTTT 2400
I A M I CYREKEKREKGEKTLTLEDQQATTETIZXKXKT KG GV ZPTITITF 80
GCAGACGAGCTGGACGACTCCAAGCCCCCGCCCTCCTCCAGCATGCCGCTGATCCTGCAGGAGGAGAAGGCTCCCCTTCCCCCCCCAGAGTATCCCAGCCAGAGCGTGCCCGAGACCACG 2520
A DEULDDSI KU?PPZPSSSMZPILTIULO QETETI KA APLU PZPZPEYUPSQSVZPETT 840
CCTCTGAACCAGGACACTGTGGGGGAGTACACGCCCCTTCGGGATGAGGATCCCAACGCGCCTCCCTACCAGCCCCCCCCACCCT TCACAGCCCCGATGGAGGGCAAGGGCTCCCGTCCC 2640
PLNQDTUVGEYZYTU®PUL®RUDET DUPNAPPYOQPZ?PZPUZPTFTAPMETGI KTGS ST RUP 880
AAGAACATGACCCCTTACCGGTCACCCCCTCCTTATGTTCCCCCTTAACCCACAAGCGCCTGGGTGGAGGCAGGGTAGGGCAGGGGCCTGGGGACAACACAGTGTTGTCTGTGGAGCCCG 2760
885

GTGGCCCGCAGACCATCGCCCACTGGGCGCTGACACCAGACCTAGCACACACTGGCACACGGGGCCTGGACAAGCCCGCCCTCTCTGGTCCTCCCAAACCCCAAAGCAGCTGGAGAGACT 2880
TIGGGGACTTITTTTATITITATTTITTGCCTAACAGCTTITTGTITGT TCATAGAAAATCCTTCGCTGCGTTT TGATGGCTGGC TCTGGAAGCACCATTIGGAGTAGAGGTAGAGGGAG 3000
GGAGCGAGGAGCCGTGGGTGAACTCGCAGGCAGTGCTGGGCAGCCCCCCGGCTCTCTGCGTTTTGCCTTTAACACTAACTGTACTGTTTTTTCTAT TCACGTGTGTCTAGCTGCAGGATG 3120
TAACATGGAAAACAGTAGCTAAAGATTAAATTCAAAGGACTTTCAGAAGTTAAGGTTAAGTTTTTACATTTAATCTGCTGTTTACCTAAACTTGTATGTATAATTTTTGGGTGGGTATGG 3240
GGAATTGCTTTGCTAAAAATAAGCTCCCAGGGTGTTTCAAACTTAAGAGAAGACCAAGGGACAGTATTTTTTATCAAAGGAATCCTATTTTTTCACACTATGTCAACTTGGTTGCTCTGA 3360
TATCCCAGAGCCCGATCGGGGGCCTCCTGGCCCTGGCTCAGGGGCCAGGGTCCTGGTGCTGGGT TTGCTCTCCTGCTGT TGGCAGGAGT TGGAAGC TGGAGGGGCCTCTCGGGCCGTGGA 3480
CATCCCCACCTCCACCCCATGCATGCTAGTGGCCCACCACCAAGGGGTCTTCATTTCCATGGGAAAGGGACTCCAAGAGGCAGTGGTGGCCGTGGCCCCCACCCCGGGTGCTCCAAGGTG 3600
GGCCAGCTGCTCGTGGGGGCCCCTGGGGAGGT TGAGGGACTCGACCACATCGACCTGTTTCCTTTCACCTTTTATTTTTTTTTTTCCCCACCCCTCCTAAAAGGATTATCACGGTTTITTIG 3720
AAACACTCAGTGGGGGACATTTTGGTGAAGATGCAATATTTTTATGTCATGTGATGCTCTTTCCTCACTTGACCTTGGCCACTTTGTCCCAACAGTCCACAGCCCCGCCCCGATCCACCC 3840
CATCCCTCTTCTCTGGCGCTCCCGTCCCAGGCCT TGGGCCTGAACGACTGGAAAAGGCCTGGTTGGCTGGGGAGGAGTGCCACCAATAGTTCATAGTAAACAATCTGTGGGCTCTCAAAG 3960

