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Abstract
The dystrophin-associated protein complex (DAPC) links the cytoskeleton to the extracellular
matrix, is essential for muscle cell survival, and is defective in a wide range of muscular dystrophies.
The DAPC contains two transmembrane subcomplexes - the dystroglycans and the sarcoglycans.
Although several extracellular binding partners have been identified for the dystroglycans, none have
been described for the sarcoglycan subcomplex. Here we show that the small leucine-rich repeat
proteoglycan biglycan binds to α– and γ– sarcoglycan as judged by ligand blot overlay and co-
immunoprecipitation assays. Studies with biglycan-decorin chimeras show that α– and γ–
sarcoglycan bind to distinct sites on the polypeptide core of biglycan. Both biglycan proteoglycan
as well as biglycan polypeptide lacking glycosaminoglycan side chains are components of the
dystrophin glycoprotein complex isolated from adult skeletal muscle membranes. Finally,
immunohistochemical and biochemical studies with biglycan null mice show that the expression of
α- and γ- sarcoglycan is selectively reduced in muscle from young (P14-P21) animals, while levels
in adult muscle (≥P35) are unchanged. We conclude that biglycan is ligand for two members of the
sarcoglycan complex and regulates their expression at discrete developmental ages.

Introduction
The dystrophin glycoprotein complex (DAPC) links the cytoskeleton to the extracellular matrix
and is necessary for muscle cell survival. The core constituents of the DAPC include the
cytoskeletal scaffolding molecule dystrophin, the dystroglycan and sarcoglycan
transmembrane subcomplexes and sarcospan (Dalkilic and Kunkel, 2003; Hack et al., 2000a;
Straub and Campbell, 1997). The importance of the DAPC for maintaining muscle cell viability
is underscored by its role in disease. Mutations in dystrophin lead to Duchenne and Becker
muscular dystrophy, while mutations in any of the sarcoglycans result in limb-girdle muscular
dystrophies. Therefore, understanding DAPC structure and function is essential for elucidating
the pathogenesis of these dystrophies as well as for designing therapies to combat them
(Campbell and Stull, 2003).
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Dystrophin was originally discovered as the product of the gene mutated in Duchenne muscular
dystrophy (DMD) and was subsequently established as the cytoskeletal cornerstone of the
DAPC (Hoffman et al., 1987). Dystrophin binds actin, syntrophins, dystrobrevins and the
cytoplasmic tail of β-dystroglycan (Adams et al., 1993; Blake et al., 2002; Jung et al., 1995;
Nawrotzki et al., 1998; Peters et al., 1998; Rybakova et al., 1996). The extracellular domain
of β-dystroglycan associates with α-dystroglycan, which in turn binds to the ECM molecules
agrin, laminin, and perlecan (Bowe et al., 1994; Gee et al., 1994; Hemler, 1999). This
association requires glycosylation of α–dystroglycan, and some muscular dystrophies with
strong CNS involvement are due to defects in the addition of these carbohydrates (Haliloglu
and Topaloglu, 2004; Moore et al., 2002; Muntoni et al., 2002). α–Dystroglycan also binds to
biglycan, but via a structurally distinct mechanism (Bowe et al., 2000; and see below).

In contrast to the dystrophin-dystroglycan-basal lamina axis of the DAPC, the function and
molecular associations of the sarcoglycan subcomplex are much less clear. In mature muscle
this subcomplex consists of four transmembrane proteins (α, β, γ and δ), each having a large
extracellular and a small cytoplasmic domain joined by a single transmembrane span (Holt and
Campbell, 1998; Ozawa et al., 2005; Yoshida et al., 1994). Biochemical and genetic evidence
indicates that the sarcoglycans can be tightly associated with one another in mature muscle
(Chan et al., 1998; Liu and Engvall, 1999). However, there are no known extracellular binding
partners for this subcomplex, nor is it understood how the sarcoglycans associate with either
the extracellular matrix or with the rest of the DAPC.

These gaps in our understanding are especially significant in view of the central role of
sarcoglycans in muscular dystrophy. In DMD, the sarcoglycans, dystrophin and the
dystroglycans are lost from the muscle membrane. However, loss of the sarcoglycan complex
alone causes Limb-Girdle Muscular Dystrophies (LGMD) which have a milder phenotype than
DMD… Four limb-girdle muscular dystrophies, LGMD2 -D,-E,-C and -F, arise from
mutations in α-, β-, γ- and δ- sarcoglycan, respectively (reviewed in) (Durbeej et al., 2003;
Hack et al., 2000b; Ozawa et al., 2001). Thus, the loss of sarcoglycans is likely to be particularly
important in the pathogenesis of both DMD and LGMDs.

