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The dystrophin glycoprotein complex (DGC) has a crucial role in maintaining cell
membrane stability and integrity by connecting the intracellular cytoskeleton with
the surrounding extracellular matrix'. Dysfunction of dystrophin and its associated

proteins results in muscular dystrophy, adisorder characterized by progressive
muscle weakness and degeneration*>. Despite the important roles of the DGC in
physiology and pathology, its structural details remain largely unknown, hindering
acomprehensive understanding of its assembly and function. Here we isolated the
native DGC from mouse skeletal muscle and obtained its high-resolution structure.
Our findings unveil a markedly divergent structure from the previous model of DGC
assembly. Specifically, on the extracellular side, -, y- and &-sarcoglycans co-fold to
form aspecialized, extracellular tower-like structure, which has a central rolein
complex assembly by providing binding sites for a-sarcoglycan and dystroglycan.
Inthe transmembrane region, sarcoglycans and sarcospan flank and stabilize the
single transmembrane helix of dystroglycan, rather than forming a subcomplex as
previously proposed®s. On the intracellular side, sarcoglycans and dystroglycan
engage in assembly with the dystrophin-dystrobrevin subcomplex through
extensive interaction with the ZZ domain of dystrophin. Collectively, these findings
enhance our understanding of the structural linkage across the cell membrane

and provide a foundation for the molecular interpretation of many muscular
dystrophy-related mutations.

Skeletal and cardiac muscle fibres undergo continuous deformation
and shortening during contraction, which necessitates a mechanism
forforce transmission to maintain the structural integrity of the muscle
cellmembrane, known as the sarcolemma®®. The DGC is amultimeric
complex thatsafeguards the sarcolemma against mechanical stress and
mitigates contraction-induced injury by establishing arobust mechani-
cal scaffold that links the extracellular matrix (ECM) to the intracellular
actin cytoskeleton'>’. Besides its primary functionsin muscle tissues,
the DGCalso provides structural support for neuronal membranes and
toregulate neurotransmitter signals at the neuromuscular junction™
Additionally, the DGC acts as a pivotal nexus for cell signalling, serving
as a docking site for various intracellular signalling proteins®. Thus
the DGCis actively involved in regulating cell mechanotransduction,
survival, migration and growth.

The composition of the DGC varies slightly across different tis-
sues and is generally considered to consist of three parts: the cyto-
solic dystrophin subcomplex, the dystroglycan subcomplex and
the sarcoglycan-sarcospan subcomplex®® (Extended Data Fig. 1a).
Dystrophin was initially isolated from rabbit skeletal muscle and was

the first DGC component to be identified"™. It is a large filamentous
rod protein (more than 3,600 amino acids) that possesses multiple
domains, including a cluster of 24 spectrin domains flanked by the
N-terminal and C-terminal domains, enablingit to serve as a platform
thatinteracts with many other proteins, which are collectively known
as dystrophin-associated proteins®* (DAPs). Notably, the N terminus
of dystrophin contains an actin-binding domain that binds to F-actin,
thereby establishing a physical connection between the DGC and the
actin-based cytoskeleton'. The dystrophin subcomplex also include
intracellular DAPs such as dystrobrevin and syntrophins. Dystrobrevin
shares sequence homology with the C-terminal region of dystrophin,
and syntrophins serve asadapter proteins to facilitate the association
betweendystrophinand varioussignalling proteins, such as neuronal
nitric oxide synthase (nNOS) and caveolin-3"".

The dystroglycan subcomplex consists of a heterodimer of
a-dystroglycan (a-DG) and B-dystroglycan (B-DG), which are derived
from the same precursor protein—dystroglycan'®'. The dystroglycan
proteinisencoded by DAG1,andis processed by post-translational cleav-
agetoproduce a-DG and 3-DG. a-DG resembles adumbbell, consisting
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of two extracellular globular domains linked by a flexible region known
asthe mucin-like domain. The mucin-like domain s heavily glycosylated
and mediates the binding of ECM proteins through its glycans®. 3-DG
contains a single transmembrane helix; its N-terminal extracellular
domain interacts with the C-terminal region of a-DG, whereas its
C-terminal cytoplasmic region associates with several intracellular
components of the DGC, linking the ECM to the cytoskeleton®. The
sarcoglycan-sarcospansubcomplexin skeletal muscle comprises a-, 3-,
y-and 6-sarcoglycans and sarcospan. Additionally, e-and {-sarcoglycans
have been identified as capable of replacing a- and y-sarcoglycans in
other tissues, respectively®. All sarcoglycans contain a single trans-
membrane helix and an extracellular domain, whereas sarcospan has
four transmembrane helices and belongs to the tetraspanin family®*.

The physiological and pathologicalimportance of the DGCis under-
scored by its strong association with muscular dystrophies, aspectrum
of disorders characterized by muscle weakening and degeneration®.
Mutations in the DGC components have been identified as primary
causes of multiple types of muscular dystrophies in humans*, Specifi-
cally, mutations in the dystrophin gene result in dystrophinopathies,
including Duchenne muscular dystrophy (DMD) and Becker muscular
dystrophy>?*. DMD is one of the most common and severe types of
muscular dystrophy, typically presenting in early childhood and rapidly
progressing. It affectsaboutlinevery 3,500 to 5,000 males worldwide
and currently lacks a cure®**. Additionally, loss-of-function mutations
in sarcoglycan genes result in sarcoglycanopathies, which are sub-
types of limb girdle muscular dystrophy® (LGMD). Abnormalities in the
post-translational processing of dystroglycan alter the glycosylation
of a-DGand disruptitsinteractions with the ECM, which are associated
with various forms of LGMD and congenital muscular dystrophy> 25,
Moreover, owing to the multifaceted function of the DGC, aberrations
that disruptits structure and function also contribute to the develop-
mentof other serious diseases inthe heart and brain, including dilated
cardiomyopathy, cognitive impairment and neuronal migration disor-
ders'>?*°, Consequently, the DGC possesses substantial physiological
and clinicalimportance as a promising therapeutic target for the treat-
ment of diverse muscular dystrophies and other related disorders®.

Over the past three decades, extensive genetic and biochemical
investigations have provided valuable insights into the composi-
tions and functions of the DGC". The structures of some soluble
domains of DGC components have been characterized, including the
actin-binding domain®, the first spectrin domain®, and the C-terminal
WW domain-containing region of dystrophin®*, as well as the N-terminal
domain of a-DG*. However, our understanding of how the DGC is
assembled and the molecular mechanisms by whichit functionsis lim-
ited by thelack of high-resolution structural information of the intact
complex. The prevailing model of DGC assembly, primarily derived
from biochemical studies, posits that the dystroglycan subcomplex
isinthe centre of DGC and s pivotal for interactions with cytoplasmic
dystrophin, and that the sarcoglycan-sarcospan subcomplex is posi-
tioned at the periphery®’ (Extended Data Fig. 1a).

In this study, we isolated the native DGC from mouse skeletal mus-
cle and used single-particle cryo-electron microscopy (cryo-EM) to
determineits structure. Our study providesinsights into the assembly
mechanism of the DGC. The cryo-EM structure diverges from the pre-
vious model, revealing that sarcoglycans and sarcospan flank the two
sides of the transmembrane helix of -DG, and that sarcoglycans bind
directly to dystrophin. This structure serves asanimportant foundation
for the mechanisticinterpretation of many muscular dystrophy-related
mutations that have been identified in clinical research over the past
few decades.

Isolation of the native DGC sample

Laminin-a2 in the ECM was previously reported to interact with the
glycans on a-DG through the laminin G-like (LG) domains 4 and 5
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(LG4 and LGS5) in a Ca**-dependent manner®. We recombinantly
expressed the Flag-tagged LG4 and LG5 domains of laminin-a2 and
used it as an affinity bait to isolate the endogenous DGC from mouse
skeletal muscle tissue (Extended Data Fig. 1b,c). Gel filtration of the
purified sample showed a small peak at a molecular weight larger
than the 669 kDa molecular marker, which is reasonable for the size
of intact DGC (Extended Data Fig. 1d). Western blotting of the peak
fractions showed co-migration of multiple detected DGC components,
suggesting that they remain as an intact complex during purification
(Extended DataFig.1le and Supplementary Fig.1a). Mass spectrometry
analysis of the peak fractions verified the presence of all previously
known components of the DGC, confirming that we were successful
inisolating the native complex (Extended Data Fig. If).

