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Figure S1. Biochemical characterization of mouse otoferlin

(A) Structure-based domain composition schematic of mouse otoferlin. The borders of the

otoferlin construct (residues 216-1931) used for cryo-EM structure determination are boxed.

(B) SDS-PAGE analysis of purified mouse otoferlin (residues 216-1931) after size-exclusion

chromatography (SEC).

(C) The SEC profile of mouse otoferlin (216-1931) applied to a Superose 6 column. The peak

otoferlin fractions (see also B) are indicated with a dashed line and soluble dysferlin (residues 1-

2017) was used as a ferlin mass reference. The SEC profile of several gel filtration standards with

known molecular masses are shown in grey.

(D) Ca2+-binding activity of otoferlin (216-1931) assessed in the presence of liposomes. The Ca2+-

binding activity was assessed using a nanoDSF assay and large unilamellar vesicles (LUVs) of

indicated composition (comprising 20 mol% PS, 20 mol% PS and 5 mol% PI(4,5)P2 or lacking

anionic phospholipids, no PS, PI(4,5)P2) were used at a 1 mM assay concentration. [Ca2+]1/2 values

were estimated by nonlinear regression curve fit. Error bars represent the standard error of the

mean (SEM, n=3).

(E) Ca2+-sensitive liposome binding activity of mouse otoferlin (216-1931) assessed using a

coflotation assay. Binding of otoferlin to LUVs of indicated acidic phospholipids composition was

assessed by ultracentrifugation on a Nycodenz step in the presence of 50 µM CaCl2 or MgCl2. The

Nycodenz gradients were harvested from the top, analyzed by SDS-PAGE, and stained with

Coomassie Blue.

(F) Characterization of the soluble otoferlin (216-1931) construct by mass photometry. The

distribution of binding events is consistent with the presence of a major otoferlin (216-1931)

species having a molecular mass of 188±18 kDa. The measurements were carried out in the

absence of CaCl2 and were repeated four times (n=4).

(G) Liposome binding activity of mOTOF (216-1931) and mOTOF (216-1931)-D1829A/D1831A

(DDA) mutant using a FRET-based assay. The measurements were carried out in the presence of

250 µM CaCl2 or MgCl2 at 0.25 µM and 50 µM protein and liposome concentrations, respectively.

The measured LUVs comprised 5 mol% Dansyl-PE. The measurements in the presence of CaCl2

were repeated n=6 (WT, in the presence of liposomes lacking PS and PI(4,5)P2, denoted as no PS,

PI(4,5)P2), n=9 (DDA, in the presence of liposomes comprising 25 mol% PS and 5 mol% PI(4,5)P2

or lacking PS and PI(4,5)P2), or n=7 (remaining measurements). The measurements in the presence

of MgCl2 were carried out in n=3 (WT) or n=5 (DDA) replicates. The data were normalized to the

maximum Dansyl-PE emission after subtraction of the background at each individual point (using

protein-free measurements) and error bars indicate the standard deviation (SD) from the mean

(±1.5 SD). See also Figure 3G.
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Figure S2. Cryo-EM image analysis of the otoferlin (216-1931)-nanodisc complex 

(30 mol% PS and 10 mol% PI(4,5)P2 MSP2N2 nanodisc) 

(A) Cryo-EM micrograph (raw and denoised) of the vitrified otoferlin (216-1931)-MSP2N2

complex. The MSP2N2 nanodisc comprised of 30 mol% DOPS and 10 mol% PI(4,5)P2. A typical

otoferlin particle is circled.

(B) Reference-free 2D class averages of the otoferlin (216-1931)-MSP2N2 nanodisc complex. The

nanodisc-bound bound otoferlin (OTOF) and the nanodisc (ND) are indicated. The images of the

2D class averages were generated using the freely available cryosparc-tools Python package

(https://tools.cryosparc.com/).

(C) Cryo-EM processing routine of otoferlin (216-1931)-MSP2N2 nanodisc complex (30 mol%

DOPS and 10 mol% PI(4,5)P2 nanodisc). The resolution estimates (FSC=0.143 criterion) of the

final maps are indicated, and the final maps are coloured according to the modelled domains (see

also Fig. S1A).

(D) Fourier shell correlation (FSC) plots between the otoferlin-MSP2N2 cryo-EM half-maps. The

global resolution of the map (map M1) was estimated using the gold-standard FSC criterion

(FSC=0.143).

(E) Map versus model FSC plot for the map M1 of the otoferlin (216-1931)-MSP2N2 complex

(30 mol% DOPS and 10 mol% PI(4,5)P2).

(F) Reference-free 2D class averages of lipid-bound otoferlin particles assigned to the “open-like”

conformational state. In this “open-like” state, observed for ~2.5% of otoferlin-nanodisc particles,

C2G is dynamic and does not interact with the C2B domain.

(G) Angular distribution of the otoferlin-MSP2N2 particles contributing to the map M1 of the

complex. Red colour indicates a higher number of particle images.