In previous work we have shown that the small leucine-rich repeat proteoglycan biglycan binds
to α-dystroglycan and is expressed on the muscle cell surface. This interaction requires
biglycan's chondroitin sulfate side chains and the carboxyl-terminal third of the α-dystroglycan
polypeptide (Bowe et al., 2000). Biglycan is a member of a family of small proteoglycans that
includes its closest relation decorin as well as asporin, fibromodulin, lumican, keratocan,
PRELP, osteoadherin, epiphycan and osteoglycin (Fisher et al., 1989; Henry et al., 2001;
Hocking et al., 1998; Iozzo, 1998; Lorenzo et al., 2001). Biglycan's 38 kD polypeptide core
harbors 10 leucine-rich repeats (LRRs), two flanking cysteine-rich domains and two
glycosaminoglycan attachment sites at the amino-terminus (Fig. 3a). LRRs are protein-protein
interaction domains which in biglycan are involved in binding to collagens I, VI and TGF-ß
family members such as BMP-4 (Hildebrand et al., 1994; Moreno et al., 2005; Wiberg et al.,
2001). The collagen VI binding is of particular interest since mutations in this molecule result
in both Bethlem myopathy and Ullrich's congenital muscular dystrophy in humans. Biglycan
is highly expressed in bone and biglycan null mice exhibit a late-onset osteoporosis (>6 months
of age) (Ameye and Young, 2002; Xu et al., 1998). Biglycan is highly expressed during
myogenesis and plays a role in muscle regeneration (Casar et al., 2004)(Lechner et al., 2006).
Finally, biglycan can induce the formation of stress fibers in cultured cells in a manner that is
dependent on small GTPases (Tufvesson and Westergren-Thorsson, 2003).

In view of the binding of biglycan to α-dystroglycan, we wondered whether it might associate
with additional DAPC components, be a component of the DAPC in muscle, and regulate the
expression of DAPC elements. Here we show that biglycan binds α– and γ– sarcoglycan, but
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not β– or δ– sarcoglycan. The polypeptide core of biglycan is sufficient for these interactions
and the binding sites on biglycan for α– and γ– sarcoglycan are distinct. Both biglycan core
and proteoglycan forms are expressed in muscle and are components the DAPC. Finally, the
expression of α– and γ– sarcoglycan is reduced in muscle from young (P14-P21) biglycan null
animals, while levels in adult muscle (≥P35) are unchanged. We conclude that biglycan is a
ligand for two members of the sarcoglycan complex and regulates their expression at discrete
developmental ages.

Results
α- and γ- Sarcoglycan bind to biglycan

In earlier work we showed that the CSPG biglycan purified from Torpedo postsynaptic
membranes binds to α-dystroglycan (Bowe et al., 2000). Here we asked whether biglycan binds
to the sarcoglycans, which together comprise the other major transmembrane subcomplex of
the DAPC. As a first step we used a ligand blot overlay assay to test the binding of in vitro-
translated α–, β–, γ– and δ– sarcoglycan to preparations of purified Torpedo postsynaptic
membranes. As we reported previously, α-dystroglycan binds to biglycan, which in these
fractions migrates as a heavily glycosylated, polydisperse band whose position is centered at
∼125kD (Fig. 1a). We observed that α– and γ– sarcoglycan bind to a polypeptide whose
appearance and migration are indistinguishable from that of Torpedo biglycan (Fig. 1a). In
contrast, no binding of β– or δ– sarcoglycan to this band was detected.

We next confirmed these results using purified biglycan. Recombinant biglycan proteoglycan
was produced in osteosarcoma cells, which yields a product bearing chondroitin sulfate side
chains and whose migration is centered at ∼90kd (Fig 1b; Hocking et al., 1996). In agreement
with previous results, α-dystroglycan binds to this biglycan CSPG. Figure 1b also shows that
α– and γ–sarcoglycan bind to this purified biglycan. However, no binding of β– or δ–
sarcoglycan to biglycan was observed.

The binding of α– and γ– sarcoglycan to biglycan could require this proteoglycan's polypeptide
core, its GAG side chains, or both domains. To distinguish among these possibilities, we tested
the binding of the sarcoglycans to purified recombinant biglycan lacking GAG side chains
(“biglycan core”). Fig. 2a shows that the biglycan polypeptide core is sufficient for binding
both α– and γ– sarcoglycan. However, we observed no α–dystroglycan binding to the biglycan
core. This result is in agreement with our previous work showing that α–dystroglycan binds to
neither bacterially-produced recombinant biglycan (non-glycosylated) nor chondroitinase-
treated native biglycan (Bowe et al., 2000). Neither β- nor δ- sarcoglycan bound the biglycan
polypeptide. Thus the sarcoglycans (α– and γ–) and α-dystroglycan bind to biglycan via distinct
mechanisms (GAG -independent and -dependent, respectively).