Determination of the mouse DGC structure

Using the native DGC sample, we subsequently made grids for cryo-EM
structure determination. After data processing, we generated arecon-
structionmap (Map 1) at an overall resolution of 3.2 A (Extended Data
Fig.2). However, density at the intracellular region of Map 1 was rela-
tively weak, indicating inherent conformational flexibility in this region.
To further improve the resolution of the intracellular domains, we
performed additional 3D classifications with a mask focused on the
intracellular region. This yielded a reconstruction map (Map 2) at an
overall resolution of 3.5 A with much improved intracellular density
that enabled local composition assignment and structural analysis
(Extended Data Figs. 2 and 3). Guided by the two maps, we were able
to build a final DGC model comprising nine components, including
o-, B-, y-and &-sarcoglycans, a-DG, 3-DG, sarcospan, dystrophin and
dystrobrevin (Fig.1and Extended Data Tables1and 2). We also identi-
fied multiple glycosylation modification sites and disulfide bonds on
some components (Extended Data Table 2). In addition, we identified
several lipid molecules that resemble phosphatidylserine and choles-
terolinthe structure, which are likely to contribute to the assembly of
the complex (Fig.1). Although the LG4 and LG5 domains of laminin-o2
was used toisolate the DGC, we did not observe these domains and their
interacting glycans on a-DG in the structure, probably owing to the
disordered nature of the mucin-like domain of a-DG. The final overall
resolved structure displayed a pronounced elongation in height, with
dimensions of approximately 90 A x100 A x 250 A (Fig.1). The overall
elongated structure of the DGC facilitates effective contact with ECM
proteins andintracellular-associated proteins, thereby fulfillingitsrole
in connecting the two sides of the cell membrane. Deviating from the
previous DGC model (Extended Data Fig. 1a), the structure reveals that
sarcoglycans are central in mediating complex assembly by forming
acharacteristic tower-like extracellular domain (hereafter referred
to asthe ECD tower). Additionally, rather than forming a subcomplex
together, sarcoglycans and sarcospan are spatially separated, with
the transmembrane helix of -DG positioned between them (Fig. 1).

Structure of the ECD tower

The elongated ECD tower of the DGC is formed by co-assembly of f3-,
y-and &-sarcoglycans (Fig. 2a). The three sarcoglycans are homologous
andshareasimilar overall topology, with asingle N-terminal transmem-
brane helix followed by 26 3-strandsin -sarcoglycanand 27 3-strands
iny-and &-sarcoglycans (Extended DataFig.4a,b). The transmembrane
helices of the three sarcoglycans form astable helical bundle, primarily
mediated by hydrophobicinteractions (Fig.2a,b). Inaddition, each of
thethree componentsincludes a conserved asparagine that mediates
specific interactions of the helical bundle (Fig. 2a). The extracellular
B-strands of the 3 components co-fold with each other to form arigid
B-helix with a height of approximately 135 A. The B-helix is assembled
inthe manner of staggered, right-handed rising spiral, with three faces
designated as (a)-(c) (Fig. 2a and Extended Data Fig. 4a). Within each
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Fig.1|Cryo-EMreconstruction of the DGC from mouse skeletal muscle.
The overall cryo-EM map of the DGC coloured by subunitand shownin three
side views (Electron Microscopy Data Bank (EMDB): EMD-39568, contour
level: 0.41). Amap low-pass filtered to 16 A (contour level: 0.09) is shownin
transparency toindicate the transmembrane region surrounded by the

face ofthe ECD tower, B-strands from the three sarcoglycans alternate
and runparallel to each other, with few exceptions. For example, 3-4
and 9-B11 of all three sarcoglycans, f12-313 of 3-sarcoglycan and
312-B14 of y- and &-sarcoglycans form anti-parallel B-strands within
the same face of the ECD tower, respectively (Extended Data Fig. 4a).

The exterior surface of the ECD tower is highly hydrophilic with many
charged patches, which enables it to serve as docking sites for other
components (Fig. 2b). The distal tip of the ECD tower is stabilized by six
pairs of conserved disulfide bonds, with each component contribut-
ing two pairs (Fig. 2c and Extended Data Table 2). Specificinteractions
among Lys288 of 3-sarcoglycan, Glu263 of y-sarcoglycan and E261 of
6-sarcoglycan fully seal the distal tip (Fig. 2c). A cross-sectional view of
the mainbody of the ECD tower shows a triangle shape, featuring many
hydrophobicresidues buriedin theinterior of the ECD tower (Fig. 2d).
There are five N-linked glycosylation sites in the ECD tower, includ-
ing Asn160, Asn213 and Asn260, which are specific to 3-sarcoglycan,
and a conserved site between Asn110 of y-sarcoglycan and Asn108 of
6-sarcoglycan (Fig. 2a,d and Extended Data Fig. 4b).

Notably, the ECD tower is bent in the middle, forming a distinctive
angle ofaround 140° (Fig. 2a,b). Structural analysis of the bending site
reveals that 314 of -sarcoglycan deviates by approximately 70° from
B12-B13 of face (a) toface (b), rather than forming alocally anti-parallel
B sheet with 312-313, a feature observed in y- and &-sarcoglycans. As
aresult, B15 of B-sarcoglycan transitions directly to face (c), instead
of pairing with 14 of y-sarcoglycan in face (b) as expected (Fig. 2e).
Sequence alignment among 3-, y- and §-sarcoglycans indicates arela-
tively lower sequence homology of 3-sarcoglycan compared with the
other two sarcoglycans, and the sequence near 14 of B-sarcoglycanis
even less conserved compared with the other regions (Extended Data
Fig.4b). Thus, the sequence and structural divergence of -sarcoglycan

[ Dystrobrevin
[ Dystrophin

Dystroglycan

[-sarcoglycan

Dystrobrevin

[ Sarcospan
[ Dystroglycan (a-DG + B-DG)

detergent micelle densities. The flexible linker of dystroglycan between the
extracellular domain and the transmembrane helix is weak and canbe observed
inthelow-pass filtered map. The measures of the three dimensions are based
onthe coloured map. TM, transmembrane helix.

in this region contributes to the characteristic bending of the ECD
tower. This structural feature of the ECD tower is likely to facilitate its
capacity toaccommodate the simultaneous binding of a-sarcoglycan
anddystroglycan, as described below. Moreover, we speculate that the
bending of the ECD tower also enables it to transmit force in various
directions, which aligns with the functional role of the DGCin transmit-
ting both longitudinal and lateral forces during muscle contraction®”.

Two domains attach to the ECD tower

The extracellular domains of dystroglycan (492-712) and a-sarcoglycan
(24-253) were found to attach to the ECD tower (Fig. 3a). Notably,
these two domains share a similar overall fold, despite having rela-
tively low sequenceidentity (less than20%). Both domains containan
immunoglobulin-like domain and a peptidase S72 domain (P domain)
(Fig. 3a and Extended Data Fig. 5a). We identified multiple N-linked
glycosylation modifications in the P domains of both components
(Fig. 3a and Extended Data Table 2). Notably, the previously reported
post-translational cleavage site on dystroglycan, which generates a-DG
and B-DG, islocated within the P domain®® (corresponding to G651-S652
inmouse) (Fig. 3aand Extended Data Fig. 5a). Therefore, the resolved
immunoglobulin-like domain of dystroglycan belongs to a-DG and the
Pdomainisshared by both a-DG and 3-DG. This structural observation
may explain the stronginteraction between a-DG and 3-DG even after
proteolysis, as previously reported??,

The N-terminal domain of a-DG (28-312) was not observed in the
structure, owing to post-translational removal®®. The subsequent
mucin-like domain (313-483), predicted to be disordered, was also
unresolved. The crystal structure of N-terminal domain of a-DG has
been reported previously, and includes an immunoglobulin-like
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Fig.2|Structure of the ECD tower. a, Overall structure of the ECD tower shown
intwoside views. The sugar moietiesin the glycosylation sites areshown as
sticks. The three faces of the ECD tower are labelled as (a)-(c). Face (c) of the
ECDtowerisindicated by ared dashed line. Bottomright, close-up view of the
transmembrane region observed from the extracellular side. b, Electrostatic
surfaceof the ECD tower shownin the same views asina. Red indicates
negatively charged regions and blueindicates positively charged regions.

domain and a P domain® (Extended Data Fig. 5b). By comparing the
crystal structure of the N-terminal domain of a-DG and the resolved
extracellular domains of dystroglycan and a-sarcoglycan in our
model, we found the relative conformational changes between their
immunoglobulin-like domains and P domains (Extended Data Fig. 5b).
When superimposing the three structures over their P domains,
we observed a subtle conformational variation between the two
immunoglobulin-like domains of a-DG, whereas the immunoglobulin-
like domain of a-sarcoglycan displays pronounced conformational
rotations compared with the two immunoglobulin-like domains of
«-DG (Extended Data Fig. 5¢).

