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SI Materials and Methods
Cloning of mDsg2 Ectodomain. A construct containing the signal
peptide, propeptide, and full ectodomain (EC1–EC5) of mDsg2
(residues 1–614 from the precursor sequence, SwissProt entry
O55111), followed in-frame by a C-terminal hexahistidine tag,
was produced for expression in mammalian cells. The construct
named pCAGG-mDsg2WED was generated by replacing human
E-cadherin from the pC-E-cadHA construct (kind gift from
Masayuki Ozawa, Kagoshima, Japan) with a PCR-generated mouse
Dsg2 full ectodomain (GenBank accession no. AB072269). The
sense primer was 5′-gacaaGCGGCCGCcggcggatcgaggcgATGgcgcg-
gagc, and the antisense primer was 5′-gacaaGATATCTCAgtgatggt-
ggtgatggtgcccgacgtagttgtcatactgtgc. Restriction sites, NotI in sense
primer and EcoRV in antisense primer, are shown in uppercase,
and start codon ATG and stop codon TCA are in bold italic.

Protein Expression and Purification. The pCAGG-mDsg2WED
construct was transfected into CHO cells for expression in serum-
free CHO CD3 medium (Sigma) in suspension culture at 37 °C at
120 rpm. The expressed protein was confirmed by peptide mass
fingerprinting and N-terminal sequencing that showed the first
five amino acids were AWITAP expected N-terminal sequence
of correctly processed mDsg2. Supernatant containing the se-
creted protein was harvested by centrifugation at 16,260 × g,
10 min, 4 °C, concentrated and buffer-exchanged into 20 mM
Tris·Base at pH 8.0, 0.5 M NaCl, by tangential flow filtration
(Pall). Purification was done using Ni-NTA agarose beads
(Qiagen) with 20 mM Tris·Base at pH 8.0, 0.5 M NaCl, and
eluted with imidazole followed by SEC, using a Superdex-200
(GE Healthcare) in 20 mM Tris·Base at pH 8.0, 0.5 M NaCl,
and 1 mM EDTA with or without 5 mM CaCl2 (SEC buffer).

Multiangle Laser Light Scattering. Samples of mDsg2 were injected
onto a Superdex-200 equilibrated with SEC buffer and elution
samples passed through a Wyatt Helios 18-angle laser photom-
eter, coupled to a Wyatt Optilab rEX refractive index detector.
Data were analyzed using the Astra 6.1 software. The addition of
calcium results in an earlier elution volume in the SEC column
(0.7 mL shift) compared with the EDTA sample (Fig. S1), in-
dicating that the molecule becomes more elongated and elutes
faster. Higher concentrations of CaCl2, up to 10 mM, produced
no further effect on the elution profile, suggesting the system was
already saturated for calcium binding at 2mM Ca2+.

Analytical Ultracentrifugation.mDsg2 (0.1–0.5 mg/mL) in the SEC
buffer was used for the experiments. Sedimentation coefficients
were determined by sedimentation velocity experiments using
the Optima XL-A ultracentrifuge (Beckman Instruments). The
experiments were performed using double-sector cells and a
rotor speed of 147,000 × g, taking 200 scans at 11/2-min intervals
at a wavelength of 230 or 280 nm at 20 °C. Data were analyzed
with Sedfit v8.7 (1), and hydrodynamic radius (Rh) and frictional
ratio (f/f0) were calculated with Sednterp (2).

Small-Angle X-ray Scattering Analysis. SAXS measurements of mDsg2
(5 mg/mL) in the SEC buffer were collected on the I22 beam line
at Diamond Light Source. The beam was focused onto the
photon-counting detector, placed at a distance of 2.5 m from the
sample cell, using X-ray wavelength of 0.1 nm. The covered range
of momentum transfer was 0.014 < q < 0.48 Å−1 (q = 4пsinθ/λ).
The q range was calibrated using silver behenate powder based
on diffraction spacings of 58.38 Å. The data were normalized to

the intensity of the incident beam and spherically averaged using
an in-house program. Data were collected in 120 successive 1-s
frames. Data processing, Guinier analysis, and estimation of the
radius or gyration (Rg) were done in PRIMUS (3). GNOM (4)
was used to compute the pairwise intraparticle distance distri-
bution function p(r) and Dmax. Particle shapes were restored ab
initio in DAMMIN (5). Twenty simulations were performed, and
the outputs were averaged and filtered using DAMAVER (6) to
produce a final envelope with a normal spatial discrepancy value
of 0.69.