The experiments described above were based on a blot overlay method where denatured and
immobilized biglycan was used to assess the binding of in vitro-translated sarcoglycan. To
confirm and extend these findings we tested the binding of biglycan to sarcoglycans in solution.
Biglycan produced in osteosarcoma cells is properly folded as judged by a number of
biochemical and biophysical criteria including far-UV CD and fluorescence emission
spectroscopy (Krishnan et al., 1999). We mixed the purified biglycan core with each of the in
vitro-translated sarcoglycans and then immunoprecipitated the biglycan. Fig. 2b shows that
both α– and γ– sarcoglycan co-immunoprecipitated with biglycan. In contrast, neither β– nor
δ- sarcoglycan was observed to associate with biglycan. Together, these results indicate that
α– and γ–sarcoglycan bind to biglycan in solution.
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α– and γ– Sarcoglycan bind to distinct sites on the biglycan polypeptide
We next characterized the binding of α– and γ– sarcoglycan to the biglycan core polypeptide
in more detail. Decorin is a small leucine-rich repeat proteoglycan that is ∼55% identical to
biglycan, exhibits a virtually identical domain organization and is also expressed in muscle
(Brandan et al., 1992). We find that none of the sarcoglycans bind to purified recombinant
decorin (Fig. 3b). Since the primary structures of biglycan and decorin are most divergent at
the cysteine-rich domains, we tested sarcoglycan binding to a biglycan-decorin chimera where
only the amino-terminal, cysteine-rich domain (30 aa) is derived from biglycan (Fig. 3a). α–
Sarcoglycan binds to this chimeric protein; in contrast, γ–sarcoglycan does not interact with
this hybrid. Thus, the amino-terminal cysteine-rich domain of biglycan is necessary for
mediating its interaction with α–sarcoglycan. Further, the failure of γ–sarcoglycan to bind to
this chimera indicates that the binding sites for α– and γ– sarcoglycan on biglycan are likely
to be distinct.

To determine whether the amino-terminal domain of biglycan in isolation interacts with α-
sarcoglycan, we utilized a recombinant protein comprising amino acids 38 to 77 of human
biglycan precursor (corresponding to amino acids 1-40 of the mature polypeptide) fused to the
C-terminus of maltose binding protein (MBP-Bgn38-77). Ligand blot overlay showed that
biotinylated α– or γ– sarcoglycan bind to purified recombinant biglycan (Fig. 3c). However,
binding between α–sarcoglycan and biglycan was inhibited in the presence of MBP-
Bgn38-77, demonstrating that the N-terminal cysteine-rich region of biglycan can compete for
binding with α-sarcoglycan. MBP-biglycan did not affect binding to γ-sarcoglycan, confirming
that the amino-terminal cysteine-rich domain of biglycan is not necessary for its interaction
with γ-sarcoglycan. Finally, a recombinant decorin-MBP fusion protein comprising amino
acids 31 to 71 of human decorin precursor (MBP-Dcn31-71; amino acids 1-41 of the mature
polypeptide) did not affect biglycan binding to α– or γ– sarcoglycan.

Biglycan expression in skeletal muscle
Previous in situ hybridization and immunohistochemical studies have shown that biglycan is
expressed by muscle and is localized at the cell surface (Bianco et al., 1990; Bowe et al.,
2000). To characterize the biglycan protein expressed in mature muscle we analyzed membrane
preparations by immunoblotting (Fig. 4a). Two forms of biglycan, both of which can be
solubilized by digitonin, are detected in these preparations. One is a polydisperse band whose
migration ranges between ∼60-100kD and is centered at ∼75kD. The second form is a discrete
band that migrates at ∼40 kD. The identification of both of these polypeptides as biglycan is
confirmed by their absence in muscle membrane fractions prepared from biglycan null mice.
The faster-migrating band is only slightly larger than the predicted molecular weight of the
biglycan polypeptide core (38 kD) and is likely to represent the polypeptide chain that is N-
glycosylated but devoid of GAG chains. The mobility and appearance of the ∼75 kD
polypeptide indicates that it is the proteoglycan form of biglycan. Thus, membrane fractions
from mature muscle contain two forms of biglycan.

Biglycan is associated with the native DAPC
The experiments presented above show that biglycan binds by distinct mechanisms to three
elements of the DAPC. To determine whether endogenous biglycan is associated with the
native DAPC, digitonin-solubilized membrane fractions from mature muscle were
immunoprecipitated with antibodies to various components of the complex. Fig. 4b shows that
both the core and the proteoglycan forms of biglycan co-immunoprecipitate with dystrophin.
Moreover, biglycan also co-immunoprecipitated with α–, β– or γ– sarcoglycan (Fig. 4c). Since
biglycan does not bind directly to either dystrophin or to β-sarcoglycan, its presence in these
immunoprecipitates indicates that biglycan associates with the mature DAPC expressed in
muscle cell membranes. Finally, these biochemical data also indicate that in mature muscle

Rafii et al. Page 4

J Cell Physiol. Author manuscript; available in PMC 2010 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



neither sarcoglycan nor dystroglycan expression is affected by the absence of biglycan.
Immunostaining for the sarcoglycans also showed no difference in the expression of these
DAPC components in mature muscle (Table I.)