(H) Local resolution of the lipid-bound otoferlin cryo-EM map (map M1). Red colour indicates a

higher resolution of the map. The otoferlin domains are indicated.

https://tools.cryosparc.com/
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Figure S3. Cryo-EM analysis of the otoferlin (216-1931)-nanodisc complex 

(25 mol% PS and 5 mol% PI(4,5)P2 nanodisc) 

(A) Cryo-EM micrographs (raw and denoised) of the otoferlin (216-1931) bound to a 25 mol%

DOPS and 5 mol% PI(4,5)P2 MSP2N2 nanodisc. A lipid-bound otoferlin particle is circled for

orientation purposes.

(B) 2D class averages of the otoferlin (216-1931)-nanodisc complex (25 mol% DOPS and 5 mol%

PI(4,5)P2 nanodisc). The density elements corresponding to otoferlin and the MSP2N2 nanodisc

are indicated.

(C) Cryo-EM data processing schematic for the lipid-bound otoferlin (216-1931) complex,

assembled on a nanodisc with 25 mol% DOPS and 5 mol% PI(4,5)P2. Processing steps shown in

blue and purple were performed using cryoSPARC v.4.7 and RELION-5.0, respectively. The final

maps used for model building are colour-coded by the resolved domains.

(D) Feature-enhanced map of the otoferlin (216-1931)-nanodisc complex. The locally scaled map

was generated with LocScale and allows the better visualization of the low-resolution nanodisc

density.

(E) Selected density snapshots from the high-resolution lipid-bound otoferlin (216-1931) cryo-EM

map (map M9). The sharpened cryo-EM density map is contoured around several well-resolved

otoferlin residues and coloured according to the otoferlin domain.

(F) Fourier shell correlation (FSC) plots between the cryo-EM half-maps of lipid-bound otoferlin

(216-1931). The global resolution of the maps was estimated using the gold-standard FSC criterion

(FSC=0.143).

(G) Fourier sampling and directional resolution of the lipid-bound otoferlin cryo-EM map (map

M2). The sampling compensation factor (SCF) and the conical FSC area ratio (cFAR) were

calculated using cryoSPARC v4.7.

(H) Angular distribution of the nanodisc-bound otoferlin (216-1931) particles used to reconstruct

the map M2 of the complex. A higher number of particle images is indicated in red.
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Figure S4. Cryo-EM analysis of Ca2+-bound, lipid-free otoferlin (216-1931) 

(A) Denoised cryo-EM micrograph of lipid-free otoferlin (216-1931) imaged in vitreous ice. A

typical otoferlin (216-1931) particle is circled in cyan.

(B) Reference-free 2D class averages of the lipid-free otoferlin (216-1931). Note that the C-

terminal C2G domain is dynamic in the absence of a lipid bilayer (see also Fig. S2B).

(C) Cryo-EM processing schematic for the lipid-free otoferlin (216-1931). The resolution of the

final maps was estimated using the FSC=0.143 criterion. The final lipid-free otoferlin (216-1931)

maps were colored as in Figure S2C.

(D) Conformational dynamics of otoferlin (216-1931) in the lipid-free state. Selected map

snapshots along the two resolved modes of 3D variability are shown side by side. Particle motions

in the lipid-free state primarily involve the C2B, C2F, and the highly dynamic C2G domain.

(E) Superposition of the “open” and “closed”-like maps of Ca2+-bound, lipid-free otoferlin. The

“closed”-like state map (map M7) is colour-coded by modelled domains, while the “open” state

map (class 2, map M9) is shown in light green.

(F) Locally scaled map of Ca2+-bound, lipid-free otoferlin. The map (map M9, class 2) was scaled

with LocScale using the refined structural model (model-based) to visualize the dynamic C2G

domain.



Figure S5 



Figure S5. Cryo-EM image analysis of Ca2+-free, lipid-free otoferlin (216-1931) 

(A) Cryo-EM micrograph (raw and denoised) of vitrified otoferlin (residues 216-1931) in the Ca2+-

free, lipid-free state. A typical otoferlin particle is circled.

(B) Representative 2D class averages of otoferlin (216-1931) imaged in the absence of Ca2+ and

lipids. The assigned otoferlin domains are indicated.

(C) 2D class averages of lipid-free otoferlin (216-1931) imaged in the presence of Ca2+ (see also

Fig. S2B). These 2D averages are shown for comparison with the Ca2+-free 2D classes in panel B;

additional 2D averages are provided in Fig. S2B. Note the “closed”-like 2D classes observed in

the presence of Ca2+, which may indicate that Ca2+ ions stabilize the poses of the C2F and C2G

domains (see also Fig. S4C and S4E).

(D) Cryo-EM image processing schematic for the Ca2+-free otoferlin (216-1931). Key processing

steps are indicated, and the final maps are coloured according to the modelled otoferlin domains.

(E) The two resolved 3D classes of Ca2+-bound lipid-free otoferlin (216-1931). The two

conformations of lipid-free otoferlin differ in the orientation of the C-terminal C2G domain and

correspond to “open” otoferlin states. The final models were fitted into the refined cryo-EM maps

and colour-coded. The flexible C2G domain was fitted into either a 6 Å (top panel) or 3.9 Å (bottom

panel) low-pass filtered maps, which are shown as transparent surfaces.

