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Results 1 
The PCDH15 EC3-5 repeats form mostly canonical cadherin repeat structures 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 
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1 2 3 4 5 6 7 
The partial Ca2+-free EC3-4 linker only binds two Ca2+ ions  8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
The partial Ca2+-free EC3-4 linker is more flexible than canonical linkers 16 17 18 19 20 21 22 23 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Site 2 and 3 Ca2+ ions stabilize the EC3-4 linker under force 15 16 17 18 19 20 21 22 23 
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1 2 3 4 5 6 7 
The D414A polymorphism does not affect PCDH15 EC3-5 structure or dynamics  8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
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Experimental Procedures 1 
Cloning, expression, and purification of PCDH15 fragments  2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Crystallization, data collection, and structure determination 19 20 21 22 23 
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1 2 3 4 5 6 7 8 9 10 11 
Simulated Systems 12 13 14 15 16 17 18 19 20 21 22 
Molecular Dynamics 23 
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1 2 3 4 5 6 7 8 9 10 11 12 13 
Fluorescence competition assay 14 15 16 17 18 19 20 21 22 23 
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Cys-stapled loop

N

C

N333RD

NRD335

DXNN369Q

D414
3 3

D449RE

DXND483N

DRE451

D480XNDN

DXN DN

D514XD

DXD516

XE385X

XD566X

1'

3'

DXNDN484

D366XNNQ

DXNNQ370

XD464X

D409XD

DXD411

N333RDNRD335

XE X XE X

D366XNNQ

XD464X

D409XD

DXD411

D414

DXNN369Q

DXNNQ370

Cys-stapled loop

N

CC

D414 loopEC3 EC4 EC5

A A' B B' C D E F G

A

B

C

D E F

N

C

H. sapiens                      XEX                      DXD                                               DXE               XDX                       DXNDN
EC1  -DCKL---------ARGGPPATIVA-IDEESRNGTILV--------DNMLIKGTAGGPDPT---IELSLK-----DNVDYWVLMDPV--KQMLFLNSTGRVLDRDPPMNI-HSIVVQVQCINKK--------VGTIIYHEVRIVVRDRNDN  122
EC2  -SPTF------------KHESYYAT-VNELTPVGTTI----FTGFSGDNGATDIDDGPNGQ---IEYVIQYNPDDPTSNDTFEIPLML-TGNIVL---RKRLNYEDK----TRYFVIIQANDRAQNLN----ERRTTTTTLTVDVLDGDDL  240
EC3  -GPMFLPCVLVPNTRDCRPLTYQAA-IPELRTPEELN--PIIVTPPIQAIDQDRNIQPPSDRPGILYSIL-VGTPEDYPRFFHMHPR--TAELSL---LEPVNRDFH----QKFDLVIKAEQDNG-------HPLPAFAGLHIEILDENNQ  370
EC4  -SPYF------------TMPSYQGY-ILESAPVGATISDSLNLTSPLRIVALDKDIEDTKD-PELHLFL------NDYTSVFTVTQTGITRYLTL---LQPVDREEQ----QTYTFSITAFDG---------VQESEPVIVNIQVMDANDN  484
EC5  -TPTF------------PEISYDVY-VYTDMRPGDSV---------IQLTAVDADEGSNGE---ITYEIL----VGAQGD-FIINKT--TGLITI---APGVEMIVG----RTYALTVQAADNAPPA-----ERRNSICTVYIEVLPPNNQ  590
EC6  SPPRF------------PQLMYSLE-ISEAMRVGAVL---------LNLQATDREGDS------ITYAIE----NGDPQRVFNLSET--TGILTL---GKALDREST----DRYILIITASDGR--------PDGTSTATVNIVVTDVNDN  692
EC7  -APVF------------DPYLPRNLSVVEEEANAFV----------GQVKATDPDAGINGQ---VHYSL------GNFNNLFRITS---NGSIYT---AVKLNREVR----DYYELVVVATDGAV-------HPRHSTLTLAIKVLDIDDN  794
EC8  -SPVF------------TNSTYTVL-VEENLPAGTTI---------LQIEAKDVDLGAN-----VSYRIR----SPEVKHFFALHPF--TGELSL---LRSLDYEAFPDQEASITFLVEAFDIYG-------TMPPGIATVTVIVKDMNDY  901
EC9  -PPVF------------SKRIYKGM-VAPDAVKGTPITT-------VYAEDADPPGLPASR---VRYRVD-DVQFPYPASIFEVEED--SGRVIT---RVNLNEEPT----TIFKLVVVAFDDGE-------PVMSSSATVKILVLHPGE- 1010
EC10 -IPRF------------TQEEYRPPPVSELATKGTMV---------GVISAAAINQS-------IVYSIV----SGNEEDTFGINNI--TGVIYV---NGPLDYETR----TSYVLRVQADSLEVVLANLRVPSKSNTAKVYIEIQDENNH 1119
EC11 -PPVF------------QKKFYIGG-VSEDARMFTSV---------LRVKATDKDTGNYSV---MAYRLI-IPPIKEGKEGFVVETY--TGLIKT---AMLFHNMRR----SYFKFQVIATDDYG-------KGLSGKADVLVSVVNQLDM 1227