α- and γ- Sarcoglycan expression is reduced in immature biglycan null mice
Biglycan expression is strongly developmentally regulated, with maximal levels observed in
the first two to three weeks of postnatal development in the mouse (Casar et al., 2004)(Lechner
et al., 2006). We therefore examined whether the absence of biglycan can affect α- and/or γ-
sarcoglycan expression at these ages. Quadriceps femoris muscles from P14 and P21 wild type
and biglycan null mice were harvested, sectioned, and immunolabeled for dystrophin, α-, β–,
γ– and δ– sarcoglycan. The level of dystrophin (Fig. 5a) as well as β–dystroglycan was
unchanged at both ages (Table I). However, sarcoglycan expression showed age-dependent
expression changes in biglycan null mice. In P14 mice there was a selective reduction in the
expression of α–sarcoglycan as judged by both immunostaining and western blotting (Fig. 5).
By P21, α-sarcoglycan levels had recovered and were comparable to controls at (Fig. 5B). In
wild type muscle there was a dramatic increase in the level of γ-sarcoglycan expression between
P14 and P21. However, γ-sarcoglycan levels remained low at P21 in the biglycan null muscle.
In contrast, the expression of β– and δ– sarcoglycans were unchanged at any of the ages
examined (Fig. 5C). The results are summarized in Table I. Thus, α- and γ- sarcoglycan show
distinctive, selective, and developmentally-dependent decreases in expression levels in
biglycan null skeletal muscle.

Discussion
In this work we present evidence that biglycan is associated with the native DAPC and has
distinct binding sites for α-sarcoglycan, γ-sarcoglycan and α-dystroglycan. To our knowledge,
biglycan is the first extracellular ligand reported to associate with any of the sarcoglycans. We
used a range of biochemical methods to demonstrate the association of biglycan with two of
the sarcoglycans. Blot overlay assays showed that recombinant α- and γ- sarcoglycan bind to
both endogenous and recombinant biglycan proteoglycan. The results from this solid-phase
assay were confirmed by co-immunoprecipitation (Fig. 2b). Several lines of evidence indicate
that this binding is specific. 1) Biglycan is the only binding partner of α- and γ- sarcoglycan
detected in Torpedo postsynaptic membranes. 2) Neither β- nor δ- sarcoglycan bind to biglycan
as assessed by any of the assays. 3) None of the sarcoglycans bound to decorin, a small leucine-
rich repeat proteoglycan that has the same overall structure as biglycan and is ∼55% identical
to it. 4) α-Dystroglycan does not bind to the biglycan (or decorin) core polypeptide. 5) Biglycan
is associated with the native DAPC isolated from skeletal muscle. 6) The expression of α- and
γ-, but neither β- nor δ-, sarcoglycan expression are reduced in developing biglycan null muscle.

Our results indicate that biglycan harbors distinct binding sites for α-dystroglycan, α-
sarcoglycan and γ-sarcoglycan. The chondroitin sulfate GAG chains of Torpedo biglycan are
necessary for its binding to α-dystroglycan (Bowe et al., 2000). Here, we extended these studies
by showing that α-dystroglycan binds to purified recombinant human biglycan proteoglycan,
but not to the core polypeptide produced in the same cells (Fig. 1 and 2). It is unknown whether
the GAG chains of biglycan are sufficient for this interaction. It is possible that the binding
site for α-dystroglycan encompasses a domain on biglycan's polypeptide core as well as its
GAG side chains.

Unlike α-dystroglycan, α- and γ- sarcoglycan bind to both the biglycan proteoglycan and core
polypeptide (Figs. 1 and 2). Thus, biglycan's GAG side chains are dispensable for sarcoglycan
binding. The use of a biglycan-decorin chimera and an MBP fusion protein containing the first
30 amino acids of the mature biglycan polypeptide (MBP-Bgn38-77) revealed that the N-
terminal domain is sufficient for α-sarcoglycan binding (Fig. 3). In contrast, γ- sarcoglycan did
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not bind the biglycan-decorin chimera, nor was its binding to intact biglycan inhibited by MBP-
Bgn38-77. Therefore, the biglycan core polypeptide harbors distinct binding sites for α- and γ-
sarcoglycan. The presence of two binding sites on biglycan is not unexpected in view of the
topologies of α- and γ- sarcoglycan, which are type I and type II membrane proteins,
respectively (Ozawa et al., 2005).

α-Sarcoglycan is the first protein demonstrated to bind the N-terminal cysteine-rich domain of
biglycan. Other molecules reported to bind biglycan, such as collagens I and VI, as well as
TGF-ß and BMP-4, interact via its LRR domains. Moreover, these three proteins also bind
decorin (Ameye and Young, 2002; Hocking et al., 1998; Moreno et al., 2005; Wiberg et al.,
2001). These observations are consistent with the structural relationship of decorin and
biglycan, which are most divergent in their N-terminal cysteine-rich domains. Finally, it is
noteworthy that the primary structure of biglycan is highly conserved. Mouse and human
biglycans are >95% identical at the amino acid level (mature polypeptides) and the partial
sequence of Torpedo biglycan is 76% identical to the human homolog (28 of 37 amino acids)
(Bowe et al., 2000). This strong conservation supports the idea that biglycan's core polypeptide
is particularly important for its function. (At present, we do not know whether the non-
glycanated form of biglycan is present in Torpedo membranes, since our antibodies do not
cross react with any biglycan in this organism.) The presence of both a non-glycanated and
proteoglycan form of biglycan in mammalian muscle also raises the possibility that these two
biglycan species may have distinct functions.

