


Extended Data Fig. 2 | Cryo-EM structural determination of DGC. a, Data 
processing workflow. Binned 2 (pixel size of 2.72 Å) and binned 1 (pixel size of 
1.36 Å, grey shaded) data processing is separated via dashed line. The masks 
used in focused 3D classification are outlined with coloured dashed lines. Data 
processing in RELION and cryoSPARC is denoted by a circular inscribed “R” and 
“C”, respectively. See Methods for more details. b, FSC as a function of spatial 
frequency demonstrating the resolution of the final reconstruction of DGC. 
c,d, View direction distribution histogram (c) and posterior precision plot (d) 

show view diversity of all particles used for the final map of DGC (from 
cryoSPARC). e, Local resolution estimation (from cryoSPARC) using a local  
FSC threshold of 0.5. f, FSC coefficients as a functional of spatial frequency 
between model and cryo-EM density maps. The generally similar appearances 
between the FSC curves obtained with half maps with (red) and without (blue) 
model refinement indicate that the refinement of the atomic coordinates did 
not suffer from severe over-fitting.
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Extended Data Fig. 3 | Representative cryo-EM density maps of DGC. 
C-terminal cap of β-, δ-, γ-SG in panel a and dystrophin (EF-hands+WW)–
dystrobrevin (EF-hands) heterodimer in panel f shown using the unsharpened 

4.3 Å map. CDHL1-SEA1 of α-SG (d) displayed using a gaussian low-pass filtered 
map. All others are shown using sharpened densities of the 4.1-Å local-refined 
map or the 4.3-Å map.



Extended Data Fig. 4 | Structure prediction of the triplex structure of β-,  
γ- or δ-SG using artificial intelligence (AI) programs. Panels from left to 
right: cryo-EM model of the β-SG–γ-SG–δ-SG trimer (panel 1) and the predicted 
models of single-component trimers (panels 2-4). All predicted models were 

generated using AlphaFold. Regions with pLDDT > 90 are expected to be 
modelled to high accuracy; regions with pLDDT between 70 and 90 are 
expected to be modelled well; regions with pLDDT between 50 and 70 are 
modelled with low confidence and should be treated with caution.
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Extended Data Fig. 5 | Transfected β-, γ- and δ-SG separated by SDS-PAGE 
and visualized by immunoblot with Myc tag-specific antibody. For gel 
source data, see Supplementary Fig. 1.



Extended Data Fig. 6 | Identifying the potential calcium (Ca2+) binding site 
in DGC’s CDHL domains. a, Superposition of the CDHL domains with focused 
views of the Ca2+ coordination site in endo-fucoidan hydrolase MfFcnA4 (PDB 
ID: 6DLH, purple), and potential Ca2+ binding sites in dystroglycans (salmon and 
grey) and α-sarcoglycan (cyan). Residues possibly involved in Ca2+ coordination 
are annotated. b, Cross-species multiple sequence alignment of the three 

CDHL domains in DGC. Red background depicts identical residues in all CDHL 
domains. Conserved residues are coloured in red and divergent residues are in 
black. All potential coordination residues shown in a are labelled with red 
circles. MfFcnA4 residues structurally homologous to CDHL2 positions are 
numbered; green-filled dash circles (half: not conserved; full: identical) 
indicate potential Ca2+ binding sites in CDHL2.

https://doi.org/10.2210/pdb6DLH/pdb
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Extended Data Fig. 7 | Divergent domain orientations between CDHL and 
SEA in the three CDHL-SEA modules of DGC. a, Structural superposition of 
the three CDHL-SEA modules within DGC. SEA-CDHL modules are aligned 
against the SEA domain. b, Unique orientations are essential for the 

TM-proximal loop of β-DG (left), α-DG (top right) and α-SG (bottom right) to 
interact with the β-helix. The circle slash denotes interaction disruption by 
detachment, while the circle cross indicates interaction disruption via atomic 
clashes.