Generation of Molecular Models. The MALLS analysis and the
mobility shift observed after PNGase treatment suggested that
mDsg2 contains at least two N-glycosylated sites. Four N-glyco-
sylation sites have been predicted for mDsg2 (Fig. S1A), and one
site (N413) has been identified by mass spectrometry (7), but the
remaining sites (N63, N260, and N465) have not yet been con-
firmed. Only two of them are fully accessible (N260 in EC3 and
N413 in EC4), and therefore these N-glycans were built into the
initial EC molecular models. The conformational space of the
sugars was explored with restrained TAMD, as implemented in
CNS (8), followed by comparison with the experimental SAXS
profile with FoXS to choose the best conformations. The pro-
gram Modeler, version 9.8 (9), was used to build a homology
model of the mDsg2 EC1–EC5 ectodomain, using the hDsg2 model
as a template (10). Then the five individual EC1–EC5 domains
were used in EOM to generate the pool of initial models.
Alternative approaches were used to generate a subset of

conformers to model the EC of mDsg2 that will match the SAXS
and biophysical data. The initial pool of 10,000 random models
from EOM was used to calculate hydrodynamic parameters with
SoMo (11) for each model, including gyration radius (Rg), hy-
drodynamic radius (Rh), sedimentation coefficient (s), maximal
linear distance (Dmax), and corrected intrinsic viscosities and
frictional ratios (f/fo). Experimental hydrodynamic data from
MALLS and AUC were used to select a subset of models that fit
the range of s values. Theoretical scattering curves were calcu-
lated for each selected model and compared with the experi-
mental SAXS profiles with GAJOE (12) and FoXS (13), and
χ2free were calculated with Scatter (14). In parallel, the full ec-
todomain model was subject to TAMD to generate 500 different
models and subsequently filtered against the experimentally hy-
drodynamic parameters.
Modeling confirmed that the final selected models for all

approaches were compatible with calcium coordination of at least
the six calcium-binding sites between EC1–EC2 and EC2–EC3
and partially elsewhere, with weaker coordination (longer dis-
tances) at one of the EC3–EC4 Ca2+ and one of the EC4–EC5
Ca2+ ions, as described in Fig. 4. This means that although highly
flexible, Dsg2 can still fulfill most of the Ca-binding.

Electron Microscopy. Samples of mDsg2 were diluted to 20 μg/mL
in Tris buffer containing 1 mM EDTA and CaCl2 concentrations
of 0, 2, and 5 mM. The samples were adsorbed to carbon-filmed
400-mesh copper grids, which were made hydrophilic immedi-
ately before use by treatment in a glow discharge vacuum unit
with a current setting of 20 mA and exposure time of 20 s with
a negative polarity. The grids were briefly stained with 1.25%
uranyl acetate (pH 4.2), excess stain was wicked off, and they
were finally air-dried. Low-dose images (<10 e/Å2) were obtained
on an FEI Tecnai 12 twin-electron microscope (FEI) operating
at 120 keV. Images were mainly recorded at an instrumental
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magnification of ×42,000 on a 2,000 × 2,000-pixel cooled CCD
camera (TVIPS). The pixel size of the images was measured as
4.10 Å, using a negatively stained catalase grid as a magnification
standard (Agar Scientific). Length measurements were made on
the molecular images using ImageJ (15). Molecules were se-
lected for measurement on the basis of having a clear separation
from neighboring molecules and a distinct stain outline.

Molecular Fitting into the Desmosome Electron Tomography Maps
and Generation of 3D Arrays. The DAMMIN model was used for
docking in the ET map of native epidermal desmosomes (16) (EM
DataBank entry 1374). The raw, unfiltered map shows three regions

of contiguous density compatible with the dimensions of an entire
mDsg2 ectodomain, plus three other regions with fragmented
density. The DAMMIN model was docked into the six positions of
the map compatible with entire mDsg2 ectodomains. Masks for the
six docked models were generated, and sixfold averaging was ap-
plied, improving the quality of the original ET map, thus confirming
the correct fitting. The six fitted models gave an approximate in-
dication of a regular lattice. An idealized lattice model was then
derived by fixing the central transdimer of mDsg2 models (as seen
in Fig. 5) and applying the average translations along rows and
columns. Images were produced with PyMol (17) and Chimera (18).
See Movie S1 prepared with PyMol.
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Rh
(nm) S20,w f/fo