(F) Comparison between the two resolved states of Ca2+-bound, lipid-free otoferlin (216-1931).

The two otoferlin maps were aligned and the similar C2B-C2F domains are shown as either model

(left) or cryo-EM density maps (right).

(G) Comparison between the Ca2+-free and Ca2+-bound otoferlin (216-1931) maps in the lipid-free

state. Note the different orientation of the C2F domain and the absence of density (or weak density

in map M11, S5D) for the C2G domain in the Ca2+-free state. Cryo-EM maps and models are

depicted as in E-F.

(H) The C2B-C2F interface in the Ca2+-free and Ca2+-bound, lipid-free otoferlin. The C2B and C2F

domains are shown as solvent-excluded surfaces, and interface areas are indicated (see also Fig.

4F).

(I) Structural superposition of Ca2+-free and Ca2+-bound, lipid-free otoferlin. The C2B and C2E-

C2G domains are shown in different colours. Root-mean-square deviations (r.m.s.d.) of the

domains’ backbone (Cα) between the two lipid-free conformations are indicated.

(J) Fourier shell correlation (FSC) plots for the lipid-free otoferlin (216-1931) cryo-EM maps.

FSCs were calculated between cryo-EM half-maps and the resolution of the maps were estimated

according to the gold-standard FSC criterion (FSC=0.143).

(K-L) Angular distribution of the lipid-free otoferlin particles in the final Ca2+-bound (map M9) 

and Ca2+-free (map M10) cryo-EM maps. Higher particle numbers at given projection angles are 

indicated in red.  
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Figure S6. Cryo-EM densities of otoferlin’s core domains (C2B-C2D) in the lipid-bound state 

(A) Cryo-EM density of the C2B domain in the lipid-bound state of otoferlin (216-1931). The top

loops of C2B (L1-L4) are colour-coded. Selected β-strand densities are contoured around the fitted

model.

(B) The resolved C2A-C2B linker (residues 239-265) in the “closed”, lipid-bound state of otoferlin

(216-1931). The modelled C2A-C2B linker (depicted as sticks with its cryo-EM density) engages

the α-helices of the FerA module at multiple sites before reaching the membrane-bound N-terminal

C2B domain.

(C) Cryo-EM density of the FerI motif in otoferlin’s lipid-bound state. The FerI motif (residues

396-428) connects the N-terminal C2B to the C2C domain; the fitted FerI model is shown with the

cryo-EM density.

(D) Cryo-EM density of the Ca2+-bound C2C domain. The cryo-EM density (cyan) is contoured

around the single bound Ca2+ ion, and the top loops (L1-L4) are indicated. Several β-strands of

C2C are shown with their cryo-EM densities.

(E) Structure of otoferlin’s C2CD-FerA module. The C2CD-FerA region packs between the C2C

and C2D domains. Cryo-EM densities of FerA’s four-helix bundle and of selected β-strands from

C2CD are shown with the final models.

(F) Cryo-EM density of otoferlin’s C2D domain. C2D coordinates two Ca2+ ions independently of

phospholipid binding. Two representative β-strands are shown as stick models with their cryo-EM

densities.

(G-H) The two Ca2+-binding sites of otoferlin’s C2D domain. The Ca2+-coordinating residues of

C2D (G) and the neighboring L4 loop of C2E (H) are shown as sticks with the contoured cryo-EM

density.

(I) Cryo-EM densities of selected β-strands in the C2E domain. The β-strands are depicted as sticks,

and the density is contoured around the C2E model.
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Figure S7. Cryo-EM densities of otoferlin’s C-terminal domains (C2E-C2G) in the lipid-

bound state 

(A) Cryo-EM density of the C2E domain. C2E links the otoferlin core (C2B-C2D) to the C-terminal

C2F-C2G domains. C2E contains a large insertion loop (the “anchor loop”, residues 1238-1421)

between the β6 and β7 strands, which is mostly unstructured and wraps around C2F (purple).

(B) Cryo-EM densities of selected anchor loop elements in the lipid-bound state of otoferlin.

Resolved regions include a helical element (residues 1321-1340) and several segments connecting

the β6-β7 strands (residues 1238-1265 and 1398-1421). Cryo-EM densities of these regions are

shown with the corresponding models.

(C) Structure of the C-terminal C2F domain in the lipid-bound state of otoferlin. Three bound Ca2+

ions, two PS (phosphatidylserine) molecules, and the top loops (L1-L4) are indicated. Cryo-EM

densities of selected β-strands and modelled Ca2+ ions are contoured around the C2F model.

(D) Contact interface between the C2E anchor loop and the β7 strand of C2F. The modelled

otoferlin elements are shown as sticks with contoured cryo-EM densities.

(E) Cryo-EM densities of the two molecules PS molecules originating from the lipid nanodisc. The

phospholipid headgroups are bound to C2F through three coordinated Ca2+ ions, shown as spheres

for orientation purposes.

(F) The three Ca2+-binding sites of C2F. C2F coordinates three Ca2+ ions via residues in the L1-L3

loops and two recruited PS molecules (E). The cryo-EM density is contoured around the modelled

ions.