CTAATTTTTTACTAAAGTTTTTATACAGCCTCAAATTGTTTTATTAAAAAATAGATTAAAAATGGTGATGC

4031

of Agtll expression library. Clone R43-A with a length of 600 base pairs
(bp) was isolated from a random primed adult rabbit skeletal muscle Agtll
library®® by immunoscreening. An oligo-dT-primed rabbit skeletal muscie
cDNA library in Azapll (Stratagene) was screened at high stringency with a
32p.)abelled cDNA insert from the R43-A clone (random primed labelling kit,
Boehringer Mannheim). Clone R43-B overlaps R43-A and extends ~1 kb in
the 5 direction. Further clones were isolated from Agtll libraries3%: R43-D,
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random-primed Agtl1 library; R43-C, oligo-dT-primed Agtl1 library. To iso-
late cDNA extending to the 5-end of mRNA (clone R43-E), a rabbit skeletal
muscle cDNA library was constructed using random primed cDNA with Agti1
vector (Stratagene). All cDNA inserts were sequenced either on an Applied
Biosystems Incorporated Automatic Sequencer or manually by the dideoxy
chain termination method®'. Sequences were analysed with the Genetics
Computer Group (Wisconsin package) and PCGene (Intelligenetics) software.
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FIG. 2 Expression of different regions of the 43-156K DAG precursor protein
as glutathione S-transferase (GST) fusion proteins. a Schematic structures
of the GST fusion proteins. Each fusion protein consists of GST and the
indicated region of 97K precursor protein. Fusion protein-A (FP-A) contains
residues 665-856 corresponding to the cDNA R43-A found in the expression
library with affinity-purified antiserum against 43K DAG. Fusion protein-C
(FP-C) contains residues 857-895 which are the C-terminal 38 amino acids
of the 97K precursor polypeptide, and does not overlap with FP-A. Fusion
protein-B (FP-B) contains residues 367-863 and thus overlaps with FP-A
and FP-C, and has a portion of the N-terminal region of the 97K precursor,
which is not present in the mature 43K DAG. Fusion protein-D (FP-D) contains
residues 62-438 and thus contains only the N-terminal region of the 97K
precursor polypeptide. The M, and amino-acid positions of each fusion
protein are indicated. The 97K protein precursor sequence corresponding
to the 156K DAG is shown as a hatched box whereas the region of the
43K DAG is shown as an open box. Predicted

transmembrane and signal sequences are shown b

as a solid box. b, Immunablot analysis of fusion

proteins and the dystrophin-glycoprotein complex Mr anti FP-C
(DGC). Samples of partially purified fusion proteins (x1 0*3)

were separated on 3-12% SDS polyacrylamide

gels and transferred to nitrocellulose. Nitro-

cellulose transfers were stained with affinity-

purified sheep polyclonal antibodies to the fusion 228 —

protein constructs: FP-C (anti FP-C), FP-A (anti

FP-A), FP-B (anti FP-B), FP-D (anti FP-D) or with a 109 - L
polyclonal rabbit antibody to the synthetic peptide 70 - ’
representing the 15 amino acids of the carboxyl P g

terminus of the 97K precursor protein (43 C-term).
The M, standards (x10~%) are indicated on the 28 — am
left and the mature 43K and 156K components
of DGC are indicated on the right (43 DAG, 156
DAG).

METHODS. A set of pGEX vectors3? were used to express various fragments
of DNA for the 97K precursor protein as £ coli fusion proteins. The correct
construction of the recombinant plasmids was verified by restriction map-
ping. To construct FP-A, the EcoRi insert from R43-A clone with the size of
0.6 kb was cloned into the EcoRi site of pGEX-1. FP-B was constructed by
ligation of the £coRl insert from R43-R clone (1.5kb) into the EcoR site of
pGEX-2T. FP-C was made by ligation into the BamHi site of pGEX-1 the
BamHl fragment of ¢cDNA R43-C, containing C-terminal sequence with stop
codon, representing the last 38 amino acids. For the FP-D construct, EcoRl
insert (1.2 kb) from R43-D was inserted into pGEX-2T vector digested with
EcoRl. Each recombinant molecule was introduced in E. coli DH5_ cells.
Overnight cultures were diluted 1:10, incubated for 1 h and induced for 2 h
with ImM IPTG. Cells were resuspended in PBS and sonicated. Fusion proteins