EC3
Hs   -GPMFLPCVLVPNTRDCRPLTYQAA-IPELRTPEELN--PIIVTPPIQAIDQDRNIQPPSDRPGILYSIL-VGTPEDYPRFFHMHPR--TAELSL---LEPVNRDFH----QKFDLVIKAEQDNG-------HPLPAFAGLHIEILDENNQ  370
Mm   -GPMFLPCVLVPNTRDCRPLTYQAA-IPELRTPEELN--PILVTPPIQAIDQDRNIQPPSDRPGILYSIL-VGTPEDYPRFFHMHPR--TAELTL---LEPVNRDFH----QKFDLVIKAEQDNG-------HPLPAFASLHIEILDENNQ  371
Gg   -GPMFLPCVLVNNTRDCRPLTYQAS-LPELTDPVHVN--PISVTPPIQAIDQDRNIQPPSDRPGILYSIL-VGTPEDYPQYFHMNLT--TAELTL---LKPINRDLH----QKFDLVIKAEQDNG-------HPLPAFANLHIEVLDENNQ  391
Dr   -GPMFLPCVLVNNTQDCNPVTYRVA-IPELTDPNKLN--PLNVTPPIRAIDQDRNIQPPSDRPGILYFIL-VGTPSTYPEFFTLNRS--TAELRL---LKSVDRELY----QRFSLVIKAEQDNG-------HPLPAYSKLEIEILDENNQ  388