(G) Cryo-EM density of the C-terminal C2G domain in the lipid-bound state of otoferlin. The

modelled Ca2+ ions, the top loops (L1-L4), and the β-hairpin motif of C2G are highlighted. Several

β-strands are shown as cryo-EM densities.

(H) The Ca2+-binding sites of otoferlin’s C2G domain. As in C2F, the L1-L3 loops of C2G

coordinate three Ca2+ ions (shown as spheres with contoured densities). The Ca2+ ions were likely

coordinated independent of phospholipids, as no phospholipid headgroups could be modelled in

the C2G cryo-EM map. The Ca2+-coordinating residues are shown as sticks.

(I) Modelling of otoferlin (216-1931) in the lipid-bound state. Final cryo-EM maps of the two

otoferlin-nanodisc complexes (map M1 and map M2), assembled on either 25 mol% PS and 5

mol% PI(4,5)P2 or 30 mol% PS and 10 mol% PI(4,5)P2 MSP2N2 nanodiscs, are coloured

according to the modelled otoferlin domains. The final otoferlin models are shown inside the maps.

Resolved linker regions connecting the C2 domains are coloured grey.
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Figure S8. Comparison between the cryo-EM structures of otoferlin, myoferlin, and 

dysferlin 

(A) Side-by-side comparison between the cryo-EM structures of mouse otoferlin (lipid-bound

state, residues 216-1931, this work), human myoferlin (lipid-bound state, residues 1-1997, PDB

9H6X), and human dysferlin (Ca2+-bound, lipid-free state, residues 1-2017, PDB 9QLS). The cryo-

EM maps are coloured after the modelled domains and are viewed from the solvent-facing side.

(B) Structural superposition of mouse otoferlin (216-1931) and human myoferlin (1-1997, 9QLN)

in their Ca2+-bound, lipid-free states. While the ferlin core domains (C2C-C2CD-FerA-C2D) have

a similar organization, the two structures differ in the positions of the N-terminal C2B and the C2E-

C2G domains. C2B and C2E-C2G are highlighted in different colours. Note that the DysF motifs,

the outer Dysf (oDysF) and the inner DysF (iDysF), are absent in otoferlin.

(C) Superposition of lipid-bound mouse otoferlin (216-1931) and human myoferlin (1-1997, PDB

9H6X/PDB 9QLF). The structures were aligned based on the ferlin core domains (C2C-C2D). The

C2B and C2E-C2G domains adopt comparable orientations and the overall configuration of the

ferlin ring is highly similar.

(D) Protein-lipid interfaces in the nanodisc-bound structures of human myoferlin (1-1997, PDB

9H6X) and mouse otoferlin (216-1931, this work). The ferlin models are colour-coded and fitted

into 8 Å (myoferlin) or 6 Å (otoferlin) low-pass filtered maps of the nanodisc-bound complexes.

In both structures, the C2B and C2F-C2G domains interact with the lipid nanodisc. However, the

C2C domain and the iDysF motif (absent from otoferlin) provide additional contacts in the

myoferlin structure.

(E) Ca2+-sensitive recognition of phosphatidylserine (PS) headgroups in otoferlin, myoferlin, and

in other C2 domain structures. The C2 domain models are shown in cartoon representation, with

bound Ca2+ ions depicted as spheres. Aided by the β-hairpin motif of C2G, the C2F domain of

otoferlin recognizes two PS molecules via three coordinated Ca2+ ions, compared with a single PS

headgroup in myoferlin’s C2F (PDB 9H6X), synaptotagmin-1 (Syt1) C2B (PDB 2yoa), or the C2

domain of PKCα (PDB 1dsy).
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Figure S9. Disruption of Ca2+-binding by the C2F domain (previously C2E domain) does not 

change SV number and distribution at ribbon synapses 

(A) Representative virtual electron tomogram sections of IHC ribbon synapses from an

OtofD1563/1565/1570A (OtofTDA) animal and an Otofwt (here abbreviated Wt) control. Scale bar: 100 nm.

(B) Reconstructed model of the area around the ribbon synapses for the tomograms corresponding

to sections from A. The ribbon is rendered in red, the presynaptic density in magenta, and the

active zone membrane in soft pink. Vesicles are classified into three pools, ribbon-associated (RA-

SV, green), membrane-proximal (MP-SV, orange), and docked (pink).  Scale bar: 100 nm.

(C) Top view onto the AZ reconstructions with MP-SVs, ribbon and RA-SVs are not displayed in

this perspective. Scale bar: 100 nm.

(D) Number (N) of RA-SVs per ribbon synapse. The numbers were not significantly different in

IHCs of OtofTDA animals compared to Wt (Nwt = 19.1 ± 2.2, n = 7 ribbons, Nanimals = 1 vs.

Nmut = 24.4 ± 1.6, n = 9 ribbons, Nanimals = 2, Wilcoxon signed-rank test: p > 0.05,).