Our results provide in vivo evidence for the selective regulation of different sarcoglycans in
development. In mature muscle there is general agreement that the major sarcoglycan complex
consists of a tetramer of α,β,γ, and δ subunits (Holt and Campbell, 1998; Ozawa et al., 2005;
Wheeler et al., 2002). However, genetic and cell culture studies indicate that other complexes
can also occur. For example, α–,β–, and δ– sarcoglycan are expressed, albeit at lower levels,
in the absence of γ–sarcoglycan (Hack et al., 2000a). β– and δ– Sarcoglycan appear to be
particularly important for assembly in some systems (Adams et al., 2004; Chan et al., 1998),
and mutations in them leads to complete loss of the complex in vivo. Mutations α–sarcoglycan
can be at least partially compensated for by ε–sarcoglycan (Imamura et al., 2005; Liu and
Engvall, 1999; Straub et al., 1999). Our results showing selective regulation of α– and γ-
sarcoglycan are in accord with studies showing a stepwise assembly of sarcoglycans in cultured
cells. For example, Liu and Engvall (1999) showed that levels of δ–sarcoglycan are unchanged
during myotube formation, while α– and γ- increase coordinately at a later stage. Further,
Noguchi et al. (Noguchi et al., 2000) detected a complex consisting of α– and γ–, but without
β– and δ– sarcoglycan, in association with dystroglycan. Although it is not currently possible
to fully reconcile data obtained from genetic and various cell culture systems, it is clear that
multiple sarcoglycan complexes are likely to be present in muscle, particularly during
development.

The identification of biglycan as an extracellular ligand for three components of the DAPC
could also have implications for muscular dystrophy therapy. As noted above, disruption of
the sarcoglycan complex is thought to be the cause of muscle cell death in many muscular
dystrophies. Our finding that biglycan plays a particularly important role in regulating DAPC
assembly in early postnatal mice suggests a novel avenue for rescuing DAPC function, even
in the absence of dystrophin.

Materials and Methods
In Vitro Transcription/Translation

The in vitro expression plasmids encoding full length human α-, β-, γ- and δ-sarcoglycan in
the vector pMGT, developed by A. Ahn, were generously provided by Louis Kunkel (Ahn et
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al., 1996). The sarcoglycan polypeptides and α-dystroglycan were generated by in vitro
transcription/translation using the Promega TNT T7 coupled reticulocyte system as per the
manufacturer's instructions as described previously (Bowe et al., 2000). Recombinant proteins
produced from these vectors often show multiple bands (e.g. Fig. 2), presumably due to
alternative translation start sites in the plasmid (Ahn et al., 1996). For protein to be used in
radioactive ligand blot overlay assay, the reaction mixture contained methionine (with no
unlabeled methionine). For protein to be used in non-radioactive ligand blot overlay assay, the
reaction mixture contained biotin-lysyl-tRNA with unlabeled methionine.

Preparation of recombinant biglycan and biglycan-decorin chimeras
Recombinant human decorin and biglycan proteoglycan and core protein glycoforms were
expressed and purified using the vaccinia virus/T7 bacteriophage expression system (Elroy-
Stein et al., 1989; Fuerst et al., 1986), as previously described (Hocking et al., 1996;
Ramamurthy et al., 1996). Briefly, conditioned media was applied to Sephadex G-50 columns
equilibrated and eluted with 5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0, 0.2%
CHAPS to separate macromolecules from unincorporated radioactive precursors. The eluted
macromolecular fraction was applied to iminodiacetic acid immobilized on Sepharose 6B that
had been equilibrated with nickel chloride. After sample application, the column was washed
with 5 column volumes of 30 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0, 0.2%
CHAPS and bound material eluted with 150 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl,
pH 8.0, 0.2% CHAPS. Pooled fractions were dialyzed against phosphate-buffered saline, pH
7.4 and concentrated on Ultrafree-15 centrifugal filter devices. Protein concentrations were
determined by the molar extinction coefficient (Pace et al., 1995).