Extended Data Fig. 8 | Comparison of β-DG binding sarcospan with both 
partner-binding and apo states of the canonical tetraspanin CD81. 
Sarcospan and tetraspanin CD81 are depicted as ribbons, while β-DG and 

CD81’s binding partner are shown as surfaces. CD81’s unmodelled regions are 
represented by dashed lines.
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Extended Data Fig. 9 | Subcellular localization of dystrophin cysteine-rich region and its WW deletion construct. The fragments used are residues 3042-3426 
and 3077-3426 for dystrophin and dystrophin (ΔWW), respectively.



Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics

EMDB EMD-45165

PDB 9C3C

Data collection and processing
Microscope Titan Krios G1
Voltage (kV) 300 300
Camera K2 K3
Magnification 105K 81K
imaging mode super-resolution super-resolution
Pixel size (Å) 0.68 0.55
Electron exposure (e-/Å2) ~40 ~40
Defocus range (μm) -1.5 to -3.0 -1.5 to -3.0
Symmetry imposed C1 C1
Micrographs processed 15,186 12,325
Final particles 134,481
Map resolution 4.3

FSC threshold 0.143

Model refinement and 
validation
Map sharpening B-factor (Å2) -126.9
Model resolution (Å) 4.5

FSC threshold 0.5

Model composition

Non-hydrogen atoms 19452
Protein residues 2458

R.m.s. deviations
Bonds length (Å) 0.003
Bonds angles (Å) 0.664

Validation
MolProbity score 1.77
Clashscore 9.87
Poor rotamers (%) 0

Ramachandran plot
Favored (%) 96.26

Allowed (%) 3.74
Disallowed (%) 0
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Cryo-EM:SerialEM3.7

Cryo-EM:MotionCor2,CTFFIND4,Gautomatchv0.56,Topaz0.2.5,Relion3.0/4.0/5.0,Cryosparcv4,PSIPRED4.0,AlphaFold2/3,Coot0.9.8.1,
Phenix1.20.1,ChimeraX1.8.dev,Chimera1.17.3
Multiplesequencealignment:blastp,MUSCLE,ESPript3.0
Structurecomparisonandstructure-basedsequencealignment:Dali
WesternBlotting:ChemiDoc™MPMPimagingsystem(Bio-Rad)withtheImageLabsoftware
Immunofluorescenceandconfocalassays:LeicaApplicationSuitX3.5.7.23225
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Thecryo-EMmapsandatomiccoordinateshavebeendepositedtotheEMDB(EMD-45165)andPDB(9C3C)databases,respectively.Otherstructuresusedinthis
studywereretrievedfromthePDBwithaccessioncodes6DLHforendo-fucoidanhydrolaseMfFcnA4,and1EG4fordystrophin’sWW+EFhandswiththePPxY
peptideofβ-dystroglycan.ThegeneIDsoftheDGCcomponentswereobtainedfromNCBI:100009208forβ-SG,100009214forγ-SG,100351233forδ-SG,
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Data.SourceimagesareavailableintheSupplementaryInformation.

N/A

N/A

N/A

N/A

N/A

8

Preparationofrabbitskeletalmusclemembranes:Forthisstudy,400gofskeletalmusclewasobtainedfromthehindlegsofNewZealand
whiterabbits.Noformalstatisticalcalculationwasperformedtopredeterminethesamplesizeforthemusclemembranepreparation,butthis
quantitywaschosenbasedonpriorexperimentalexperience,whichindicateditwouldyieldsufficientmaterialfordownstreamanalysis.

Cryo-EM:Atotalof134,481goodparticleswereextractedfrom27,511micrographs.Whilenoformalstatisticalmethodwasusedtocalculate
thesamplesize,theparticlecountandmicrographnumberweresufficienttoachievethetargetresolutionof4.3Å,basedonestablished
cryo-EMpracticesformodelmodelingatthisresolution.

Cryo-EMparticleswhichhavepoorqualitiesorarenotinterestedtargetswereexcludedduring2Dand3Dclassification.Thisstandard
procedurehasbeenwidelyusedtoobtainhighresolutioncryo-EMstructuresofbiomacromolecules.

Threetofourindependentco-immunoprecipitationassayswereperformed,eachyieldingconsistentandreproducibleresultsasindicatedin
thisstudy.Allattemptsatreplicationweresuccessful.