(E) Number (N) of MP-SVs per ribbon synapse. The numbers were not significantly different in

IHCs of OtofTDA animals compared to Wt (Nwt = 14.9 ± 1.1, n = 7 ribbons vs. Nmut = 16.7 ± 1.0,

n = 9 ribbons, Wilcoxon signed-rank test: p > 0.05).

(F) Fraction of docked SVs in the MP-SV pool per ribbon synapse. The fractions were not

significantly different in IHCs of OtofTDA animals compared to Wt (Fractionwt = 0.334 ± 0.051,

n = 7 ribbons vs. Fractionmut = 0.298 ± 0.052, n = 9 ribbons, Wilcoxon signed-rank test: p > 0.05).

(G) Distance of MP-SVs to the active zone membrane, histogram with bins of 3.3 nm for wt (gray)

and KO (red) and cumulative distribution (Wt: black, OtofTDA: red). The distances were not

significantly different in IHCs of OtofTDA animals compared to Wt (distancewt = 13.8 ± 1.4 nm,

n = 104 MP-SVs vs. distancemut = 13.8 ± 1.3 nm, n = 150 MP-SVs, Wilcoxon signed-rank test:

p > 0.05).

(H) Distance of docked SVs to the presynaptic density. It was not significantly different in IHCs

of OtofTDA animals compared to Wt (distancewt = 25.4 ± 5.0 nm, n = 36 docked SVs vs.

distancemut = 22.7 ± 4.3 nm, n = 45 ribbons, Wilcoxon signed-rank test: p > 0.05).

For further information see Table S4. 



Figure S10. MD simulations provide evidence that electrostatic interactions contribute to the 

otoferlin lipid binding, but are not the only source of protein-membrane interaction. 

(A) Differences between the performed MD simulations and the cryo-EM structure. The matrix

shows, color coded, the difference between the average Cα contact matrix calculated for the last

200 ns of the five simulation replicates and the Cα contact matrix calculated for the initial cryo-

EM structure. For visualization purposes, all the values below -10 Å or above 10 Å, corresponding

to disordered regions of the protein, were masked out.

(B) Increased binding interface. Shown are the time traces of the number of interatomic contacts

between otoferlin and membrane in five simulation replicates which started from the cryo-EM

structure of lipid-bound otoferlin.

(C) Kernel density estimates for PS (yellow) and PI(4,5)P2 (in red) together with contours of

calcium-binding C2 domains projected onto the membrane plane. Positions of calcium ions are



indicated by green dots. The origin of the plots is located at the projection of the center of mass of 

every C2 domain. Densities were scaled by the number of observations for the lipid type separately 

for every C2 domain. 

(D) Lipid interface of otoferlin during initial binding (starting from an MD-equilibrated structure

with a modelled transmembrane domain which was removed prior to system assembly for the

simulation run) and in two experimental conditions in MD simulations. The last frame of the

simulation of initial binding was used as the starting point for both conditions.

(E) Conformations of the C2G domain before (gray) and after (magenta) Ca2+ removal in the

simulations described in D. Coordinates were aligned using only the Cα atoms of the C2G domain.

The three calcium ions bound to C2G before simulations are indicated in green. The phosphorus

atoms of lipid headgroups before Ca2+ removal are depicted as spheres. After Ca2+ removal, C2G

partly detached from the lipid membrane, which is not displayed for clarity of visualization.

(F) Root mean square deviation (RMSD) traces of C2 domains after Ca2+ removal. Domains were

aligned to their starting conformations using the Cα atoms, and the RMSDs of Cα atoms were

plotted over simulation time.



Figure S11. Substantial expression and normal subcellular distribution of otoferlin in 

otoferlin mutant mice 

(A, D) Staining IHCs with otoferlin (OTOF) and parvalbumin (PV) / Vglut3 antibodies. Scale bar, 

10 μm. 

 (B, E) Otoferlin immunofluorescence intensity indicated unchanged otoferlin levels in OtofD1060A 

and OtofD990-996A IHCs compared to littermate control IHCs (Wilcoxon signed-rank test). Box and 

whisker plots represent median, 25th and 75th as well as 10th and 90th percentiles.  

(C, F) Parvalbumin (PV) / Vglut3 immunofluorescence intensity indicated unchanged 

parvalbumin / Vglut3 levels in otoferlin mutant IHCs compared to littermate control IHCs 

(Wilcoxon signed-rank test). Box and whisker plots represent median, 25th and 75th as well as 

10th and 90th percentiles. 

(G) Line profile analysis. The line is indicated as a white dashed line in Fig.7A. The 0 and 1

indicate the start and end point of the line for line scans. For quantification of membrane staining,

the fluorescence was normalized to the cellular fluorescence for each fluorophore. The sum of both



fluorescence values (black line) was used to determine the position of the basal membrane. At the 

most basal cellular point along this line which exceeds the threshold value of 2 (purple diamond), 

the otoferlin-Vglut3 fluorescence difference (yellow line) gave the value for relative otoferlin 

plasma membrane levels (green diamond).  



Figure S12. The number of ribbon synapses in otoferlin mutant IHCs remain unchanged 

(A, E, I) Maximum-intensity projections of confocal stacks of P 2-week mouse IHCs of different 

genotypes following immunolabeling for parvalbumin (blue), ribeye (red) and homer-1 (green). 