Domain substitution between cDNAs encoding human biglycan (pBGN4) and human decorin
(pDCN1) was done by a strategy of strand-overlap extension (SOE) PCR utilizing specific
overlapping oligonucleotide primers (Ho et al., 1989; Horton et al., 1989). Each cDNA
construct was created in the plasmid backbone of pTcam1 (McQuillan et al., 2001) downstream
of a sequence encoding the human insulin signal sequence and a poly-histidine tag. The
resulting pBD2 chimera contains sequence encoding biglycan protein from amino acid 38 to
78 (amino-terminal domain of the mature core protein) and decorin protein from amino acid
70 to 359 (leucine-rich repeats 1-10 and the C-terminal domain), BGN38-78DCN70-359). All
constructs were verified by DNA sequencing and by in vitro transcription and translation
directly from the plasmid vector (TNT Transcription/Translation System, Promega) in the
presence of 40 μCi of Trans[35S]-label and reaction products were analyzed by SDS-PAGE.
All recombinant vaccinia viruses expressing wild type and chimeric proteins were generated
by homologous recombination between plasmid constructs and wild type vaccinia virus
(vTF7-3), as described previously (Hocking et al., 1996; McQuillan et al., 2001).

Preparation of maltose binding protein or maltose binding protein fused to amino acids
Maltose binding protein or maltose binding protein fused to amino acids 38 to 77 of human
biglycan (38-DEEASGSDTTSGVPDLDSVTPTFSAMCPFGCHCHLRVVQC-77) or amino
acids 31 to 71 of human decorin (31-
DEASGIIPYDPDNPLISMCPYRCQCHLRVVQCSDLGLDKVP-71) were expressed from a
plasmid derived from pMALp2 (New England Biolabs, Beverly, MA) as previously described
(Joh et al., 1998).

Antibodies
Antibodies to the sarcoglycans and other DAPC components were obtained from NovoCastra
(Newcastle upon Tyne, UK). Rabbit anti-ζ-sarcoglycan was generously provided by Elizabeth
McNally (The University of Chicago, Chicago, IL) and rabbit anti-dystrophin (anti 6-10) was
generously provided by Louis Kunkel (Lidov et al., 1990). The anti-6-His was from Sigma (St.
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Louis, MO). Rabbit anti-decorin was generously provided by Larry Fisher (Bianco et al.,
1990). The antiserum to biglycan was produced in rabbit using a full-length human biglycan
bacterial fusion protein produced as described previously (Bowe et al., 2000). This antiserum
recognizes mouse and human biglycan (see Results) but does not recognize decorin (not
shown).

Skeletal muscle membrane preparations and digitonin solubilization
Adult muscle (0.25 gm) was homogenized in 1ml dissection buffer containing: 0.3 M sucrose,
35 mM Tris (pH 7.4), 10mM EDTA, 10mM EGTA, PMSF, leupeptin, aprotinin, benzamidine,
NEM, pepstatin A and sodium azide. Samples were sonicated on ice for 3 × 10 s and centrifuged
at 7000 × g at 4°C for 20 min. The supernatant was filtered over two layers of gauze, solid KCl
was added to a final concentration of 0.6 M and samples were centrifuged as above. The
membranes were then collected by centrifugation at 140,000 × g for 60 min at 4°C. Digitonin
solubilization was performed as described by Campbell and Kahl (1989). Protein levels were
determined using the BCA protein assay kit (Pierce, Rockford, IL).

Ligand Blot Overlay
Purified recombinant biglycan and decorin proteins were separated by SDS-PAGE (5-15%
gradient gels) and transferred to nitrocellulose. The blots were rinsed and blocked for 3 h in
HBSS containing 1mM CaCl2, 1mM MgCl2, 1% BSA, 1% nonfat dry milk, 1mM DTT, 10mM
HEPES pH 7.4, and then incubated 16 h in the same buffer containing either [35S]methionine-
labeled or biotinylated sarcoglycans +/- 1.6 μM MBP-Bgn38-77 or MBP-Dcn31-71. For [35S]-
methionine-labeled sarcoglycans, blots were rinsed and dried, and bound sarcoglycan was
visualized by autoradiography. For biotin-lysyl-tRNA-labeled sarcoglycans, blots of
bacterially-expressed biglycan (Bowe et al., 2000) were rinsed and incubated for 1 hr with
streptavidin-HRP (1:1500) in TBS + 0.5% Tween® 20. Bound sarcoglycan was detected by
enhanced chemiluminescence (Amersham, Little Chalfon, UK).

Co-Immunoprecipitation
His-tagged biglycan core polypeptide was incubated with the indicated 35S-methionine
labeled, in vitro-translated sarcoglycans in solution for 1 hr. The mixtures were then incubated
with a rabbit anti-biglycan antiserum, an anti-6XHis antibody, or normal rabbit IgG as indicated
and immune complexes were precipitated with protein G beads. Immunoprecipitation of
digitonin solubilized skeletal muscle membrane fractions with anti-dystrophin (anti 6-10) or
anti-sarcoglycan antibodies (NovoCastra) were performed using the Seize ×
Immunoprecipitation kit (Pierce, Rockford, IL). The solubilized fractions were incubated with
50μg of antibodies or normal IgG (rabbit or mouse). The precipitated products were eluted and
collected according to manufacturer's protocols.