FIG. 3 Tissue distribution of 43-156K DAG. a Northern blot analysis is with
43-156K DAG-specific probe of mRNA from different tissues. Poly(A)™ RNA
(4 g per lane) from rabbit skeletal muscle (skel), brain, cardiac muscle
(card) and fung was transferred to nylon filters and hybridized with a
3?p_labelled insert from R43-A cDNA clone. The 43-156K DAG-specific
mMRNA with the size of 5.8kb is indicated by the arrow. b, Immunostaining
of identical nitrocellulose transfers of membranes from rabbit skeletal
muscle, brain, cardiac muscle and lung stained with anti FP-B antibodies
(43-156K specific) and a mixture of monoclonal antibodies VIA4, and IIH6
(156K DAG specific). M, standards {x1073) are indicated on the left.

METHODS. Total RNA was isolated by homogenization in RNAzol (Cinna/Bio-
tecx) followed by chloroform extraction. Poly(A)™ RNA was enriched by
oligo-dT cellulose chromatography and resolved on 1.2% agarose gels
containing 5% formaldehyde. RNA was transferred to Genescreen Nylon
Membranes (NEN Research Products). Prehybridization was done at 42 °C
in 5 xSSC, 5 XDenhardt's solution, 50% formamide, 10% dextran sulphate
and 100 pg ml™* of salmon-sperm DNA. Membranes were hybridized over-
night at 42 °C at a specific activity of at least 1 x 10° c.p.m. mI™ Membranes
were washed at 62°C in 2xSSC, 0.1% SDS and were exposed to fim
(X-OMAT AR, Kodak) at —80°C. Total membranes were prepared from
tissues homogenized in 7.5 vols of homogenization buffer (20 mM sodium
pyrophosphate, 20 mM sodium phosphate monohydrate, 1 mM MgCl,, 0.3 M
sucrose, 0.5 mM EDTA, pH 7.0) using a Polytron PTS-10-S probe (Kinematic
GmbH, Luzern) in the presence of a protease inhibitor cocktail*®. Homo-
genates were centrifuged for 15 min at 1,100g and the supernatant filtered
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were purified from supernatant by affinity chromatography on glutathione-
Sepharose (Pharmacia) and eluted with 5mM glutathione. Dystrophin-
glycoprotein complex was isolated as previously described®. Sheep poly-
clonal antibodies to the purified DGC were produced as previously
described™? and anti-fusion protein antibodies were affinity purified from
polyclonal antiserum as previously described®. A peptide representing the
15 C-terminus amino acids of the 97K cDNA (PKNMTPYRSPPPYVP) was
obtained from the HHMI Peptide Facility (Washington University, St. Louis)
as the N-terminal p-benzolbenzoyl-peptide photoprobe“. Peptide was conju-
gated to keyhole limpet haemocyanin, mixed with Freund's complete adjuvant
and injected into a rabbit as described®®. SDS-PAGE®® was carried out on
3-12% gradient gels in the presence of 1% 2-mercaptoethanol and transfer-
red to nitrocellulose for immunoblot analysis as previously described®.

) b
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185 — A 10 s
\ 70 -
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through cheesecloth. The supernatants of four repeated homogenizations
were combined and centrifuged for 35 min at 140,000¢. The final membrane
preparations were KCl-washed as previously described™®. Immunoblot analy-
sis was done as described in the legend to Fig. 2 using 250 ug of skeletal
muscle membranes and 500 pg of non-muscle membranes.
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one site of N-linked glycosylation and numerous O-linked
glycosylation sites. The deduced amino-acid sequence o! the
N-terminal portion of the precursor protein indicates a ~56K
core peptide for 156K DAG. Thus, carbohydrate moieties seem
to constitute up to two-thirds of the M, of the 156K DAG which
suggests that the 156K DAG may be a proteoglycan. The exact
modifications involved in the processing of the N-terminal por-
tion of the precursor polypeptide to the 156K DAG are not
known, but because of the size difference between the 56K
protein core and the mature 156K DAG they could involve the
addition of glycosaminoglycan chains'”'®,

The predicted features of 156K DAG made it the most prob-
able candidate for interaction with components in the extra-
cellular space. We have demonstrated, using two different tech-
niques, that extracellular 156K DAG binds laminin which is a
major component of the extracellular matrix. A number of
laminin-binding proteins have been previously identified in
skeletal muscle'®?! but the 156K DAG does not seem to be
related to any of these proteins. In addition, the sequence of
the 43-156K DAG indicates that it is not related to integrins or
cadherin. The exact function of laminin binding by the 156K
DAG is not known. It is possible that the 156K DAG is involved
in the attachment, spreading and growth of myoblasts on laminin
substrate, which are independent of integrin®.