Only juxtaposed red and green dots are counted as ribbon synapses. Scale bar, 10 μm.  

(B, F, J) Statistics showed that the numbers of ribbon synapses per IHC are similar between 

otoferlin mutant mice and littermate control mice at 2 weeks of age.  

(C, G, K) Maximum-intensity projections of confocal stacks of P 8-week mouse IHCs of different 

genotypes following immunolabeling for parvalbumin (blue), ribeye (red) and homer-1 (green). 

Only juxtaposed red and green pairs are counted as ribbon synapses. Scale bar, 10 μm.  

(D, H, L) The numbers of ribbon synapses per IHC are similar between otoferlin mutant mice and 

littermate control mice at 8 weeks of age.  



Figure S13. Otoacoustic emissions indicate intact outer hair cell mediated cochlear 

amplification 

(A-B) Robust DPOAE in homozygous OtofD1060A mice (yellow, n=7) indicate normal OHC 

function across the cochlear frequency range. DPOAE growth function for two different pairs of 

stimulating primary tones: 9.4/11.3 kHz (A) and 13.3/16kHz (B).  

C-D) Similarly, homozygous OtofD990A mice (magenta, n=8) and homozygous OtofD990-996A mice

(E-F, red, n=9) have normal DPOAE across all tested frequency/intensity combinations. Data from

the same 8 wildtype controls are shown in all panels in black. All data are displayed as mean±SEM.

Light yellow/pink/grey lines indicate the average noise floor. No significant differences between

mutant and wildtype mice were detected.



Figure S14. Spontaneous and sound-evoked firing of spiral ganglion neurons indicate a 

reduced rate of initial release but largely intact vesicle replenishment at the afferent synapse 

of C2D mutants 

(A) Spontaneous firing rates of SGNs for Otofwt (black, N = 6, n = 32), homozygous OtofD1060A

(yellow N = 1, n = 8), OtofD990A (magenta, N = 4, n = 24), and OtofD990-996A (red, N = 3, n = 19)

mice displayed as an empirical cumulative distribution function.
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(B) Tuning curves of SGNs for Otofwt (black, N = 6, n = 31), homozygous OtofD1060A (yellow N =

1, n = 8), OtofD990A (magenta, N = 4, n = 23), and OtofD990-996A (red, N = 3, n = 19) mice showing

the sound pressure level (dB) at which a response above spontaneous firing rate was elicited for

tone bursts of varying frequencies.

(C) Thresholds and characteristic frequencies of the SGNs from the tuning curves in b.

Characteristic frequency was defined as the pure tone frequency that elicited a response above

spontaneous firing at the lowest sound pressure level (dB). Means thresholds are indicated with

stars and error bars represent the standard error of the mean (SEM).

(D) Peristimulus time histograms of SGN firing in response to 50 ms tonebursts at characteristic

frequency and 30 dB above threshold with an 100ms interstimulus interval for Otofwt (black, N =

6, n = 25), homozygous OtofD1060A (yellow N = 1, n = 7), OtofD990A (magenta, N = 3, n = 13), and

OtofD990-996A (red, N = 3, n = 13) mice. Mean traces are plotted with SEM indicated by fainter lines.

(E) Median first spike latency, (F) first spike latency variance, (G) onset firing rate, and (H)

adapted firing rate of the SGNs shown in d.

(I) Peristimulus time histograms of SGN firing in response to 50 ms tonebursts at characteristic

frequency and 30 dB above threshold with an 2000ms interstimulus interval for Otofwt (black, N =

6, n = 19), homozygous OtofD1060A (yellow N = 1, n = 7), OtofD990A (magenta, N = 4, n = 14), and

OtofD990-996A (red, N = 3, n = 13) mice. Mean traces are plotted with standard error of the mean

indicated by fainter lines.

(J) Median first spike latency, (K) first spike latency variance, (L) onset firing rate, and (M)

adapted firing rate of the SGNs shown in d. One variance in first spike latency data point was

excluded from the OtofD990A set (k) because it was more than 700 IQRs beyond the 3rd quartile.

The removal of this data point did not affect the significance level of the statistical analyses. The

unit from which this value was recorded was not removed from the dataset as other parameters we

recorded were within acceptable ranges.

Data in E-H, and J-M, and P-R are shown as box and whisker plots with data points overlaid, 

median, 25th and 75th percentiles (box), 10th and 90th percentiles (whiskers) displayed.  



Figure S15. Unchanged amplitude and voltage-dependence of activation of Ca2+-influx in 

mutant IHCs 

(A-C, G-I, M-O) Current-voltage relationships of voltage-dependent Ca2+ currents (A, G, M) do 

not show significant differences in current amplitude (B, H, N) or voltage-dependence (C, I, O). 

(D-F, J-L, P-R) Fractional activation of Ca2+ channels (D, J, P) extracted from the current-voltage 

relationships does not show significant difference in the voltage of half-maximal activation (Vhalf, 

E, K, Q) or voltage-sensitivity (slope, F, L, R).