Western blot analysis
Proteins were transferred from SDS-PAGE gels to nitrocellulose membranes and probed as
previously described (Bowe et al., 2000). Bound antibodies were detected with enhanced
chemiluminescence according to manufacturer's protocols (Amersham).

Biglycan null mice
Biglycan null mice (Xu et al., 1998) on either a C57Bl/6 or a C3H (congenic; Jackson
Laboratories) background were housed at the Brown University animal care facility and
maintained according to IACUC regulations. For experiments using the C57/Bl6, mutant male
mice were generated by breeding heterozygous females to wild-type males. PCR genotyping
was performed on genomic DNA using primer pairs specific for mutant and wild type biglycan
alleles. In these experiments material from the mutant male mice was compared with that of
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their wild type male littermates. For experiments with the (congenic) C3H mice, age-matched
wild type mice (Jackson Laboratories) were used. Equivalent results were observed with both
strains.

Immunohistochemistry
Quadriceps femoris muscles from P14 or P21 wild type or biglycan null mice were harvested
and flash frozen in isopentane. 10 μM sections were mounted onto slides and immunostaining
was performed using the M.O.M. Basic Kit (Vector Laboratories, Burlingame, CA) as per the
manufacturer's instructions. Sections were mounted in Permafluor (Thermo Electron
Corporation, Pittsburgh, PA) and observed using a Nikon (Melville, NY) Eclipse E800
microscope. Images were acquired with Scanalytics (Fairfax, VA) IP Lab Spectrum software.
Additionally, sections were analyzed using confocal laser scanning microscopy (Leica TCS
SP2 Acousto-Optical Beam Splitter (AOBS)). Images were acquired using Leica LCS
acquisition software and imported into Adobe Photoshop.
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Figure 1. Biglycan binds to α- and γ- sarcoglycan
A. Sarcoglycan binding to native biglycan. Postsynaptic membrane fractions from Torpedo
electric organ (TEOM; 0.8 μg) were separated on SDS-PAGE gels, blotted onto nitrocellulose
then probed with either 35S-methionine-labelled in vitro translated α-dystroglycan or
sarcoglycans (α, β, γ, or δ) and analyzed by autoradiography. α-Dystroglycan as well as α- and
γ-sarcoglycan bound to a polydisperse band whose center of migration was ∼125kD. In
previous work a polypeptide with identical mobility, appearance and α–dystroglycan binding
capacity was purified from these fractions and shown to be the proteoglycan biglycan (Bowe
et al., 2000). No binding of β– or δ– sarcoglycan to this or any other polypeptide in these
fractions was detected. B. Binding of α-dystroglycan and sarcoglycans to purified recombinant
biglycan proteoglycan (Biglycan-PG). One microgram of biglycan was separated by SDS-
PAGE and either stained with silver or blotted onto nitrocellulose (‘Overlay’) and probed as
described above. α-Dystroglycan and α- and γ-sarcoglycan bind to this recombinant, GAG-
containing biglycan proteoglycan, while no binding of β– or δ– sarcoglycan is detected.
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Figure 2. The biglycan core polypeptide is sufficient for binding to both immobilized and soluble
α- and γ-sarcoglycan
A. Purified recombinant biglycan core polypeptide (1μg) was separated by SDS-PAGE and
either silver stained or blotted and probed as described above. α-Dystroglycan did not bind to
this GAG-free biglycan. In contrast, both α- and γ- sarcoglycan bind to the biglycan core
polypeptide. B. Co-immunoprecipitation of purified recombinant biglycan to recombinant
sarcoglycans. His-tagged biglycan core polypeptide (0.5μg/ml) was incubated with the
indicated 35S-methionine-labeled, in vitro translated sarcoglycan for 1 hr followed by either
anti-biglycan (a), anti-poly-His (b) or normal rabbit Ig (c). Immune complexes were then
precipitated with protein G beads and analyzed by SDS-PAGE and autoradiography. Note that
both α- and γ- sarcoglycan co-immunoprecipitate with biglycan, while β- and δ- sarcoglycan
do not. The labelling of the various sarcoglycans is shown by direct autoradiography of SDS-
PAGE-separated in vitro translated polypeptides (‘Input’).
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Figure 3. Distinct binding sites for α- and γ- sarcoglycan on the biglycan core polypeptide
A. Domain structure of biglycan, decorin and a biglycan-decorin chimera. The location of the
pre-pro peptide (‘prepro’), 6-His tag, cysteine-rich amino- and carboxyl- domains, LRRs (ten
open rectangles in the central domain; some schemes predict an 11th in the carboxyl-terminal
cysteine-rich region) and GAG attachment sites (asterisks) are indicated. Note that these sites
are present in the recombinant proteins used in this experiment, but they are not substituted
with GAGs. B. Binding of sarcoglycans to biglycan, decorin and a chimera. One microgram
of each of the purified recombinant proteins was separated by SDS-PAGE and either directly