Rg
(nm)

Dmax
(nm)

Dsg2-Ca experimental 4.6 3.49 ± 0.06 1.72 5.1 ± 0.30 17.5

Dsg2-EDTA experimental 4.1 3.91 ± 0.09 1.54 4.0 ± 0.15 14.0

Dsg2-Ca DAMMIN 4.7 3.4 1.8 4.9 17.2

Dsg2-EDTA DAMMIN 4.2 3.6 1.6 4.4 13.4

C-cadherin (1L3W) 4.6 3.2 1.8 6.5 22.0

E-cadherin (3Q2V) 4.5 3.4 1.7 6.3 21.4

N-cadherin (3Q2W) 4.5 3.4 1.7 6.4 22.2
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Fig. S1. (A) Domain architecture of the recombinant mDsg2 ectodomain (residues 1–560 from the mature chain) containing five cadherin domains, EC1–EC5,
followed by a C-terminal His6-tag. Potential N-linked glycosylation sites (NetNGlyc 1.0 Server) are indicated as triangles. Sites predicted by GlyProt (19) to be
exposed are shown in red. (B) SDS/PAGE with Coomassie staining of recombinant mDsg2 EC, before and after digestion with PNGase F. Lane M: standard
molecular weight markers. Undigested mDsg2 (Control) migrates above 75 kDa. After treatment with PNGase F for 1–3 h, a shift is observed showing a band
with lower molecular weight that corresponds to deglycosylated mDsg2. Incubations longer than 1 h have no further effect on migration. (C) SEC-MALLS
profile of mDsg2-Ca and mDsg2-EDTA. The chromatogram shows refractive index (red and blue) and molecular mass (black) versus elution volume. The
molecular mass measured in both cases is 68 kDa, but the elution volumes indicate a more compact structure in the absence of Ca2+ (blue). (D) Table showing
the hydrodynamic and dimensional data for mDsg2 determined from AUC, MALLS, and SAXS, and parameters calculated with SoMo for the SAXS ab initio
model and PDB structures of type 1 cadherins. Rh, hydrodynamic radius; s20,w, sedimentation coefficient in water at 20 °C; f/f0, frictional coefficient; Rg, radius
of gyration; Dmax, maximal linear dimension of the particles.
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A
Sample Measurement Mean SD N 

Dsg2-EDTA Diameter (nm) 6.91 1.13 70

Contour length (nm) 19.2 2.62 55

Dsg2-Ca Width (nm) 3.22 0.53 55

End-to-end length / 
contour length 0.84 0.13 55

B C

D E

% %

Fig. S2. (A) Table with molecular measurements on EM images of Dsg2-Ca and Dsg2-EDTA after negative staining. Contour length was measured as the
total midline distance along the elongated molecule, and end-to-end length was measured as the linear distance between the two extreme ends of the
molecule. (B) Histogram showing the frequency distribution of contour length measures for Dsg2-Ca. (C) The ratio between end-to-end and contour lengths
gives an indication of the degree of elongation of a polymeric chain (with a value of 1 indicating a rod particle). The distribution of ratios illustrates the
conformational variability of the mDsg2 ectodomain in calcium. A typical field of view is shown in D for DSG2-EDTA, where 97% of the molecules show a
compact globular structure. Molecular aggregates also occur on the grid surface (examples indicated by black arrows), as well as the monomer species (ex-
amples indicated by white arrows). In contrast, flexible rod-like particles are observed in the presence of calcium (E). (Scale bar, 20 nm.)
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Fig. S3. Analysis of Dsg2 SAXS data. (A) Kratky-Debye plot in the absence (blue) and presence of Ca2+ (red). (B) Porod-Debye plot in the absence (blue) and
presence of Ca2+ (red).
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Fig. S4. Analysis of the EOM ensembles before and after filtering. (A) Dmax distribution of the random pool and selected ensembles for Dsg2-EDTA (blue) and
Dsg2-Ca (red). (B) Dmax distribution after filtering the Ranch models (open bars) and TAMD (solid bars). (C) Fitting of the Mes ensemble from the filtered subsets
Ranch (green) and CNS-TAMD (orange).
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Fig. S5. (Continued)
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Fig. S5. Sequence alignments of desmosomal cadherins, including four human Dsgs (hDsg1–hDsg4), mouse Dsg 2 (mDsg2), three human Dscs (hDsc1–hDsc3),
and type 1 N-, E-, and C-cadherins with known 3D full-ectodomain structure (indicated by their PDB ID codes). Calcium-binding residues are highlighted in
yellow (side chain coordination) and green (main chain coordination). Numbering on top (blue) indicates the corresponding interdomain region (e.g., 1–2 is
EC1–EC2). Residues with nonconserved side chain coordination are indicated in red. Predicted sites of N-linked and O-mannosyl glycosylation are highlighted in
magenta and cyan, respectively; residues in bold correspond to glycosylation sites confirmed by mass spectrometry (7, 20) or X-ray crystallography (21, 22).
Alignment made with ClustalX (23) and annotated manually.
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Fig. S6. Topology of the interdomain calcium binding sites, in type 1 cadherin extracellular domains, based on the structural information of the PDB structures
1L3W, 3Q2V, and 3Q2W (21, 22). (A) Each interdomain region contains three calcium-binding sites, A, B, and C, where each calcium ion is surrounded by
six ligands in octahedral coordination. Ligand positions A1–A4 are shared by two calcium sites, and therefore need to be occupied by bridging side chains (Glu,
Asp). No protein ligands are observed in positions C1 and C5, which presumably are occupied by water molecules. (B) Relative position of the three calcium-
biding sites with respect to two neighboring domains, illustrated for the EC1–EC2 interdomain region.
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Fig. S7. Idealized array of Dsg-Ca ectomains. Front (A), side (B), and top (C) views of the array, generated with the DAMMIN models from the fitting into
the ET maps.
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Table S1. Calcium coordination in classical cadherin structures and equivalent residues in mDsg2 after multiple sequence alignment