Table S1. Data collection, refinement and validation statistics for the otoferlin (216-1931)-nanodisc complexes 

      Map M1 

 (30% PS, 10% PI(4,5)P2) 

  PDB 9QE2, EMD-53046 

    Map M2 

(25% PS, 5% PI(4,5)P2) 

PDB 9SEA, EMD-54805 

 Map M5 

  (merged datasets) 

PDB 9SFL, EMD-54827 

Data collection and processing 

  Electron gun X-FEG X-FEG

  Detector Falcon4i Falcon4i

  Magnification 165,000 165,000

  Energy filter slit width (eV) 10 10

  Voltage (kV) 300.0 300.0

  Dose rate (e-/A2/s) 15.2 15.8

  Electron exposure on sample (e-/A2) 37.85 38.08

  Target defocus range (µm) 1.1-2.3 0.8-2.0

  Calibrated pixel size (Å) 0.72 0.72

  Symmetry imposed C1 C1

  Collected movies (no.) 12,448 11,324

  Initial particle images (no.) 3,390,520 3,659,311

  Final particle images (no.) 751,004 394,677

  Map resolution at FSC=0.143 (Å) 2.3 2.23

Refinement 
 

Initial model used AlphaFold3 otoferlin (216-1931) otoferlin (216-1931) 

Model resolution (Å) 2.5 2.3 2.3 

Model resolution at FSC=0.5 (Å) 2.53 2.43 2.32 

Map sharpening B factor (Å2) -85.7 -69.0 -60.0

Model composition 

    Non-hydrogen atoms 12,479 12,380 12,381 

    Protein residues 1,547 1,533 1,533 

    Ligands 2x PS 2x PS 2x PS 

    Waters - - 1 

    Ions 9x Ca2+ 9x Ca2+ 9x Ca2+ 

 B factors (Å2) 

    Protein (min/max/mean) 52.28/210.98/103.85 57.65/195.91/102.11 35.99/204.73/83.36 

    Ligand (min/max/mean) 71.89/142.79/100.18 79.82/138.83/107.02 56.33/130.25/92.17 

    Water - - 55.54/55.54/55.54 

R.m.s. deviations

Bond lengths (Å) 0.005 0.004 0.005 

Bond angles (o) 0.823 0.795 0.806 

Validation 

    Molprobity score 1.04 1.12 1.01 

    Clashscore 1.70 1.75 1.47 

    Rotamer outliers (%) 0.59 0.81 0.66 

    Cβ outliers (%) - - - 

    CaBLAM outliers (%) 1.77 1.52 1.52 

    Ramachandran plot 

      Favored (%) 97.4 96.91 97.37 

     Allowed (%) 2.54 2.96 2.56 

     Disallowed (%) 0.07 0.13 0.07 



Table S2. Data collection, refinement and validation statistics for the lipid-free otoferlin (216-1931) structures 

    Map M6 (class 1) 

      Ca2+-bound 

PDB 9SEG, EMD-54809 

    Map M7 

(“closed”-like) 

 Ca2+-bound 

   Map M9 (class 2) 

      Ca2+-bound 

PDB 9SE5, EMD-54802 

Map M10 

Ca2+-free 

PDB 9SH0, EMD-54883 

Data collection and processing 

  Electron gun X-FEG X-FEG X-FEG 
  Detector Falcon4i Falcon4i Falcon4i 

  Magnification 165,000 165,000 165,000 

  Energy filter slit width (eV) 10 10 10 
  Voltage (kV) 300.0 300.0 300.0 

  Dose rate (e-/A2/s) 15.5 15.03 15.41 

  Electron exposure on sample (e-/A2) 38.13 37.88 37.91 

  Target defocus range (µm) 1.1-2.3 1.1-2.0 1.1-2.3 
  Calibrated pixel size (Å) 0.72 0.72 0.72 

  Symmetry imposed C1 C1 C1 

  Collected movies (no.) 11,981 3,489 8,187 
  Initial particle images (no.) 5,201,261 1,211,666 2,222,540

  Final particle images (no.) 189,916 66,665 91,966   163,771 

  Map resolution at FSC=0.143 (Å) 2.91 3.07 3.41  3.43 
Refinement 

 

Initial model used otoferlin (216-1931) otoferlin (216-1931) otoferlin (216-1931) otoferlin (216-1931) 

Model resolution (Å) 3.5 3.1 3.6 3.5 
Model resolution at FSC=0.5 (Å) 3.51 4.03 3.7 4.09 

Map sharpening B factor (Å2) -95.0 -60.7 -75.58 -113.7 

Model composition 
    Non-hydrogen atoms 11,977 12,199 11,944 10,297 

    Protein residues 1,489 1,517 1,483 1,284 

    Ligands - - - - 
  Waters - - - - 

    Ions 7x Ca2+ 9x Ca2+ 5x Ca2+ - 

 B factors (Å2) 

    Protein (min/max/mean) 35.86/247.35/112.52 30.35/213.45/103.75 26.06/241.84/102.82 84.0/325.01/156.15 

    Ligand (min/max/mean) 62.47/224.90/146.67 97.01/155.05/126.82 63.30/176.17/123.57 - 
  Water - - - - 