The broad tissue distribution of the 43-156K DAG precursor
argues for an important role of the glycoproteins in membrane
organization in different tissues and might indicate the existence

a

FIG. 5 Characterization of 43-156K DAG in normal and DMD
skeletal muscle. g Northern blot analysis of total RNA from
normal and DMD skeletal muscle probed with R43-B cDNA.

288 —
Northern blot analysis with human normal and DMD skeletal
muscle RNA was done as described in Fig. 3. b, immunofiuore-
scence analysis of transverse cryosections of normal and 1858 —

DMD skeletal muscle stained with affinity-purified sequence-
specific antibodies against FP-D (156K DAG specific) or FP-A
(43K DAG specific). Immunofluorescence microscopy of trans-
verse cryosections from normal and DMD muscle was done
as previously described*®*2,
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kidney

FIG. 4 Comparison of 43-156K DAG expression in muscle
and non-muscle tissues of normal and mdx mice. g Skeletal
muscle RNA (20 wg per lane) of control mice of ages 4, 8
and 25 weeks (cont 4, cont 8, cont 25) and skeletal muscle
RNA of mdx mice of ages 4, 8 and 25 weeks (mdx 4, mdx 8,
mdx 25) hybridized with 3?P_labelled cDNA inset from R43-B
clone. Immunoblot analyses were done as described in the
legend to Fig. 3. b, Nitrocellulose transfers of skeletal muscle,
brain and kidney membranes from control (cont) and mdx
mice (mdx) were stained with affinity-purified anti-FP-A (43K
DAG specific) antibodies. M, standards are indicated. Total
RNA and membranes from control and mdx mice were pre-
pared as described in Fig. 3.

A
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of the entire glycoprotein complex in non-muscle tissues.
Absence of significant amounts of dystrophin in the examined
non-muscle tissues suggests that in non-muscle tissues 43-156K
DAG is involved in formation of a different type of complex
where dystrophin may be replaced by another cytoskeleton
component. The conditions used to identify the 156K DAG as
a laminin-binding protein are similar to those used for the
identification of cranin as a laminin-binding protein®. The
apparent M, of cranin is also very similar to the protein we
have identified in brain membranes with the ‘156K’-specific
antibody.

How the deficiency of dystrophin causes muscle cell necrosis
and ultimately leads to muscle weakness in DMD is not known.
Our findings suggest that the function of dystrophin is to link
the subsarcolemma membrane cytoskeleton through a trans-
membrane complex to an extracellular glycoprotein which binds
laminin. Because the absence of dystrophin leads to the loss of
all the dystrophin-associated proteins®'? our results suggest that
dystrophin-deficient muscle fibres may lack the normal inter-
action between the sarcolemma and the extracellular matrix.
The disruption of this linkage between the sarcolemma and the
extracellular matrix may be responsible for the increased
osmotic fragility of dystrophic muscle*® or the alteration of
specific Ca®* regulatory mechanisms® either of which may lead
to excessive influx of Ca® ions in dystrophic muscle®®. The
histopathological analysis of DMD muscle*”?* supports this
hypothesis because a breakdown of the sarcolemma membrane

b Normal DMD
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FIG. 6 Laminin binding to the 156K DAG. a Coomassie blue-stained SDS
polyacrylamide gel (CB), corresponding immunoblot stained with monoclonal
antibody IIH6 to 156K DAG or autoradiograms of identical nitrocellulose
transfers of electrophoretically separated proteins of crude rabbit skeletal
muscle membranes (Mic), sarcolemma membranes (SL) or dystrophin-
glycoprotein complex (DGC) incubated with 0.1 ug mi~* *2%|-labelled laminin
(~1.7 pCiug™) in the absence (*?°-LAM) or presence of a 1,000-fold
excess of unlabelled laminin (+LAM). b, Coimmunoprecipitation of 156K
DAG using anti-laminin antibody. Shown is the relative amount of 156K DAG
in pH12 extracts of crude rabbit surface membranes (lane 1), in anti-
Jaminin/protein A-Sepharose voids (lanes 2 and 6), associated with anti-
laminin/Protein A-Sepharose (lanes 3 and 7), protein A-Sepharose voids
(lanes 4 and 8) or associated with protein A-Sepharose (lanes 5 and 9) in
the absence (lanes 2-5) or presence (lanes 6-9) of 50 wg laminin. M,
standards (x1073) are indicated on the left of each panel.