The resolved immunoglobulin-like domains of a-DG and
a-sarcoglycan formspecificinteractions with the ECD tower; however,
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¢, Close-up view of the ECD tower tip, asindicated in a. The disulfide bonds
andresidues that mediated inter-subunitinteractions are shown as sticks.
Hydrogenbonds are presented by dashed lines. The C terminus of each
componentisindicated by anarrow. d,e, Enlarged views of the corresponding
regionsindicatedina. Theresidues thatfacetheinterior of the ECD tower and
thesugarsare shown as sticks.

their modes of interaction differ (Fig. 3b). The immunoglobulin-like
domain of a-sarcoglycan (24-124) forms multiple hydrogen bonds with
face (b) of the ECD tower, primarily involving residues from the 33-34
and B6-f7 loops. By contrast, theimmunoglobulin-like domain of a-DG
(492-594) specifically attaches to the edge of the ECD tower between
face (a) andface (b). This attachment mainly involves residues from the
B6 and B7 strands, rather than the loops of the immunoglobulin-like
domain. Moreover, a cation, most probably calcium, is surrounded by
several negatively charged residues fromboth theimmunoglobulin-like
domain of a-DG and the ECD tower, further stabilizing their specific
interactions (Fig. 3b). Notably, the two extracellular domains also
interact with each other. The immunoglobulin-like domain of a-DG
forms hydrogenbonds with the Pdomain of a-sarcoglycan. The glycans
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Fig.3|Assembly of the DGCin the extracellular and transmembrane
regions. a, Overall structure of the extracellular and transmembrane regions of
the DGC presented inaside view (left) and two top views (right). Glycosylated
residues, sugar moieties, disulfide bonds, and residues that potentially mediate
theinter-subunitinteraction between a-sarcoglycan and dystroglycanare
showninsticks. a-DG and B-DG of dystroglycan are coloured wheat and brown
accordingto theirreported boundaries, respectively. The red arrows indicate a

present on the P domains of both dystroglycan and a-sarcoglycan
potentially facilitate further interactions between them (Fig. 3a).

Assembly of the transmembrane helices

The DGC contains a total of nine transmembrane helices from five
components (Fig. 3a). The single transmembrane helices of 3-DG and
a-sarcoglycanaresituated on either side of the transmembrane helical
bundle below the ECD tower, attaching to the transmembrane helix
of'y-sarcoglycan and §-sarcoglycan, respectively (Fig. 3a). Both are
tethered to their extracellular domains through an extended, flexible
linker of approximately 30 amino acids inlength. Whereas the linker of
a-sarcoglycanrises along face (a) of the ECD tower through extensive
specificinteractions (Fig. 3c), the linker of B-DG is distal from the ECD
tower and thus is less well-resolved (Figs.1and 3d). Notably, instead
of forming a subcomplex, sarcospan and sarcoglycans do not directly
interactbutarelocated oneither side of the single transmembrane helix
of B-DG. Sarcospan establishes hydrogen bonds with 3-DG near the
outer leaflet of the membrane and interacts with B-DG on the intracel-
lular side by forming a short pair of parallel -strands (Fig. 3a,d). The
presence of sarcospan contributes to the stabilization of the transmem-
brane helix of -DG, resulting inits better resolved density compared
with that of the transmembrane helix of a-sarcoglycan (Fig. 1).

Dystrophin and the transmembrane DAPs

The cryo-EM map (Map 2) enabled unambiguous assignment of the
C-terminal cysteine-rich (CR) domain of dystrophin, which encom-
passes a WW domain, two EF-hand domains and a ZZ domain (Fig. 4a
and Extended Data Fig. 6a,b). The N-terminal actin-binding domain,

pair of parallel B-strands formed by the C-terminal tails of B-DG and sarcospan.
Ig,immunoglobulin. b, Interactions of theimmunoglobulin-like domains of
a-sarcoglycan (left) and a-DG (right) with the ECD tower. Residues that mediate
specificinteractionsintheinterfacesare showninsticks. The density map ofa
boundionis presentedinblue mesh (right). ¢, Extensive interactions between
theloop of a-sarcoglycan and face (a) of the ECD tower. d, Specificinteractions
betweensarcospanand the single transmembrane helix of B-DG.

the spectrindomains and the C-terminal syntrophin-binding region of
dystrophin were not observed (Extended Data Fig. 6a). Nevertheless,
mass spectrometry analysis of the purified sample detected peptides
covering the entire dystrophinmolecule, suggesting theintrinsic flex-
ibility of the unresolved domains relative to the CR domain (Extended
DataFig.1g).

Dystrophin was previously thought to bind to the C terminus of
B-DG through its CR domain®. A previous crystal structure showed
that the WW and EF-hand domains of dystrophin are involved in the
interaction with the C terminus of B-DG** (Extended Data Fig. 6¢). We
did not observe this interaction interface in our cryo-EM structure.
Comparing our cryo-EM structure with the previously reported crys-
tal structure reveals a notable conformational difference in the WW
domain (Extended DataFig. 6d). Asaresult,in contrast to the EF-hand
domains, the WW domain of the crystal structure cannot be fitted into
the cryo-EM map and no density was observed for the interacting C ter-
minus of B-DG (Extended Data Fig. 6d). These contrasting observations
suggest thattheinteractioninterface between C terminus of 3-DG and
the CR domain of dystrophin may be transient and dynamic in native
DGC, and it may only occur under specific conditions.

Our structure instead reveals a previously uncharacterized major
interaction interface between dystrophin and the transmembrane
DAPs through the ZZ domain of dystrophin (Fig. 4a). The ZZ domain
of dystrophin is a small cysteine-rich zinc-containing domain, con-
sisting of two a-helices and five 3-strands (Fig. 4b,c). The a2-helix
(3358-3374) of the ZZ domain is amphipathic, enabling dystrophin
to stably attach to the inner leaflet of the membrane (Fig. 4b). The ZZ
domain forms extensive interactions with multiple DGC components
near the membrane, including 3-sarcoglycan, y-sarcoglycan and 3-DG
(Fig. 4a,d). Notably, the residues in the ZZ domain of dystrophin that
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Fig. 4 |Interactions between dystrophinand DAPs. a, Overall structure of
dystrophinand its nearby subunits. A phosphatidylserine-like lipid is
presentedinstick view. b, Close-up view of the ZZ domain of dystrophin with
theamphipathic a2-helix highlighted. The zincionand cysteine residuesin the
zinc-binding site are shownin sphere and sticks, respectively. c, Sequence
alignmentamongthe ZZ domains of dystrophin homologues and dystrobrevin.
Secondary structure elements are indicated above the sequence. Dystrophin
residues that mediate interactions with transmembrane DAPs and lipid binding
areindicated by red and blue triangles, respectively. The cysteine residuesin

mediate the specific interactions with other components are highly
conserved across dystrophin homologues, but not in the ZZ domain
of dystrobrevin (Fig. 4c). This suggests that dystrobrevin, although it
also contains a ZZ domain, is unable to compete with dystrophin for
association with the transmembrane DAPs. Furthermore, we observed a
phosphatidylserine-like lipid molecule boundin the interface between
the ZZ domain and y-sarcoglycan (Fig. 4e). Thislipid forms directinter-
actions with several arginine residues from both y-sarcoglycan and
dystrophin, further stabilizing the association of dystrophin with the
transmembrane DAPs.