R.m.s. deviations 

Bond lengths (Å) 0.005 0.005 0.004 0.004 
Bond angles (o) 0.976 1.060 0.951 1.031 

Validation 

    Molprobity score 1.67 1.82 1.47 1.59 
    Clashscore 3.20 4.55 3.08 2.88 

    Rotamer outliers (%) 2.66 2.16 1.60 1.76 

    Cβ outliers (%) - - - 0.08 
    CaBLAM outliers (%) 1.57 2.81 1.51 2.54 

    Ramachandran plot 

   Favored (%) 96.47 95.22 96.66 95.36 

     Allowed (%) 3.46 4.52 3.20 4.56 
  Disallowed (%) 0.07 0.27 0.14 0.08 



Table S3. List of patient mutations, their phenotypes and mapping on the otoferlin structure 

Nucleotide change Amino 

acid 

change 

Domain Severity Zygosity Refer-

ence 

c.650A>G p.D217G C2A-C2B linker Mild Comp het (p.A1802V) (117) 

c.1469C>A p.P490Q C2C Profound Comp het (p.I515T) (118) 

c.1544T>C p.I515T C2C Profound Comp het (p.P490Q) (118) 

c.1550T>C p.L517P C2C Profound Comp het (p.I1967del) (119) 

c.1841G>A p.G614E C2CD Mild Comp het (p.R1080P) (120) 

c.3127G>A p.G1043S C2D Unreported Hom -- 

c.3239G>C p.R1080P C2D Mild Comp het (p.G614E) (120) 

c.4718T>C p.I1573T C2F Mild to profound Hom and Comp het 

(p. Ala1377Argfs*142) 

(121–

123) 

c.4882C>A p.P1628T C2F (dsRBD-like) Mild Comp het (p.E1700G) (124) 

c.5332G>T p.V1778F C2G Mild to moderate Hom (125) 

c.5405C>T p.A1802V C2G Mild Comp het (p.D217G) (117) 

c.5524G>A p.D1842N C2G Moderate Het (82) 

c.5900_5902delTCA p.I1967del TM proximal Mild to moderate, 

15% speech 

perception 

Comp het (p.L517P) (119) 

Abbreviations: Hom: homozygous, Comp het: compound heterozygous, Het: heterozygous 

Table S4. Statistical analysis of electron tomography of OtofTDA mice. 

N of RA-SVs 

Wt (n = 7 ribbons) 19.1 ± 2.2 

OtofTDA (n = 9 ribbons) 24.4 ± 1.6 

p > 0.05

Mice: N = 1 WT; N = 2 OtofTDA Wilcoxon signed-rank test 

N of MP-SVs 

Wt (n = 7 ribbons) 14.9 ± 1.1 

OtofTDA (n = 9 ribbons) 16.7 ± 1.0 

p > 0.05

Mice: N = 1 WT; N = 2 OtofTDA Wilcoxon signed-rank test 

Fraction of docked SV in MP-SV pool 

Wt (n = 7 ribbons) 0.334 ± 0.051 

OtofTDA (n = 9 ribbons) 0.298 ± 0.052 

p > 0.05

Mice: N = 1 WT; N = 2 OtofTDA Wilcoxon signed-rank test 

Average distance of MP-SVs to the membrane 

Wt (n = 104 MP-SVs) 13.8 ± 1.4 

OtofTDA (n = 150 MP-SVs) 13.8 ± 1.3 

P > 0.05

Mice: N = 1 WT; N = 2 OtofTDA Wilcoxon signed-rank test 

Average distance of docked SV to the PD 

Wt (n = 36 docked SVs) 25.4 ± 5.0 

OtofTDA (n = 150 docked SVs) 22.7 ± 4.3 

p > 0.05

Mice: N = 1 WT; N = 2 TDA KO Wilcoxon signed-rank test 



Movie Legends 

Movie S1. Cryo-EM maps of membrane-bound otoferlin (residues 216-1931). 

The final cryo-EM map of otoferlin (residues 216-1931) bound to an MSP2N2 lipid nanodisc has 

been coloured after the modelled domains. A low-pass filtered (to 8 Å) cryo-EM density map 

(grey) has been contoured around the high-resolution map of otoferlin.   

Movie S2. The membrane-binding interfaces resolved in the otoferlin (216-1931)-nanodisc 

complex.   

The cryo-EM density map of otoferlin (216-1931) has been low-passed to 8 Å to enable the 

visualization of ordered protein-membrane contacts and is contoured (grey) around the final 

cryo-EM model. The resolved structural motifs of otoferlin are coloured.   

Movie S3. Morphing between the lipid-free and nanodisc-bound structures of otoferlin. 

The two structures were superimposed based on the rigid C2C-C2D region and the movement of 

the otoferlin domains between the two models (morphing) were estimated in ChimeraX v.1.8.  

Movie S4. Superposition of the lipid-free and nanodisc-bound structures of otoferlin (216-

1931).  

The two cryo-EM structures of otoferlin were aligned based on the C2C-C2D region. The 

domains of otoferlin are colour-coded as in Fig. 1.  
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