EC4
Hs   -SPYF------------TMPSYQGY-ILESAPVGATISDSLNLTSPLRIVALDKDIEDTKD-PELHLFL------NDYTSVFTVTQTGITRYLTL---LQPVDREEQ----QTYTFSITAFDG---------VQESEPVIVNIQVMDANDN  484
Mm   -SPYF------------TMPSYQGY-ILESAPVGATISESLNLTTPLRIVALDKDIEDTKD-PELHLFL------NDYTSVFTVTPTGITRYLTL---LQPVDREEQ----QTYTFLITAFDG---------VQESEPVVVNIRVMDANDN  505
Gg   -KPYF------------TKSTYEGF-ILESSPVGTTISDSRNLTSPLQITVLDNDVEETKD-PQLHLFL------NDYNTFFTVTQSGITRYLTL---LQPVDREAQ----QLYTFSMIASDG---------VQESTPVTVNIVVIDANDN  485
Dr   -APYF------------QQSSYRGF-VSESSSVGTTISASANLTAPLAIIALDNDIEETKD-PQLKITL------NEYTSIFTITTSGITRFLTL---LKPVDREIQ----TNYTLTLVATDG---------VQQSRPVTVDILVIDANDN  502
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Figure S1, related to Figure 4.  Tilt and azimuthal angle distributions in equilibrium MD simulations show that Ca2+ 
rigidifies linker regions. (A) Inter-repeat linker flexibility during simulations computed as illustrated in Figure 4B 
(some plots reproduced from Figures 4 and 6 for comparison). Initial projection for each system is yellow, and 
projections of repeats below (  > 90 ) and above (  < 90 ) the x-y plane are dark and light blue, respectively. (B and 
C) Histograms of tilt ( ; B) and azimuthal ( ; C) angle distributions reveal that linker regions with more Ca2+ ions 
are more rigid. Panels are for PCDH15 fragments as indicated on far left. Data plotted every 10 ps. Simulations 
(from top to bottom): S-2b, S-1b, S-3b, S-4b, S-5b, and S-6b.  
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Figure S2, related to Figure 4. Tilt and azimuthal angle time course in equilibrium MD simulations. Time course of 
(A) tilt and (B) azimuthal angles calculated as depicted in Figure 4B. Colored traces correspond to simulation 
system described on far left, with traces for other systems in grey for reference. Bottom graphs are overlays for all 
simulations. Data plotted every 10 ps. Simulations (from top to bottom): S-2b, S-1b, S-3b, S-4b, S-5b, and S-6b. 
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Figure S3, related to Figure 4. D366 stably coordinates Ca2+ at site 2 in equilibrium simulations. Time course (A) 
and histogram (B) of measured distance between D366 (Cγ) and the Ca2+ ion at site 2 reveal that D366 readily 
chelates the site 2 Ca2+ ion in all simulations. In both simulations of chain A (first and third panels from the top) 
D366 initially points away from Ca2+ at site 2 (note the longer starting distances, which are also represented in the 
inset histograms in B), but rotates to coordinate the Ca2+ ion within the first few nanoseconds of simulation. Panels 
are for PCDH15 fragments as indicated on far left. Data plotted every 10 ps. Simulations (from top to bottom): S-3b, 
S-4b, S-5b, and S-6b 
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Figure S4, related to Figure 5. Application of force at single N- and C-termini atoms results in rupture of core β-
sheets. (A-C) N-terminal applied force versus end-to-end distance for constant velocity stretching when force is 
applied via single atoms (P242 Cα and P587 Cα) at the N- and C-termini for (A) EC3-5 where Ca2+ ions were 
removed from the EC3-4 linker (apo EC3-4 linker) (black: S-8b, 10 nm/ns; green: S-8c, 1 nm/ns; blue: S-8d, 0.1 
nm/ns), (B) EC3-5 (black: S-7b, 10 nm/ns; green: S-7c, 1 nm/ns; blue: S-7d, 0.1 nm/ns), and (C) EC3-5D414A  (black: 
S-9b, 10 nm/ns; green: S-9c, 1 nm/ns; blue: S-9d, 0.1 nm/ns). Arrows in (B) denote time points of snapshots shown 
in (D-G). Data plotted every 4 ps. (D-G) Snapshots from simulation S-7c depicting the initial conformation and 
mechanically induced unfolding states of EC3-5 when force is applied at single atoms (yellow spheres) at a speed of 
1 nm/ns.  EC3-5 is depicted as in Figure 1. Springs indicate direction of applied force. When force was applied via 
P242 Cα and P587 Cα, β-sheet rupture occurred quickly, particularly at strand A of EC3 and strand G of EC5, the 
two strands directly being pulled on.  
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Figure S5, related to Figure 5. SMD simulations of EC3-5 predict that the site 2 and 3 Ca2+ ions strengthen the 
EC3-4 linker. (A; graph reproduced from Figure 5 for convenience) N-terminal applied force versus end-to-end 
distance for constant velocity stretching of EC3-5 (black: S-7e, 10 nm/ns; green: S-7f, 1 nm/ns; blue: S-7g, 0.1 
nm/ns). Arrows indicate time points of snapshots in (D-G). Data plotted every 4 ps. (B-C) Force applied to N-
terminus of EC3-5 and various measured distances versus time for 10 nm/ns (B; S-7e) and 1 nm/ns (C; S-7f) pulling 
speeds: EC3-4 linker length (L365 Cα to P372 Cα; magenta); EC4-5 linker length (M479 Cα to P485 Cα; grey); 
hydrophobic contact F374 Cζ to I460 Cγ2 (orange); and salt bridge E385 Cδ to EC4-5 linker site 1' Ca2+ ion (cyan). 
Data plotted every 10 ps. (D-E) Snapshots of initial EC3-4 linker region rupture when force is applied at 10 nm/ns 
(S-7e). The EC3-4 linker D366-site 2 Ca2+ ion and N368-site 3 Ca2+ ion interactions are broken, allowing for rapid 
extension of the peptide linker. (F-G) Snapshots of rupture associated with final force peak in simulation S-7g. The 
interaction between E385 and the EC4-5 linker site 1' Ca2+ ion is broken, allowing for extraction of EC3 strand A'. 
In D-G, curved arrows indicate displacement of residues of interest from original positions, and entire EC3-5 
fragment is shown in insets.  
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Figure S6, related to Figure 5. SMD simulations of apo-EC3-4 linker reveal that lack of Ca2+ ions leads to 
unfolding at lower forces than with Ca2+ ions present. (A; graph reproduced from Figure 5 for convenience) N-
terminal applied force versus end-to-end distance for constant velocity stretching of EC3-5 where Ca2+ ions were 
removed from the EC3-4 linker (apo EC3-4 linker) (black: S-8e, 10 nm/ns; green: S-8f, 1 nm/ns; blue: S-8g, 0.1 
nm/ns). Arrows indicate time points of snapshots shown in (D-I). Data plotted every 4 ps. (B-C) Force applied to N-
terminus of apo-EC3-4 linker and various measured distances versus time for 10 nm/ns (B; S-8e, black) and 1 nm/ns 
(C; S-8f, green) pulling speeds: EC3-4 linker length (L365 Cα to P372 Cα; magenta); EC4-5 linker length (M479 
Cα to P485 Cα; grey); hydrophobic contact F374 Cζ to I460 Cγ2 (orange); and salt bridge E385 Cδ to EC4-5 linker 
site 2 Ca2+ ion (cyan). Data plotted every 10 ps. (D-E) Snapshots of apo-EC3-4 linker extension when force is 
applied at 0.1 nm/ns to apo-EC3-4 linker (S-8g). Entire EC3-5 fragment is shown in insets. Similar to the EC3-5 
simulations with Ca2+, F374 is pulled from the EC3 hydrophobic core following EC3-4 linker extension. (F-G) 
Snapshots of rupture associated with final force peak when force is applied to apo-EC3-4 linker at 1 nm/ns (S-8f). 
Springs indicate direction of applied force. The final force peak corresponds to strand A' extraction from EC4, as the 
interaction between E385 and the EC4-5 linker site 1' Ca2+ ion is broken. (H-I) Snapshots of rupture associated with 
final force peak when force is applied to apo-EC3-4 linker at 0.1 nm/ns (S-8g). The final force peak corresponds to 
strand G extraction from EC3. In (F-I), force was applied to the center of mass of groups of atoms at the N-(Cα242-

