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Dear Editor,

Afferent synapses of cochlear inner hair cells (IHCs)
employ a unique molecular machinery (see extended
background in Supplementary Materials). Otoferlin is
a key player in this machinery and its defects cause
human auditory synaptopathy (Moser and Starr,
2016). Otoferlin, a tail-anchored (Vogl et al, 2016)
multi-C,-domain protein (Fig. 1Ai) specific to hair cells
(Roux et al., 2006), is a member of the ferlin protein fam-
ily involved in membrane trafficking and repair that are
of major disease relevance (Pangrsi¢ et al., 2012), also
see Supplementary Materials. Otoferlin is distributed
broadly within IHCs (Fig. 2Ai-Aiii; Pangrsic et al., 2010;
Roux et al., 2006). Otoferlin seems to have a multifaceted

role in the synaptic vesicle (SV) cycle at IHC active zones
(AZs) (Moser and and Starr, 2016), serving as (i) candidate
Ca?* sensor of SV fusion (Johnson and Chapman, 2010;
Michalski et al., 2017; Roux et al., 2006) and (ii) promoter
of Ca* dependent SV replenishment at the release sites
(Pangrsic et al., 2010; Strenzke et al., 2016; Vogl et al,,
2016), and mediating exocytosis—endocytosis coupling
(Jung et al., 2015). AlphaFold2 prediction of otoferlin
structure (Figs. 1Aii and S1A) suggests that the Ca?* bind-
ing top loops of the C_E domain contribute to the ring-like
tertiary structure by intramolecular interaction with the
C,B domain. This likely involves electrostatic interactions
and can potentially be modulated by Ca* bound to CE.
Ca? binding by CE likely involves the highly conserved

Accepted 9 November 2023.

© The Author(s) 2023. Published by Oxford University Press on behalf of Higher Education Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

—]
(]
O
oJ
c
or=i
(]
)
()
St
(a W



https://orcid.org/0009-0003-1357-5161
https://orcid.org/0000-0002-4757-9385
https://orcid.org/0000-0002-7495-9789
https://orcid.org/0000-0002-6719-3447
https://orcid.org/0000-0001-7145-0533
mailto:tmoser@gwdg.de
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwad058#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwad058#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwad058#supplementary-data
https://creativecommons.org/licenses/by/4.0/

306 | Chenetal

= Otof */* N=5
— Otof 13T N =5 Ci kHz Cii kHz
TDA/TDA N=6 02505 1 2 4 8 0.250.5 2 4 8
0 0
20 20
— 40 40
g Baak } 260 E B 60
& 80%# "
100 100
S : :
o= 6 g 120 i 120
3 3 years 11 months 16 years
S _
= Diii Ei 2.0

404
o Otof */+ 1.5-
304 © OtOfTDA/TDA )

1 \ | : 3
& = 1.0-
Uezo- &}
g 3
10_ 05'
0.
05 20 50 100

0.2 0.4 0.8

—r—rT
0 10 20 30 40

Time (s) Depolarization duration (ms) Time (s)
Eii *ok Eiii il Fi Fii Fiii
4 5004 FL-otoferlin 56 TDA Ca* 1,000
n MW JR— 2+
] WT Ca
3] . 4004 . (kDa) a0 54 S Q
— ~ m il —_ o
5 & 300- 250 g 52 £
£ 2+ 5 E g
ol 501 E 100-
= OF 200 130 i i E
1. S . . 100 — 48] &
. 1001 70 — =)
46+
04 [ ] 0 n 55— T T T T 1 104
T T 1 10 100 1,000 10,000 L
TDA  WT TDA ~ WT Ca?*concentration (umol/L) TDA  WT

Figure 1. Ca** binding to the C,E domain of otoferlin is required for hair cell exocytosis and hearing. (Ai) Domain organization
of otoferlin. Otoferlin is a single-pass transmembrane protein (1,997 amino acids in human) consisting of seven C, domains (C,A-F
and C,DE), one C, domain-like domain (amino acids 607-918, not displayed for simplicity), one FerB domain and a C-terminal
transmembrane (TM) domain. (Aii) AlphaFold2-predicted overall structure of the otoferlin protein as a ribbon diagram. (Aiii) Predicted
model of otoferlin C,E domain: the putative Ca? binding pocket is formed by top loops 1 and 3. The aspartates substituted by alanine
in Otof™™V™4 and isoleucine 1573 substituted by threonine in Otoft'**15T gre highlighted in orange and blue, respectively. (B)
Auditory brainstem responses (ABRs) could not be elicited by 100-dB click stimuliin 9-11-week-old homozygous Otof™™™* mice (middle,