Dystrophin-dystrobrevin interactions

After the assignment of dystrophin in the cytoplasmic region, an
additional globular density near the EF-hand domains of dystrophin
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the zinc-binding site are indicated by asterisks. The UniProt IDs for each
sequence are as follows: dystrophin, P11531; utrophin, E9Q6R7; DRP2, Q05AA6;
dystrobrevin, Q9D2N4.d, Specificinteractions between the ZZ domain of
dystrophinand the transmembrane DAPs. e, A phosphatidylserine-like

lipid facilitates the inter-subunitinteractions between dystrophin and the
transmembrane DAPs. The density map of the lipid is shown in blue mesh.

f, Interaction between dystrophinand dystrobrevin showninthe bottom view.
The cryo-EM maps of eachcomponent are presented as transparent surfaces.

remained unassigned (Fig. 4f). The density of this region was in mod-
erate resolution and did not allow reliable side-chain assignment. We
carefully analysed the predicted structures of all potential intracellular
DGC components, including dystrophin, dystrobrevin, syntrophins,
nNOS and caveolin-3, and found that only the EF-hand domains of dys-
trobrevin and dystrophin could be well fitted into this density (Fig. 4f
and Extended Data Fig. 6a,e). However, this density is unlikely to rep-
resent another copy of dystrophin, as dystrophin has been reported
to existasamonomer*’. We therefore tentatively assigned this density
asthe EF-hand domains of dystrobrevin (Fig. 4f). It has been reported
that dystrobrevin and dystrophin interact through their C-terminal
coiled-coil motifs following the ZZ domains*. Although this interface is
supported by the structure predicted by AlphaFold3, it was not resolved
inour cryo-EMstructure, probably owing to the presence of aflexible
linker between the coiled-coil motifand the ZZ domaininboth proteins


https://www.uniprot.org/uniprotkb/P11531/entry
https://www.uniprot.org/uniprotkb/E9Q6R7/entry
https://www.uniprot.org/uniprotkb/Q05AA6/entry
https://www.uniprot.org/uniprotkb/Q9D2N4/entry

(Extended Data Fig. 6f). Instead, our structure reveals an additional
interaction interface between the EF1 domain of dystrobrevin and
the EF2 and WW domains of dystrophin, which has not been previ-
ouslyreported and is supported by the predicted structure (Fig. 4fand
Extended DataFig. 6f). To further verify this previously uncharacterized
interface, we conducted a gel filtration binding assay using recom-
binantly expressed EF-hand domains of the two proteins (Extended
Data Fig. 6g and Supplementary Fig. 1b). The results showed that the
GST-tagged dystrophin, but not GST alone, co-migrates with dystro-
brevin on gel filtration. This indicates a direct interaction between
the EF-hand domains of the two proteins, supporting the structural
observation. Therefore, our structure, combined with previous data,
provides a more comprehensive understanding of the interaction
between dystrophin and dystrobrevin.

Mapping of disease-related mutations

Mutations in DGC components are frequently found to be responsible
for muscular dystrophies in human patients. Our structure provides
a valuable framework for mechanistic interpretations underlying
these mutations. We have summarized the pathogenic mutation sites
reported to date that could be observed in our structure (Fig. 5a,b
and Extended Data Table 3). These mutation sites are found in both
the extracellular and intracellular regions of the DGC, in line with
its functional role as a linker between the ECM and the intracellular
cytoskeleton. Specifically, the ECD tower, the extracellular domain
of a-sarcoglycan and the region near the ZZ domain of dystrophin are
mutation hotspots (Fig. 5a).

Detailed structural analysis reveals that the disease-related muta-
tions have the potential to disrupt crucial interactions necessary for
maintaining complex assembly, resulting in muscular dystrophy. Non-
sense mutations, which lead to premature termination of protein trans-
lation of one component, are likely to disrupt normal assembly of the
entire complex. In particular, nonsense mutations occurringin -, y-and
&-sarcoglycans typically lead to severe LGMD or DMD-like phenotypes,
probably owingto theimproper assembly of the ECD tower (Extended
Data Table 3). Missense mutations may cause complex abnormalities
by affecting local interactions and domain folding. For instance, R34
and R81 of a-sarcoglycan mediate inter-domaininteractions between
theimmunoglobulin-like domain and the Pdomain through the forma-
tion of multiple hydrogenbonds and salt bridges with nearby residues
(Fig. 5¢). Mutations at these two sites (for example, R34C, R34H or
R81C), as well as at G91 (for example, G91S or G91R) in the middle of
theinter-domaininterface, are likely to affect the folding and stability
of a-sarcoglycan (Fig. 5c and Extended Data Table 3). Notably, severe
phenotypes of LGMD have beenreported in association with the muta-
tions R34C and R34H (Extended Data Table 3). Consistent with our
structural analysis, in vitro recombinant expression of the extracel-
lular domain of a-sarcoglycan showed significantly lower expression
levels for all 19 tested disease-related mutations compared with the
wildtype, especially inthe fractions corresponding to the monomeric
peak (Extended Data Fig. 7a,b and Supplementary Fig. 1c).

Furthermore, the interior core of the ECD tower is buried, with many
hydrophobic residues. Mutating these hydrophobic residues to posi-
tively charged residues, such as LIO8R and M100K on -sarcoglycan
(correspondingto L110 and M102 in mouse, respectively), would result
inunfavourablelocalinteractions, thereby disrupting the proper fold-
ing of the ECD tower. Similarly, the mutation S114F (corresponding to
S116 in mouse) on 3-sarcoglycan potentially causes a steric clash with
nearby phenylalanine, thus affecting the normal assembly of the ECD
tower (Fig. 5d). Supporting these analyses, all three mutations lead
to severe types of muscular dystrophy in human patients (Extended
Data Table 3).

In addition, several cysteine residues have important structural
roles, and mutations on them are also likely to affect domain stability.

a b
c667
(C669F)
M bmD Il Severe
W LGMD M Intermediate
B cmp & Mild
¢ a-sarcoglycan d
R81(R810)
L110(L108R)
G91(GO1R)
la-lik B-sarcoglyca
-like
dgmain M102(M100K) S116(S114F)
P domain R34(R34C/H)

Fig.5|Structural mapping of muscular dystrophy-related mutations.

a, Mapping of disease-related mutations on the DGC by muscular dystrophy
subtypes. The backbone carbon atoms at disease-related mutationsites are
shownasspheres. Three hotspot regions of mutations are shaded. Refer to
Extended Data Table 3 for more details. CMD, congenital muscular dystrophy.
b, Mapping of disease-related mutations by phenotypicseverity based
onliteraturereports. Pathogenic mutationsites lacking clearly reported
phenotypicseverity are coloured grey, and their backbone carbon atoms are
notshown. ¢, Examples of mutations that affect the inter-domaininteractions
within a-sarcoglycan. d, Examples of mutations that affect the stability of the
ECD tower assembly. The backbone carbon atoms and the side chains of the
disease-related mutation sites are shown as spheres and sticks, respectively.
Theresidues that potentially interact with the mutation sites are shown as
lines. The corresponding mutations identified in human patients are labelled
inparenthesesinc,d.

For instance, the mutation C283Y in y-sarcoglycan and the mutation
C669F (corresponding to C667 inmouse) in 3-dystroglycan would both
disrupt a domain-stabilizing disulfide bond within the correspond-
ing subunit (Extended Data Table 2). These two mutations are associ-
ated with severe phenotypes of LGMD and muscle-eye-brain disease,
respectively (Extended Data Table 3). Notably, whereas the wild-type
extracellular domain of dystroglycan showed a high expressionlevelin
the HEK293 expression system and exhibited good solution behaviour,
asingle mutation of Cys667 to phenylalanine completely abolished its
recombinant expression (Extended DataFig. 7c,d and Supplementary
Fig.1d). Moreover, another two mutations on cysteine residues, C3313F
and C3340Y (corresponding to C3306 and C3333 in mouse, respec-
tively), would disrupt zinc ion coordination within the ZZ domain of
dystrophin. As aresult, they may induce misfolding and instability of
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the ZZ domain, ultimately leading to diminished interactions between
dystrophin and the transmembrane DAPs. Consistently, these muta-
tionshavebeenreportedto cause reduced or absent subsarcolemmal
expression of dystrophinin patients with DMD, further supporting our
analysis (Extended Data Table 3).

Discussion

In this study, we present the cryo-EM structure of the native DGC iso-
lated from mouse skeletal muscle. Our findings not only provide an
important framework for understanding many previous biochemi-
cal studies, but also offer new insights into the assembly of the com-
plex. Specifically, the previous model of the DGC suggested that
the sarcoglycan and sarcospan form an independent subcomplex
that has a relatively minor role in complex assembly compared with
the central position of a-DG and B-DG®” (Extended Data Fig. 1a). By
contrast, our model highlights the central role of sarcoglycans in
this process (Extended Data Fig. 8). The large ECD tower, formed by
-, y-and 8-sarcoglycans, provides a substantial platform on which the
extracellular domains of a-DG and a-sarcoglycan can dock. Of note,
our model reveals that sarcospan and sarcoglycans do not interact
directly with each other. Instead, they are positioned adjacent to both
sides of B-DG, thereby stabilizing its single transmembrane helix. The
structure also reveals the involvement of a phosphatidylserine-like
phospholipid in the interface between the ZZ domain of dystrophin
and the transmembrane helices of the sarcoglycans, implying a crucial
role for lipids in mediating DGC assembly.