244, 286, 287, 300, 301, 349-353) and C-(Cα498-500, 585-587, 553-555) termini (yellow spheres). Apo-EC3-4 linker is depicted as in 
Figure 1.  
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Figure S7, related to Figure 6. SMD simulations of EC3-5D414A reveal that the D414A variation does not alter 
mechanical properties of the EC3-4 linker. (A; graph reproduced from Figure 6 for convenience) N-terminal applied 
force versus end-to-end distance for constant velocity stretching of EC3-5D414A (black: S-9e, 10 nm/ns; green: S-9f, 1 
nm/ns; blue: S-9g, 0.1 nm/ns). Arrows indicate time points of snapshots shown in (C-E). Data plotted every 4 ps. (B) 
Force (green) applied to N-terminus of EC3-5D414A and various measured distances versus time for a 1 nm/ns pulling 
speed (S-9f): EC3-4 linker length (L365 Cα to P372 Cα; magenta); EC4-5 linker length (M479 Cα to P485 Cα; 
grey); hydrophobic contact F374 Cζ to I460 Cγ2 (orange); salt bridge E385 Cδ to EC4-5 linker site 1' Ca2+ ion 
(cyan). Data plotted every 10 ps. (C-E) EC3-4D414A linker conformations during simulation S-9g depicting initial 
conformation (C) and specific rupture points (D-E). Entire EC3-5 fragment is shown in insets. The EC3-5D414A 
fragment follows similar unfolding trajectories as the EC3-5 fragment.  
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Simulation 
# of Ca2+ 

ionsa 
tsim 
(ns) Type Ensemble Start 

Size  
(# of atoms) Size (nm3) 

EC4-5 chain A S-1a 3 1.1 EQ NpTb  135189 105x105x128 
EC4-5 chain A S-1b 3 101.4 EQ NpT S-1a   

EC3-4 chain A apo S-2a 0 1.1 EQ NpTb  134888 105x105x128 
EC3-4 chain A apo S-2b 0 100.8 EQ NpT S-2a   