Structures

[————————–B site————————–]

[———————- A site———————-]

[————C site————]

B6 B5 B4 B3 B2 A1 A6 A5 A4 A3 A2 C6

EC1–EC2
E-Cad D195 ψ143 N102 ψ104 D134 D136 D100 ψ101 E11 D103 E69 D67
N-Cad D194 ψ143 N102 ψ104 D134 D136 D100 ψ101 E11 D103 E69 D67
C-Cad D195 ψ143 N102 ψ104 D134 D136 D100 ψ101 E11 D103 E69 D67
mDsg2 D194 ψ144 N104 ψ106 D136 D138 D102 ψ103 E11 D105 E71 D69

EC2–EC3
E-Cad N304 ψ254 N215 ψ217 D246 D248 D213 ψ214 E119 D216 E182 D180
N-Cad N307 ψ256 N217 ψ219 D248 D250 D215 ψ216 E119 D218 E181 D179
C-Cad N304 ψ254 N215 ψ217 D246 D248 D213 ψ214 E119 D216 E182 D180
mDsg2 N307 ψ256 N217 ψ219 D248 D250 D215 ψ216 E121 D218 E181 D179

EC3–EC4
E-Cad D415 Q365 N327 ψ328 E358 D360 D325 ψ326 E232 E328 E291 D289
N-Cad D420 Q371 N333 ψ334 D364 D366 D331 ψ332 E234 E334 E294 D292
C-Cad D414 Q365 N327 ψ328 D358 D360 D325 ψ326 E232 E328 E291 D289
mDsg2 S424 A375 V334 ψ335 D368 D370 N332 ψ333 E234 E335 E294 D292

EC4–EC5
E-Cad D517 ψ468 N435 ψ437 D462 D464 D433 ψ434 E343 D436 E397 D395
N-Cad D525 ψ474 N440 ψ442 D468 D470 D438 ψ439 E349 D441 E403 D401
C-Cad D515 ψ467 N434 ψ436 D461 D463 D432 ψ433 E343 D435 E397 D395
mDsg2 (D525) (ψ476) N444 ψ446 (D470) (D472) D442 ψ443 E350 D445 E407 D405

Site nomenclature as in Fig. S6. Main chain carbonyl binding is indicated with the ψ symbol. Residues in bold type are not conserved. Underlined residues are
potentially conserved but appear difficult to model in a reasonable calcium-binding coordination. The dashed underlined residue can be modeled in binding
coordination for only one of the two sites it is supposed to bridge. The C1 and C5 sites in Fig. S6 are water molecules completing the coordination of the third
calcium ion.

Movie S1. Rotation around the vertical axis of the array of mDsg2 ectodomains, where the midline can be visualized.

Movie S1
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