Our cryo-EM structure reveals a distinct conformation of the WW
domain of dystrophin, which has been reported to directly interact
with the C terminus of B-DG in a previous crystal structure* (Extended
Data Fig. 6d). Consequently, the C terminus of 3-DG is absent in the
cryo-EM structure, probably owing to potential steric clash with the
conformationally altered WW domain of dystrophin (Extended Data
Fig. 6d). Previous studies have demonstrated that phosphorylation
modifications on both the C terminus of 3-DG and the CR domain of
dystrophinregulate their interaction. Specifically, phosphorylation of
Ser3059 on the WW domain of dystrophin enhances this association,
whereas phosphorylation of two tyrosine residues on the C terminus
of B-DG disrupts the interaction***, Additionally, Thr3074 on the WW
domain of dystrophin has beenidentified as aphosphorylationsite that
may also regulate the interface interaction, given its proximity to the
bindingsite of the C terminus of B-DG** (Extended Data Fig. 6d). These
findings suggest that the interaction interface between dystrophinand
the C terminus of B-DG can vary under different physiological condi-
tions, suchas changes in phosphorylationstatus, and that the cryo-EM
and crystal structures may represent two different conformational
states of the WW domain. The binding of the C terminus of 3-DG to
dystrophinis expected toinduce alocal conformational changein the
WW domain, potentially affecting the association of nearby dystro-
brevin and other associated signalling proteins such as syntrophins.
Consequently, this mechanism could contribute to the regulation of
signalling pathways mediated by the DGC.

The structure of the DGC offers valuable insights into its function
inlinking the ECM with the intracellular cytoskeleton, thereby facili-
tating cellular mechanotransduction. The DGC is oriented perpen-
dicular tothe cellmembrane, and features a prominent extension of
approximately 250 A, whichis significantly longer than its dimensions
inthe other two directions (Fig.1). This elongated structure provides
amolecular basis for efficient communication between the two sides
of the cell membrane. The interplay among the DGC components,
particularly the co-folding assembly of 3-, y- and 6-sarcoglycans,
forms arigid and stable core for complex assembly. The extensive
interactions between the cytosolic dystrophin and the transmem-
brane DAPs further establish alongitudinal axis connecting the ECM
and intracellular cytoskeleton. Consequently, force exerted on one
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side of the DGC can be effectively transmitted to the opposing side
through this axis.

The ECD tower of the DGC is reminiscent of the VgrG spike found in
the baseplate of bacterial type VI secretion system (T6SS) and the tail
spike of bacteriophages (Extended DataFig. 4c). These spikes also pos-
sess a B-helical structure that is used to perforate target membranes.
The similarity between the ECD tower and these spikes suggests ECD
may have arolein maintaining close proximity to the ECM, facilitating
theinteraction between a-DG and the ECM. Arecent study found that
the B-helical domain of abacteriophage can undergo conformational
changes upon binding to the receptor** (Extended Data Fig. 4¢). It s
possible that the ECD tower of the DGC utilizes a similar mechanismto
facilitate mechanical transduction. The characteristic tilt angle of the
ECD tower implies that it may also have arole in force transmission by
fine-tuning this angle. The tilting of the ECD tower also enables trans-
mission of forces in both longitudinal and lateral directions, thereby
contributing to the function of the DGC.

Notably, whereas the core of the DGC s rigid, the two distal ends of
the complex are connected by flexible regions and are invisible in our
cryo-EMstructure. Onthe extracellular side, the mucin-like domain of
o-DGanditsinteracting LG4 and LG5 domains of laminin-o2 are unob-
served, primarily owing to the flexible nature of the mucin-like domain.
On the intracellular side, the N-terminal actin-binding domain and
subsequent spectrin domains of dystrophinare alsoinvisible. Sequence
and predicted structure analysis of dystrophin suggest the presence
of few flexible linkers among these unresolved domains (Extended
DataFig. 6a). We speculate that these structural features may serve as
amolecular spring or abuffer for mechanotransduction, ensuring that
minor force disturbances are absorbed and not transmitted through
the DGC. Only when the cellundergoes substantial changes that exceed
aforce threshold, such as muscle fibre contraction, would these be
transmitted through the DGC across the cellmembrane. Therefore, the
structural characteristics of the DGC not only ensure effective transmis-
sion of mechanical forces between the intracellular and extracellular
environments, but may also prevent the conduction of inconsequential
mechanical force.

The function of the DGC parallels that of the integrin complex, as
both are involved in connecting the ECM and cytoskeleton. Integrins
areheterodimericreceptorsthatare widespread inmany cell types and
facilitateadiversearray of cell-ECM interactions, havingimportant roles
in celladhesion, cytoskeletal integrity and bidirectional signalling across
the plasmamembrane®. Unlike the DGC, the structures of integrins have
beenmoreextensively characterized. Previous structural studies of inte-
grins haverevealed marked conformational changes of the ectodomain
inligand-bindingsites thatare linked to changesin the association of the
transmembrane domains between the a- and B-subunits*. Notably, inte-
grins exhibit functional complementarity with the DGC to some extent.
Mutations inintegrin genes have beenimplicated in causing muscular
dystrophies*”*8. Interestingly, the upregulation of integrin a7B1subunit
has been observed in patients with DMD and in mdx mice, which lack
dystrophin®. The upregulation of integrin may partially compensate for
theloss of functional DGC. Additionally, sarcospan has been reported to
genetically interact with integrins, mediating the functional crosstalk
between the DGC and integrins*’. Despite certain functional comple-
mentarity, our study highlights substantial differencesin the molecular
composition and assembly of the DGC and integrin complexes. These
findings establish an important structural foundation for enhancing
our understanding of the distinct and specificroles of each complexin
maintaining cellmembrane stability and providing mechanical support
in different cellular contexts.
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Methods

Animals

Wild-type C57BL/6) mice, aged 2-4 months old, were used for DGC
sample preparation. Mice were maintained in barrier facilities with
astrictly controlled macroenvironment, including a temperature of
20-26 °C, humidity ranges of 40-70%, and a12-h light/12-h dark cycle.
Allanimal studies and experiments were conducted in compliance with
institutional guidelines and approved by the Institutional Animal Care
and Use Committee (IACUC) at Westlake University, Hangzhou, China.

Expression and purification of the LG4 and LG5 domains of
laminin-a2

DNA encoding residues 2730-3118 of the mouse LG4 and LG5 domains
oflaminin-a2 (UniProtID: Q60675) was amplified from a cDNAlibrary
derived from mouse skeletal muscle and inserted into the pCAG vector
downstream of a CMV promoter. The native signal peptide preceding
laminin-a2 LG4-LG5wasincluded. Additionally, a 3xFlag tag was fused
to the carboxyl terminus of laminin-a2 LG4-LGS. The constructed
plasmid was transfected into HEK293F cells (Thermo Fisher Scientific)
using polyethylenimine (PEI) when the cell density reached 2 x 10° cells
per ml. The transfected cells were cultured in SMM 293-TIl Expression
medium (Sino Biological) at 37 °C under 5% CO,. After 4 days of expres-
sion, the cell culture media was collected and diluted 1.6-fold with
double-distilled water. The diluted media was loaded onto Source 15S
beads (GE Healthcare) onan AKTA Purifier (GE Healthcare). The beads
were extensively washed with buffer A (25 mMMOPS-Na, pH7.4,2 mM
CaCl,), and the bound protein was eluted using a buffer with a linear
gradient of salt concentration. The protein eluted at approximately
130 mM NaClwas further purified using size-exclusion chromatography
(Superose 6 Increase,10/300 GL, GE Healthcare) in a buffer containing
25 MM MOPS-Na, pH 7.4,150 mM NaCl,2 mM CaCl,. The fractions cor-
responding to the peak were pooled, flash-frozen in liquid nitrogen,
and stored at —80 °C until use.