METHODS. Rabbit skeletal muscle crude membranes, sarcolemma
membranes and dystrophin-glycoprotein complex were electrophoretically
separated on 3-12% SDS polyacrylamide gels in the presence of 1%
2-mercaptoethanol and transferred to nitrocellulose (see legend to Fig. 2).

precedes muscle cell necrosis and the basal lamina seems to
separate from the sarcolemma in early steps of DMD. In addi-
tion, because the extracellular matrix of the adult tissue is a
scaffold that is required to allow repair after injury, the absence
of the interaction between the sarcolemma and the extracellular
matrix may also render dystrophic muscle fibres more prone to
injury and less able to repair injury.

The normal production of the mRNA for the 43-156K DAG
in dystrophic muscle is important for potential DMD therapies.
It was unclear how the absence of dystrophin leads to the loss
of the dystrophin-associated glycoproteins but these results indi-
cate that dystrophin-associated glycoproteins are produced in

+LAM
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Purified laminin mouse EHS (Sigma) was iodinated with [*?°/]Nal using a
lactoperoxidase/glucose oxidase reaction by the Diabetes, Endocrinology
Research Center at the University of lowa. The *?%I-labelled Jaminin overlay
procedure of Smalheiser and Schwartz?® was done as described except that
nitrocellulose transfers were blocked with 5% non-fat dry milk in 150 mM
NaCl, 50 mM sodium phosphate, pH 7.5. To test for coimmunoprecipitation
of laminin and the 156K dystrophin-associated glycoprotein, pH 12 extracts®
of rabbit skeletal muscle surface membranes were incubated for 24 h at
4 °C with gentle mixing in buffer A (0.14 M NaCl, 1 mM CaCl,, 1 mM MgCl,,
10 mM triethanolamine-HCI, pH 7.6) in the absence or presence of 50 ug
purified mouse EHS laminin (Sigma), then incubated for an additional 24 h
at 4 °C with 100 pt of either protein A-Sepharose or anti-laminin/protein
A-Sepharose which had been equilibrated with 3% BSA in buffer A and
washed four times with buffer A. The Sepharose was pelleted by a brief
centrifugation, the supernatant (void) decanted and the Sepharose washed
three times with buffer A. Equivalent volumes of the resulting voids and
washed Sepharose peilets were analysed by SDS-polyacrylamide gel electro-
phoresis and immunoblotting using monoclional antibody IIH6 which is specific
for the 156K DAG.

dystrophic muscle. But in the absence of dystrophin the
dystrophin-associated glycoproteins may not be properly
assembled and/or integrated into the sarcolemma or may be
degraded. Our results suggest that restoring dystrophin by
myoblast transfer or gene therapy may stabilize and restore
normal dystrophin-associated glycoprotein levels in DMD
muscle. These results provide strong evidence for the structural
role of dystrophin in muscle integrity, demonstrate that the
43-156K DAG (dystroglycan) is a new laminin-binding glyco-
protein and suggest that the function of dystrophin-glycoprotein
complex is to provide linkage between the sarcolemma and the
extracellular matrix. O

Received 21 November 1931; accepted 16 January 1992.