Randomizationwasnotapplicabletothisstudy,astheexperimentaldesigndidnotinvolvegroupswithcovariatesrequiringcontrol.Thestudy
focusedoncontrolledbiochemicalassaysandstructuralanalyseswhererandomizationisnotarelevantfactorforthedatacollectionor
interpretation.

Blindingwasnotapplicable,asthestudyinvolvedobjectivebiochemicalassaysandstructuralanalyses,whereobserverbiaswasnotafactor.
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Methods
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ChIP-seq

Flowcytometry

MRI-basedneuroimaging

Antibodies
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Validation

Eukaryoticcelllines
PolicyinformationaboutcelllinesandSexandGenderinResearch

Celllinesource(s)

Authentication

Mycoplasmacontamination

Commonlymisidentifiedlines
(SeeICLACregister)

Animalsandotherresearchorganisms
Policyinformationaboutstudiesinvolvinganimals;ARRIVEguidelinesrecommendedforreportinganimalresearch,andSexandGenderin
Research

Laboratoryanimals
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Reportingonsex
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Ethicsoversight
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Forwesternblot,theprimaryantibodiesusedwereallfrommouse,includingmonoclonalM2anti-Flag(catalogueno.F3165,Sigma),
monoclonal4A6anti-Myc(catalogueno.05-724,Sigma),monoclonalB-14anti-GST(catalogueno.sc-138,SantaCruz),monoclonal
2-2.2.14anti-HA-HRP(catalogueno.26183-HRP,ThermoFisher),andmonoclonalHIS.H8anti-6×His-HRP(catalogueno.MA1-21315-
HRP,ThermoFisher).Thesecondaryantibodyusedwaspolyclonalanti-mouseIgG,HRPfromgoat(catalogueno.G-21040,
Invitrogen).

Forimmunofluorescence:theprimaryantibodiesusedwerepolyclonalanti-Flagfromrabbit(catalogueno.F7425,Sigma),and
monoclonal4A6anti-Mycfrommouse(catalogueno.05-724,Sigma).ThesecondaryantibodiesusedwerepolyclonalAlexaFluor488
anti-mouseIgGfromgoat(catalogueno.A11001,FisherScientific),andpolyclonalAlexaFluor555anti-rabbitIgGfromdonkey
(catalogueno.A-31572,ThermoFisher).

Primaryantibodiesweresuitableforwesternblotbasedonthestatementsonmanufacturer'swebsites:monoclonalM2anti-Flag,
monoclonal2-2.2.14anti-HA-HRP,andmonoclonalHIS.H8anti-6×His-HRPhavenospeciesspecificity;monoclonal4A6anti-Myc
reactswithhuman;monoclonalB-14anti-GSTreactswithC.elegans/Worm.

Primaryantibodiesweresuitableforimmunofluorescencebasedonthestatementsonmanufacturer'swebsites:Polyclonalanti-Flag
fromrabbithasnospeciesspecificity,whilemonoclonal4A6anti-Mycfrommousereactswithhuman.

Humanembryonickidney(HEK)293TcellspurchasedfromATCC

Noauthenticationwasperformed

Celllineswerenottestedformycoplasmacontamination

Nocommonlymisidentifiedcelllineswereusedinthestudy

NewZealandWhiteRabbitatanageofaround1year.

Thestudydidnotinvolvewildanimals.

Gender-unspecifiedNewZealandWhiteRabbitswereselectedbecausesexisnotexpectedtoaffectthestructureorfunctionofthe
dystrophin-glycoproteincomplex(DGC)inskeletalmuscle.

Thestudydidnotinvolvesamplescollectedfromthefield.

ThehingelegsoftheNewZealandWhiteRabbitweresourcedfromBioIVT,asupplierthatadherestostrictethicalandregulatory
standardsforanimaltissueprocurement.
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Novelplantgenotypes

Seedstocks

Authentication

Plants

NoNonovelplantgenotypesweregeneratedininthisstudy

NoNoseedstockswereusedininthisstudy

Thisisisnotapplicabletotothisstudy