Membrane isolation from mouse skeletal muscle

Wefollowed apreviously reported method with slight modifications®..
All steps were conducted at 4 °C. About 100 g skeletal muscle from
mouse legs were homogenized inabuffer containing 25 mM MOPS-Na,
pH 7.4, 0.3 M sucrose, and 2 mM phenylmethylsulphonyl fluoride
(PMSF). Following homogenization, the sample was centrifuged at
6,000g for 6 min. The supernatant was carefully collected and stored
onice. The pellet was subjected to homogenization and centrifugation
twice more. All supernatant was pooled and spun at 200,000g for 1 h
to pellet the membrane. The membrane was then washed twice by
resuspendingin abuffer containing 25 mM MOPS-Na, pH7.4,600 mM
KCl, 165 mM sucrose, and 2 mM PMSF, followed by centrifugation at
200,000g for 1 h. The pellet was flash-frozen in liquid nitrogen and
stored at -80 °C until use.

Endogenous purification of the DGC

The membrane prepared from mouse skeletal muscle was solubilized
at4 °Cfor2 hinabuffer containing 25 mM MOPS-Na, pH7.4,300 mM
NacCl, 2 mM CaCl,, 1% glyco-diosgenin (GDN), 3.9 pg ml™ aprotinin,
2.1 pg ml™? pepstatin, 15 pg ml™ leupeptin, 2 mM PMSF, and 1.5 mg of
Flag-tagged LG4-LG5 domains of laminin-a2. The insoluble fraction
was pelleted by centrifugationat20,000g for1h, and the supernatant
was thenincubated with anti-Flag G1 affinity resin (GenScript) at4 °C for
1h. Theresin was washed with a buffer containing 25 mM MOPS-Na, pH
7.4,300 mMNacCl,2 mM CacCl,, 0.01% GDN, and1 mM PMSF for 100-fold
the volume of the resin. The target protein complex was eluted with a
buffer containing 25 mM MOPS-Na, pH 7.4,250 mM NacCl, 2 mM CacCl,,
0.01% GDN and 250 pg ml™ Flag peptide. The eluted protein was con-
centrated and applied to size-exclusion chromatography (Superose 6
Increase,10/300 GL, GE Healthcare) equilibrated in a buffer composed

of 25 mM MOPS-Na, pH 7.4, 150 mM NaCl, 2 mM CacCl,, 0.01% GDN.
The fractions containing the DGC were pooled and concentrated for
further experiments.

Expression and purification of the extracellular domains of
a-sarcoglycan and dystroglycan

DNA encoding residues 1-250 of mouse a-sarcoglycan (UniProt ID:
P82350) or residues 1-27 (signal peptide) and 492-712 of mouse dys-
troglycan (UniProtID: Q62165) was individually amplified fromacDNA
library derived from mouse skeletal muscle. The DNA was theninserted
intothe pCAG vector, witha2xFlagtagora GST tag fused to the carboxyl
terminus of a-sarcoglycan and dystroglycan, respectively. The expres-
sion of the two domains in HEK293F cells followed a similar protocol
as the expression of the LG4-LG5 domains of laminin-a2 described
above. For each expression batch, 0.3 mg plasmids were transfected
into 200 ml cells atadensity of 2 x 10° cells per ml. After 4 days of expres-
sion, the supernatant was collected and loaded onto the anti-Flag G1
affinity resin (GenScript) for a-sarcoglycan or Glutathione Sepharose
4B (GS4B, GE Healthcare) for dystroglycan. After extensive washing
withabuffer of 25 mMMOPS-Na, pH7.4,300 mM NacCl, a-sarcoglycan
was eluted with a buffer containing 25 mM MOPS-Na, pH 7.4,300 mM
NaCl, and 250 pg ml™ Flag peptide, while dystroglycan was eluted
with a buffer containing 25 mM MOPS-Na, pH 7.4, 300 mM Nacl, and
13 mM reduced glutathione. The eluted proteins were then concen-
trated and subjected to size-exclusion chromatography (Superose 6
Increase,10/300 GL, GE Healthcare) equilibrated in a buffer composed
of 25 mM MOPS-Na, pH 7.4,150 mM NaCl. All buffers used for purify-
ing dystroglycan contained 2 mM CaCl,. Fractions obtained from gel
filtration were subsequently analysed by SDS-PAGE.

The reported muscular dystrophy-related mutation sites that are
observable in the structure have been summarized in Extended Data
Table 357 Plasmids for 19 disease-related mutations of a-sarcoglycan
and the C667F mutation of dystroglycan were generated separately
using standard site-directed mutagenesis techniques and verified by
DNA sequencing. The expression and purification of these mutants
followed the same procedure as their corresponding wild types.

Western blotting

The DGC fractions obtained from size-exclusion chromatography
were loaded onto 14% SDS-PAGE gels for electrophoresis. Proteins
were then transferred to poly-vinylidene fluoride membrane (Merck
Millipore). After blocking with 5% non-fat milk in Tris-buffered saline
with Tween 20 (TBST) for 1 h at room temperature, the membrane
was incubated with the primary antibodies against dystroglycan, a-,
B-, 6- and y-sarcoglycans, and dystrobrevin. Following primary anti-
body incubation at room temperature for 1-2 h, the membrane was
washed with TBST and then incubated with the HRP-conjugated Goat
anti-Rabbit IgG polyclonal antibody (1:50,000 dilution, HUABIO) for
1hatroom temperature. The bands were visualized by eECL Western
Blot Kit (CWBIO).

Gelfiltration binding assay

The gene encoding mouse dystrophin (3049-3299) or dystrobrevin
(1-237) was cloned into a pET21 vector carrying either aC-terminal GST
tag or an N-terminal 6 xHis tag, respectively. BL21(DE3)-CodonPlus-RIPL
wasindividually transformed with the prepared expression plasmids.
Induction of protein expression was carried out during the log phase
of growth with 0.2 mM isopropyl 3-D-1-thiogalactopyranoside for
12 hat20 °C.The cell pellet was collected and sonicated in lysis buffer
containing 25 mM Tris-HCI, pH 8.0,300 mM NaCl, and 2 mM PMSF.
After centrifugationat20,000gfor 1 htoremove the pellet, the super-
natant was loaded onto either Glutathione Sepharose 4B (GS4B, GE
Healthcare) for GST-tagged dystrophin or TALON Metal Affinity resin
(Takara) for 6xHis-tagged dystrobrevin. After extensive washing with
abuffer containing 25 mM Tris-HCI, pH 8.0,300 mM NaCl, dystrophin
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was eluted with abuffer containing 100 mM Tris-HCI, pH 8.0,300 mM
NaCl, 13 mMreduced glutathione, while dystrobrevin was eluted with
a buffer containing 25 mM Tris-HCI, pH 8.0, 300 mM NacCl, 250 mM
imidazole. The eluent was concentrated and subjected to size-exclusion
chromatography using a Superose 6 Increase column (10/300 GL, GE
Healthcare) in buffer containing 25 mM Tris-HCI, pH 8.0,150 mM NacCl.
Fractions corresponding to the peak were pooled, flash-frozen inliquid
nitrogen, and stored at =80 °C until further use.

Forthe gelfiltrationbinding assay, 3 pM dystrophinand 30 pM dys-
trobrevin were mixed in1 mlbuffer containing 25 mM Tris-HCI, pH 8.0,
150 mM NaCl. The proteins were incubated on ice for 1 h before being
injectedinto a Superdex200 Increase column (10/300 GL, GE Health-
care) pre-equilibrated with the same buffer. As a control, the binding
of GST with dystrobrevin was also assessed under the same conditions.
Additionally, dystrophin, GST, or dystrobrevin alone were individually
applied for gelfiltration under the same conditions. The fractions from
gelfiltration were analysed using SDS-PAGE.

Mass spectrometry analysis

The SDS-PAGE gel containing the target protein band was excised and
washed twice with 50% acetonitrile. Subsequently, the sample under-
went reduction and alkylation before being digested with trypsinin
50 mM ammonium bicarbonate for 14 hat37 °C. The digested sample
was thenextracted twice with 1% formicacidina50% acetonitrile aque-
ous solution and dried to powder using a vacuumdryer.

For liquid chromatography-mass spectrometry (LC-MS/MS)
analysis, the peptides were resuspended in 0.1% formic acid (w/w)
and automatically injected using Bruker’s nanoElute UHPLC System
onto a 25 cm column equipped with an emitter (Aurora series, CSI,
25 cm x 75 puminternal diameter, 1.6 um C18, lonOpticks). The bound
peptides were eluted over 60 min ata constant flow rate of 300 nl min™,
with mobile phases consisting of buffer A (0.1% formic acid in H,0)
and buffer B (0.1% formic acid in acetonitrile). The elution gradient
started from 2% buffer Band increased to 22% over 45 min, followed by
afurtherincrease to 35% buffer B between 45 and 50 min. Eluted pep-
tides were sprayed into a TIMS quadrupole time-of-flight instrument
(timsTOF Pro 2, Bruker Daltonics) using a nano-electrospray source
(CaptiveSpray source, Bruker Daltonics). Samples were measured in
DDA-PASEF mode, with the DDA-PASEF windows scheme ranging in
dimension m/zfrom 300 to 1,500 and in dimension 1/KO from 0.75 to
1.3, witharamp time 166 ms.