stained (‘silver’) or blotted and probed with 35S-methionine-labelled, in vitro-translated
sarcoglycans as indicated. Both α- and γ- sarcoglycan bind to the immobilized biglycan core
but not to decorin core. In contrast, only α-sarcoglycan binds to the biglycan-decorin chimeric
protein. Thus the first 30 amino acids of biglycan is necessary for its binding to α-sarcoglycan.
Neither β- nor δ- sarcoglycan bind to biglycan, decorin or the chimera. C. Competition studies.
Sarcoglycan binding to purified recombinant biglycan core polypeptide in the presence of
excess MBP-Bgn38-77 (amino acids 38 to 77 of biglycan) or MBP-Dcn31-71 (amino acids 31
to 71 of decorin). These sequences correspond to the first 40 amino acids of the mature biglycan
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and decorin polypeptides, respectively. Four micrograms of biglycan were separated by SDS-
PAGE and either directly stained with Coomassie Blue (CB) or blotted and probed with
biotinylated (BT), in vitro-translated α- or γ-sarcoglycan as indicated. Binding of α-sarcoglycan
to full-length biglycan was inhibited in the presence of MBP-Bgn38-77, while binding between
γ-sarcoglycan and biglycan binding remained unchanged. The decorin fusion protein did not
inhibit this interaction.
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Figure 4. Biglycan is a component of the native DAPC
A. Characterization of biglycan expressed in skeletal muscle membranes. Digitonin-
solubilized, KCl-washed skeletal muscle membranes (3μg) from either wild type or biglycan
null mice (KO; littermates, see methods) were separated on a 3-12% gradient SDS-PAGE.
Western blotting for biglycan reveals two polypeptides, one migrating as a discrete band at
∼40kD (core) and a second polydisperse band with migration ranging from 60-100kD (PG).
Both forms are absent in membranes prepared from biglycan null muscle. Identical results were
obtained when intact membranes were used as starting material for the Western blot (not
shown). B. Endogenous biglycan co-immunoprecipitates with dystrophin. Digitonin
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solubilized membranes were incubated with anti-dystrophin antisera DYS; or control IgG and
immunoprecipitates IP were probed for dystroglycan (α and β) and biglycan by Western
blotting. As expected, α– and β- dystroglycan co-immunoprecipitate with dystrophin. Notably,
both the core and the proteoglycan forms of biglycan were present in these immune complexes.
Neither biglycan form was detected in immunoprecipitates from biglycan null mice. C. Co-
immunoprecipitation of biglycan with sarcoglycans. Digitonin-solubilized membranes were
incubated with antibodies to α–, ß- or γ– sarcoglycan. Both the core and the proteoglycan forms
of biglycan are detected in the immunoprecipitates. Equivalent levels of the three sarcoglycans
are detected in the immunoprecipitates from wild type and biglycan null muscle membranes.
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Figure 5. Reduced α- and γ- sarcoglycan expression in immature biglycan null mice
Immunohistochemical analysis of P14, A., and P21, B., mouse muscle. Sections of quadriceps
femoris from congenic P14 wild type and biglycan null (KO) mice were sectioned, mounted
on the same slides and immunolabelled for dystrophin or α-, γ-, or δ- sarcoglycan. A. α-
Sarcoglycan levels at the sarcolemma of P14 biglycan null muscle are selectively reduced in
the biglycan null as compared to wild type muscle. B. γ-Sarcoglycan expression is reduced in
P21 biglycan null mice, while α-sarcoglycan is unchanged. The level of dystrophin and δ-
sarcoglycan is the same at both ages. Scale bars = 10 μm. C. Biochemical analysis of
sarcoglycan expression. α- and γ- Sarcoglycan expression is reduced at distinct postnatal ages
in skeletal muscle membranes from immature mice. KCl-washed skeletal muscle membranes
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(3 μg) from P14 or P21 congenic wild type or biglycan null mice (KO) were separated via
SDS-PAGE. Western blotting was performed for α-, γ-, or δ- sarcoglycan or actin (loading
control). Western blotting for α- and γ- sarcoglycan was performed on the same gel. Western
blotting for δ-sarcoglycan and actin was performed in parallel on the same gel. α- Sarcoglycan
levels are reduced in P14 biglycan null membranes while γ-sarcoglycan levels are reduced in
P21 biglycan null membranes. Equivalent levels of δ-sarcoglycan and actin expression are seen
at both ages. Similar results were observed in muscles from two other sets of mice.
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Table I
Expression of DAPC components during development in biglycan null as compared to wild
type muscle*

Component P14 P21 P35

Dystrophin ⇔ ⇔ ⇔

α-sarcoglycan ⇓ ⇔ ⇔

γ-sarcoglycan ⇔ ⇓ ⇔

β-sarcoglycan ⇔ ⇔ ⇔

δ-sarcoglycan ⇔ ⇔ ⇔

β-dystroglycan ⇔ ⇔ ⇔

⇔
No change

⇓
Reduced in biglycan null compared to controls
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