1. Hoffman, E. P.. Brown, R. H. & Kunkel, L. M. Cel/ 51, 919-928 (1987).

2. Koenig, M., Monaco, A. P. & Kurkel, L. M. Cell 53, 219-228 (1988).

3. Arahata K. et al. Nature 333, 861-866 (1988)

4. Hoffman, E. P. et al. N. Engl. J Med. 318, 1363-1368 (1988).

5. Watkins, S. C., Hoffman, E. P.. Slayter, K. S. & Kunkel, L. M. Nature 333, 863-866 (1988).

6. Cooper, B. J. et al. Nature 334, 154-156 (1988).

7. Campbell, K. P. & Kahi, S. D. Nature 338, 259-262 (1989).

8. Ervast.).M, Ohlendieck, K., Kahl.S. D., Gaver, M. G. & Campbeil. K. P. Nature 345, 315-319(1990).

9. Ervasti, J. M. & Campbell. K. P. Cell 66, 1121-1131 (1991).

. Ohlendieck, K., Ervasti, J. M., Snock, J. B. & Campbell. K. P. J Cell Biol, 112, 135-148 (1991).

. Ohlendieck, K. & Campbell, K. P. FEBS Lett. 283, 230-234 (1991).

. Ohlendieck, K. & Campbell, K. P. / Celi Biol. 115, 1685-1694 (1991).

. Devi, L. FEBS Lett. 280, 189-194 (1991)

. Ehrig, K., Leivo, I, Argraves, W. S, Ruoslahti, E. & Engvall. E. Proc. natn. Acad. Sci. US.A. 87,
3264-3268 (1990).

. Hunter, ©. D., Shah, V., Merlie, J. P. & Sanes. ). R. Nature 338, 229-234 (1989).

. Sanes, J. R. Engvall, E., Butkowsky, R. & Hunter, D. D. /. Celi Bioi. 111, 1685-1699 (1990)

. Hassell, J. R, Kimura, J. H. & Hascall, V. C. A. Rev. Biochem. 55, 539-567 (1986).

. Haok, M., Kjellén, L.. Johansson. S. & Robinsan, J. A. Rev. Biochem. 53, 847-869 (1984).

. Lesot, H,, Kihi, U. & von der Mark, K. EMBO J. 2, 861-865 (1983).

. Clegg. D. 0., Helder, J. C, Hann, B. C., Hall. D. E. & Reichardt, L. F. J Celi Biof. 107, 699-7095 (1988).

. Mecham, R. P. FASEB J 5, 2538-2546 (1991).

702

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34

35

36.

Volk, T., Fessler, L. |. & Fessler, J. H. Ceff 63, 525-536 (1990).

Smalheiser, N. R. & Schwartz, N. B. Proc. natn. Acad. Sci. US.A. 84, 6457-6461 (1987).
Menke. A. & Jockusch, M. Nature 349, 69-71 (1991).

Franco, A. & Lansman. J. B. Nature 344, 670-673 (1990).

Turner. P. R.. Fong, P., Denetclaw, W. F. & Steinhardt, R. A. J Celf Biol. 115, 1701-1712 (1991).
Bonilla, E. & Moggio, E. Neurojogy 36, 171 (1986).

Carpenter, 5. & Karpati, G. Brain 102, 147-161 (1979).

Kyte, J. & Doolittle, R. F. J. molec. Biol. 157, 105-132 (1982).

Jay.S. D. et al. Science 248, 490-492 (1990).

Sanger, F., Nicklen, S. & Coulson, A. R. Proc. natn. Acad. Sci. US.A. 74, 5463-5467 (1977).
Smith, D. B. & Johnson, K. S. Gene 67, 31-40 (1988)

Gorka, J., McCourt. D. W. & Schwartz. B. D. Peptide Res. 2, 1-5 (1989).

McPherson, P. S. et al. Neuron 7, 17-25 11991).

Laemmli, U. K. Nature 227, 680-685 (1970).

Campbell, K. P. et al J biol. Chem. 262, 6460-6463 (1987).

ACKNOWLEDGEMENTS. We thank S. D. Kahi, D. Zoloto, J. Hsu and C. R. Moomaw for technical
assistance, D. S. Lange and J.-C. Fan for secretarial assistance, S. Numa for rabbit skeletal muscle
cDNA, E. Engvall and J. Sanes for antibodies tc merosin and S-laminin, respectively and J. Gorka,
Howard Hughes Medical Institute. K. P. C. is an investigator of the Howard Hughes Medical Institute;
JME. i1s the Carl M, Pearson Fellow of the Muscular Dystrophy Association. This work was also
supported by the Muscular Dystrophy Association. The nucleotide sequence of the 43-156K DAG
will appear in GENBANK accession number X64393.

NATURE - VOL 355 - 20 FEBRUARY 1992