Data files from the LC-MS/MS analysis were processed using Pro-
teome Discoverer 2.5 (Thermo Fisher Scientific) to identify proteins.
The Sequest HT search engine was employed with default parameters
for protein identification, aiming for a false discovery rate of <0.01
at both the protein and peptide levels. The Mus musculus proteome
(Proteomes ID: UPO0O0000589) obtained from UniProt was used for
the search.

Cryo-EM sample preparation and data acquisition

For cryo-EM sample preparation, 3.5 pl of the DGC sample purified from
mouse skeletal muscle was loaded onto a glow-discharged grid (Quan-
tifoil, R1.2/1.3, Cu300 mesh, coated with 2 nm carbon film). The grid
wasblotted for 3 swith ablot force of 3 after a 60-s waiting period using
the Vitrobot (Mark 1V, Thermo Fisher Scientific) under the conditions
of 100% humidity at 8 °C. Subsequently, the grid was plunge-frozen
intoliquid ethane cooled by liquid nitrogen. The dataset was collected
using a300 kV Titan Krios microscopy equipped with a Gatan K3 Sum-
mit detector and a GIF Quantum energy filter with a 20-eV slit width.
Micrographs were automatically acquired in super-resolution mode
with a magnification of 81,000x using EPU software (Thermo Fisher
Scientific). Each micrograph was set withina defocus range of -1.5 um
to -2.0 um and exposed for 2.56 s with 0.08 s per frame, resulting in
32 frames and an approximate total dose of 50 e~ A2. Atotal of 40,736
movie stacks were collected.

Image processing

Aflowchart of the data processing steps can be foundin Extended Data
Fig.2.Atotal of 40,736 movie stacks were initially subjected to motion
correctionwith twofold binning using MotionCor2”, The dose-weighted
micrographs, with a pixel size 0f 1.087 A, were then further processed
for patch-based contrast transfer function estimation using CryoSPARC
v4”, Theinitial round of auto-picking yielded approximately 22.93 mil-
lion particles, with abox size of 496 pixels. After multiple rounds of 2D
classifications, 911,157 particles were selected for subsequent ab initio
reconstruction and heterogenous refinement; 421,743 particles were
thenselected for non-uniformrefinement’®, resultinginareconstruc-
tion with an overall resolution of 3.4 A (Map 0). The overall quality of
the extracellular and transmembrane regions of map O is good, but the
intracellular region remains poor, rendering this region unassignable.

To furtherimprove the overall map quality, we re-processed the data
starting with particle picking using templates generated by Map 0.
About 38.26 million particles were picked for seed-facilitated 2D clas-
sifications. Ingeneral, the picked raw particles were evenly distributed
intomultiple subgroups, each containing around 1 million raw particles.
A subset of about 200,000 high-quality particles from previous 2D
classifications were chosen as seed particles. Subsequently, the seed
particles were combined with the raw particles within each subgroup
to facilitate 2D classifications. Following this step, a total of 34.75 mil-
lion particles (after eliminating duplicated particles) were selected
for 16 parallel runs of heterogeneous refinements (K = 5-10). A total
of 3.34 million particles were selected and combined from all paral-
lel runs, followed with a subsequent ab initio reconstruction (K = 5).
We selected 1.34 million particles from the best subset for another
round of non-uniform refinement, resulting in a reconstruction with
anoverall resolution of 3.2 A (Map 1). This map shows excellent overall
quality and was used to guide model building for the extracellular and
transmembrane regions. However, the density corresponding to the
intracellular region of Map 1 was still very weak.

Toimprove the map quality of the intracellular region, particles from
the aforementioned seed-facilitated 2D classifications were re-selected
with more stringent selection criteria. Only particles that exhibited
distinguishable features of the intracellular region were retained.
This iterative process yielded 4.91 million particles for subsequent
non-uniform refinement. Next, 3x parallel runs of 3D classifications
(K=38,12,and 16) were performed using these particles, with a mask
focusing on the intracellular region. The best classes, characterized
by clear features within the intracellular region, were selected for a
subsequent round of 2D classification. Ultimately, 499,658 particles
were selected for a final round of non-uniform refinement, yielding
areconstruction with an overall resolution of 3.5 A (Map 2). Map 2
exhibited clearer density intheintracellular areacompared withMap1,
which was used for the model building of the intracellular region as
well as final model refinement and figure presentation.

The overall map resolution was determined using the gold-standard
Fourier shell correlation (FSC) 0.143 criterion. All map figures were
generated using UCSF Chimera” or ChimeraX®.

Model building and refinement

Model building was based on Map 1and Map 2 generated from the DGC
dataset. The predicted structures of individual or subcomplex of DGC
components by AlphaFold2% were used as initial templates. Addition-
ally, the crystal structure of human dystrophin WW domain-containing
fragment (PDB code:1EG3) was used as the initial model for building dys-
trophin. These structures were manually docked into the density map in
UCSF Chimera following manual adjustments in Coot®. Bulky residues
suchasArg, Trp, Tyr, Lysand Phe served as landmarks due to their clear
visibility in the cryo-EM map. For most of the extracellular and trans-
membraneregions, side-chain features were clearly resolved, and the
modelling was validated by the fitness of the side-chain densities and
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the protein sequences. Extra densitiesin the glycosylation modification
sites further facilitated the validation of the modelling. The current
cryo-EM density only allows for the assignment of up to three sugar
moieties on each glycosylation site. The EF domains of dystrophin and
dystrobrevin were built mainly based on docking of crystal structure
and predicted structure, respectively, due to their limited side-chain
features. Atotal of 2,092 amino acid residues were modelled. Besides,
aphosphatidylserine and three cholesterol-like lipids were identified
and modelledinthe structure. A zinc and a calciumion were assigned
inthe ZZ domain of dystrophin and the immunoglobulin-like domain
of a-DG, respectively.

Additionally, a small stretch of density corresponding to a short
polypeptide of about five amino acids near the ZZ domain of dystro-
phin remains unassigned. This density could potentially belong to
the C terminus of sarcospan or the N terminus of 3-sarcoglycan, as
they are in close proximity to this density. Certain additional densi-
ties near the zinc-binding motif of the ZZ domain of dystrophin were
also unresolved due to limited resolution (Extended DataFig. 6b). The
presence of these densities strongly suggests the existence of addi-
tional interfaces through the zinc-binding motif of the ZZ domain that
facilitate interactions between dystrophin and DAPs. These further
underscore the importance of the ZZ domain of dystrophin in DGC
assembly and function.

The final model was refined against Map 2 using real-space refine-
ment in Phenix®’. During the refinement process, restraints on sec-
ondary structure, Ramachandran plots, and rotamers were applied.
Iterative correction with Coot was performed between rounds of Phenix
refinement. Statistical data of 3D reconstruction and model refinement
are provided in Extended Data Table 1.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The cryo-EM maps of the mouse DGC have been deposited at the Elec-
tron Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/) under
the accession codes EMD-39569 and EMD-39568. The corresponding
atomic coordinate data has been deposited at the Protein Data Bank
(http://www.rcsb.org) under the accession code 8YT8. All data analysed
during this study are included in this Article and its Supplementary
Information. Any other relevant reagents and materials are available
from the corresponding author upon request.