EC3-4 chain A S-3a 2 1.1 EQ NpTb  134898 105x105x128 
EC3-4 chain A S-3b 2 101.1 EQ NpT S-3a   
EC3-4 chain B S-4a 2 1.1 EQ NpTb  134984 105x105x128 
EC3-4 chain B S-4b 2 100.8 EQ NpT S-4a   

EC3-4D414A chain A S-5a 2 1.1 EQ NpTb  134772 105x105x128 
EC3-4D414A chain A S-5b 2 101.5 EQ NpT S-5a   
EC3-4D414A chain B S-6a 2 1.1 EQ NpTb  134861 105x105x128 
EC3-4D414A chain B S-6b 2 101.2 EQ NpT S-6a   

aat the linker being simulated (EC4-5 for S-1 and EC3-4 for S-2-6). 
bInitial simulation consisting of 1,000 steps of minimization, 100 ps of dynamics with the protein backbone 
restrained (k = 1 kcal mol-1 Å-2), and the remaining time as free dynamics in the NpT ensemble (γ = 1 ps-1). 
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Simulation 
# of Ca2+ 

ionsa tsim (ns) Type Ensemble SMD atoms 
Speed +x/-x 

(nm/ns) Start 
Size  

(# atoms) Size (nm3) 
EC3-5 chain A S-7a 2 1.1 EQ NpTc -   139602 30.2x6.5x7.5 
EC3-5 chain A S-7b 2 2 SMD NpT CαP242/CαP587 5/5 S-7a   
EC3-5 chain A S-7c 2 11.8 SMD NpT CαP242/CαP587 0.5/0.5 S-7a   
EC3-5 chain A S-7d 2 97.8 SMD NpT CαP242/CαP587 0.05/0.05 S-7a   
EC3-5 chain A S-7e 2 2 SMD NpT CαM1/CαM2 b 5/5 S-7a   
EC3-5 chain A S-7f 2 11.5 SMD NpT CαM1/CαM2 b 0.5/0.5 S-7a   
EC3-5 chain A S-7g 2 87.3 SMD NpT CαM1/CαM2 b 0.05/0.05 S-7a   

Apo EC3-4 linker chain A S-8a 0 1.1 EQ NpTc -   139592 30.2x6.5x7.5 
Apo EC3-4 linker chain A S-8b 0 2 SMD NpT CαP242/CαP587 5/5 S-8a   
Apo EC3-4 linker chain A S-8c 0 11.5 SMD NpT CαP242/CαP587 0.5/0.5 S-8a   
Apo EC3-4 linker chain A S-8d 0 121.4 SMD NpT CαP242/CαP587 0.05/0.05 S-8a   
Apo EC3-4 linker chain A S-8e 0 2 SMD NpT CαM1/CαM2 b 5/5 S-8a   
Apo EC3-4 linker chain A S-8f 0 11.8 SMD NpT CαM1/CαM2 b 0.5/0.5 S-8a   
Apo EC3-4 linker chain A S-8g 0 69.8 SMD NpT CαM1/CαM2 b 0.05/0.05 S-8a   

EC3-5_D414A chain A S-9a 2 1.1 EQ NpTc -   139386 30.2x6.5x7.5 
EC3-5_D414A chain A S-9b 2 2 SMD NpT CαP242/CαP587 5/5 S-9a   
EC3-5_D414A chain A S-9c 2 5.8 SMD NpT CαP242/CαP587 0.5/0.5 S-9a   
EC3-5_D414A chain A S-9d 2 126 SMD NpT CαP242/CαP587 0.05/0.05 S-9a   
EC3-5_D414A chain A S-9e 2 2 SMD NpT CαM1/CαM2 b 5/5 S-9a   
EC3-5_D414A chain A S-9f 2 11.8 SMD NpT CαM1/CαM2 b 0.5/0.5 S-9a   
EC3-5_D414A chain A S-9g 2 74.8 SMD NpT CαM1/CαM2 b 0.05/0.05 S-9a   

 
 
aat the EC3-4 linker 
bForce was applied to the center of mass of multiple atoms, with M1 representing atoms Cα242-244, 286, 287, 300, 301, 349-353  

and M2 representing atoms Cα498-500, 585-587, 553-555. 
cInitial simulation consisting of 1,000 steps of minimization, 100 ps of dynamics with the protein backbone 
restrained (k = 1 kcal mol-1 Å-2), and the remaining time as free dynamics in the NpT ensemble (γ = 1 ps-1). 
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