Code availability
No code was used for this study.
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Extended DataFig.1|Endogenous purification of the DGC from mouse
skeletal muscle. a, A classic schematic showing the overall organization of the
DGC.TheLG4 and LG5 domains of laminin-a2 interact with the glycanson
o-DG.Inset: crystal structure of the LG4 and LG5 domains of laminin-a2in
complexwith glycans (PDB: 51K5). ECM: extracellular matrix; ABD: actin-binding
domain; CR: cysteine-rich domain; CT: C-terminal domain. b, Size-exclusion
chromatogram and corresponding SDS-PAGE analysis of the purified LG4

and LG5 domains of laminin-a2. Purifications wererepeated independently at
least three times with similar results. ¢, A diagram showing the purification
procedure of the native DGC from mouse skeletal muscle. SEC: size exclusion
chromatography; WB: western blot; MS: mass spectrometry. d, Size exclusion

chromatography profile of the purified DGC sample. The shaded fractions
were collected for cryo-EM and MS analysis. e, Western blot analysis of the
gelfiltration fractions against multiple DGC components. Each western
blotwas repeated at least twice with similar results. For gel source data, see
Supplementary Fig.1a.f, MS analysis of the purified DGC sample. Potential
DGC componentsare listed in the order of decreasing peptide-spectrum match
(PSM) scores. The DGC components observed in our model are highlighted in
green. g, Peptideidentification of dystrophin by MS analysis of the purified
DGCsample. Theidentified regions are shaded in cyan, whichaccountfora
total of 67% sequence coverage.
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Extended DataFig.2|See next page for caption.



Extended DataFig.2|Cryo-EM dataanalysisoftheDGC.a,Arawcryo-EMimage  Fordetails, see ‘Image processing’inthe Methods. Map 1 (EMDB-39569) is the
ofthe purified DGC sample out of adataset of 40,736 images. Representative map with the highest overall resolution and Map 2 (EMDB-39568) is the map
particlesare highlighted by greencircles. Scalebar: 50 nm. b, Two-dimensional ~ withthe clearestintracellular densities. Both mapswere used to guide model
class averages. Box size: 469.6 A. ¢, Gold-standard Fourier shell correlation building. The local resolutions of the two maps were estimated by cryoSPARC.
(FSC) curves of the final maps. d, A flowchart of cryo-EM data processing.
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Extended DataFig.3|Density maps ofthe DGC components. a, Densitymaps  arelabelled. b, The glycan densities of allidentified glycosylationsites and the
of selected segments of each DGC component. The density of dystrobrevinis densities of three cholesterol-like lipids. The density maps were generated in
presentedin Fig. 4f. The boundaries of each segmentand some bulky residues ChimeraX.



Extended DataFig. 4 |Structural topology and sequence alignment of B-, y-,
and 8-sarcoglycans. a, Topological diagram of B-, y-, and &-sarcoglycans. The 3
strandsonface (a), (b), and (c) of the ECD tower are coloured in purple, green,
and cyan, respectively. The anti-parallel g strands within the same face of the
ECD tower are boxed. The 314 strand of B-sarcoglycan, which differs from the
othertwosarcoglycans, is highlighted by ared box. The 3 strands on each

face of the ECD tower are connected by coloured dashed lines. b, Sequence
alignmentamong 3-,y-,and §-sarcoglycans. Secondary structure elements of
B-sarcoglycanarelabelled above the sequence and that of y-and &-sarcoglycans
arelabelled below the sequence. The N-terminal regions that are not modelled

areindicated by dashed lines. Glycosylationsites are indicated by greenboxes
and asterisks. Disulfide bonds are labelled by orange lines. The UniProt IDs for
eachsequenceare as follows: 3-sarcoglycan: P82349, y-sarcoglycan: P82348,
6-sarcoglycan: P82347.c, Structural comparison amongseveral B-helical-
containing proteins. The structures presented include the B-helical domains of
the ECD tower of the DGC, VgrG (PDB: 6SKO0), Pdp-VgrG (PDB: 6U9E), gp5 from
the T4 bacteriophage (PDB:1K28), and gpJ in closed/apo (PDB: 8XCK) and open/
receptor-bound (PDB: 8XCJ) states. Therelative rotational and overall height
changes of gp) between the apo and receptor-bound states areindicated by
grey arrows and dashed lines, respectively.
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Extended DataFig. 5| Domain organization of dystroglycanand
a-sarcoglycan. a, Schematic diagrams of dystroglycan and a-sarcoglycan.
Theresolved extracellular domains of the two components are shaded in

colour. Glycosylationsites and disulfide bonds are labelled. SP: signal peptide.

b, Structural comparisons among the extracellular domains of dystroglycan
and a-sarcoglycan. Thered arrow indicates the reported dividing point

betweena-DG and 3-DG, situated in the loop region between the 2 and 3
strands of the Pdomain. ¢, Structural overlay among the extracellular domains
of dystroglycan and a-sarcoglycan. The three models are superimposed by
their Pdomains. The double-headed arrow indicates conformational variations
of theimmunoglobulin-like domains.



Extended DataFig. 6 | See next page for caption.
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Extended DataFig. 6 | Interaction between dystrophinand dystrobrevin.

a, Schematic diagram of dystrophin and dystrobrevin. b, Structure of CR domain
of dystrophinfitted onto the cryo-EM map. The map isshownasatransparent
surface. The red arrow indicates extra unassigned density near the zinc-binding
site of the ZZ domain. ¢, Overall structure of the resolved domains of dystrophin
and dystrobrevin. The crystal structure of human dystrophinin complex with
the C-terminus of B-DG peptide (PDB:1EG4) is also presented for comparison.
The domainsare colouredinthe same schemeasina.d, Comparisonofthe
crystal structure and the cryo-EM structure of the WW and EF-hand domains of
dystrophin. The cryo-EM density map of this regionisshown as a transparent
surface. Thered arrowindicates the conformational deviation of the WW
domainbetween the two structures. S3059 and T3074 on the WW domain of

dystrophin, and two tyrosine residues on the C-terminus of 3-DG, which
havebeenreported as phosphorylationsites, are shown assticks. e, Structural
overlay of the EF-hand domainsin dystrobrevin and dystrophin. f, Comparison
betweenthe cryo-EMstructure and the predicted structure by Alphafold3. The
predicted structure between dystrophin (3049-3678) and dystrobrevin (1-746)
suggests the presence of two major interactioninterfaces. g, Gelfiltration
binding assay to verify theinteraction between dystrobrevin and dystrophin.
Left: dystrobrevin co-migrates with the GST-tagged dystrophin. Right:
dystrobrevin does not co-migrate with GST alone. The co-migration of
dystrobrevin and GST-tagged dystrophinis highlighted by ared box. The assay
wasrepeated independently three times with similar results. For gel source
data, see SupplementaryFig. 1b.


https://doi.org/10.2210/pdb1EG4/pdb

Extended DataFig.7 | Recombinant expression of the extracellular domains
of a-sarcoglycan and dystroglycan. a, Size-exclusion chromatogram of
wild-typeand 19 disease-related mutations of a-sarcoglycan (1-250). In addition
to the monomeric peak, the recombinantly expressed protein also exhibits an
oligomeric peak, possibly due to heterologous overexpressionin HEK293 cells.

b, SDS-PAGE analysis of the purified wild-type and disease-related mutations of
a-sarcoglycan. For gel source data, see Supplementary Fig. 1c. ¢, Size-exclusion
chromatogram of wild-type and the C667F mutation of dystroglycan (492-712).
d, SDS-PAGE analysis of the purified wild-type and the C667F mutation of
dystroglycan. For gel source data, see Supplementary Fig. 1d.
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Extended DataFig. 8|See next page for caption.



Extended DataFig. 8| A modified schematic ofthe DGCbased onour thelatter.Inthe cytoplasmicregion, sarcoglycans and 3-DG directly interact
structure. In this model, sarcoglycans play a central role in complex assembly. with the ZZ domain of dystrophin. The structural features of the DGC,

Inthe extracellular side, -, y-, and &-sarcoglycans co-fold toformalarge including the characteristic tilt angle of the ECD tower, enable it to efficiently
ECD tower, which serves as docking sites for multiple extracellular domains connectthetwo sides of sarcolemma and transmit both longitudinal and
from other components. Inthe transmembrane region, the sarcoglycans and lateral forces.

sarcospan flank two sides of the transmembrane of B-DG, thereby stabilizing
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Extended Data Table 1| Statistics for data collection and structural refinement



Extended Data Table 2 | Summary of model building of the DGC
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Extended Data Table 3 | Disease-related mutants on the DGC

The mutations reported to cause severe, intermediate, and mild phenotypes are shaded in red, blue, and green, respectively. Other mutations do not have a clear severity reported. *: premature
translation termination; #: the A525 T mutation results in a frameshift at codon 175, leading to the production of 18 additional missense animo acids until a premature termination at codon 194;

t: also known as Muscular Dystrophy-Dystroglycanopathy, Type C, 9 (MDDGC9); LGMD: Limb-girdle muscular dystrophy; CMD3B: Cardiomyopathy, dilated, X-linked 3B; DMD: Duchenne-like
muscular dystrophy.
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