aspartates D1508, D1514, D1563, D1565, and D1570/
D1571 (Figs. 1Aiii and S1B). Reported [Ca*],, values of
C,E amount to 25 pmol/L and 7.5 pmol/L in the absence
and presence of phospholipids, respectively (Johnson and
Chapman, 2010). Here, we targeted three of them for ala-
nine substitution by CRISPR/Cas9 genome-editing and
generated homozygous OtofP?*62/156515/%4 mjice (which we
abbreviate Otof™"#™4 for “triple D (aspartate) to A (ala-
nine)”). In addition, we introduced a human mutation
(I1573T, Otoftt*7*”11575T mice) in the immediate proximity
of the Ca* binding top loop aspartates (Fig. 1Aiii) that
we expect to affect Ca?/phospholipid binding. Correct
editing was confirmed by amplifying genomic fragments
by location-specific PCR and Sanger sequencing the cor-
responding PCR amplicons. Recordings of ABRs indicated
a loss of synchronized activation of spiral ganglion neu-
rons (SGNs) (wave I reflecting the SGN compound action
potential (CAP)) and propagated neural activity along
the early auditory pathway despite sizable summating
potential (primarily reflecting the IHC receptor potential)
in homozygous Otof™/™4 and Otof!***7153T mice (Fig. 1B).
Distortion product otoacoustic emissions (DPOAEs) were
observed in both mutants indicating intact cochlear
amplification by outer hair cells (OHCs, Fig. S2). Lack of
ABR despite intact OHC function signifies auditory syn-
aptopathy or neuropathy (Moser and Starr, 2016).

Lack of ABR was also reported for a nine-year-old child
homozygous for OTOF**”*" (Yildirim-Baylan et al., 2014).
Here, we report the clinical data of a Brazilian individ-
ual with a homozygous OTOF'**”*" variant (Fig. S3A and
further Suppl.). Following an initial suspicion of hearing
impairment around 12 months of age by the mother, the
child was later clinically diagnosed at the age of 3 years
11 months and had delayed speech acquisition. At the
age of 4 years, a lack of ABR was identified (tested up to
85dB (HL), not shown), despite otoacoustic measured as
membrane capacitance (Fig. S3B). This is consistent with
data obtained from the Otof***”>75T mouse model and
supports the notion of an auditory synaptopathy with
intact OHC function but impaired synaptic sound encod-
ing. Comparing the first (3 years 11 months, Fig. 1Ci) and
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last (16 years, Fig. 1Cii) available audiograms, hearing
impairment remained stable, at moderate to profound
severity, contrasting the previous notion of progressive
hearing impairment in homozygous OTOF*>”*" patients
(Yildirim-Baylan et al., 2014). The patient currently uses
hearing aids, which improve his hearing sensitivity by
35 dB. The patient had normal motor neurodevelopment
and no other pathologies were found by routine diag-
nostics including electroencephalography and magnetic
resonance imaging of the brain. At 5 years of age, the
patient was referred for genetic testing where sequenc-
ing of OTOF uncovered the homozygous OTOF**73T var-
iant. His mildly hearing impaired parents were each
confirmed as heterozygous carriers of the OTOF?**73T
variant. Re-evaluation of the genetic variant in light of
the Otof!>7371573T mice definitively reclassifies the variant
from likely pathogenic (range: 6-9 points) (PS1_Strong,
PM2_Supporting, PM3_Supporting, PP3_Supporting, PP4_
Supporting, 8 points) to pathogenic (> 10 points) (adding
PS3_Strong, 12 points).

We then took advantage of the novel mouse mutants
to investigate the precise cellular and synaptic mecha-
nisms of impaired sound encoding upon C,E mutation.
As reduced or jittered SGN spiking may fail to elicit
detectable ABRs, we attempted recordings of sound-
evoked neuronal spiking activity in vivo in the region
where the auditory nerve enters the cochlear nucleus.
These recordings assay synaptic sound encoding at sin-
gle afferent IHC synapses with great precision and have
been instrumental in revealing a function of otoferlin in
SV replenishment to the readily releasable pool (Pangrsic
et al.,, 2010; Strenzke et al., 2016). However, in contrast to
wild-type (WT) mice, recording from Otof™*™* mice did
not detect any obvious sound-evoked neural activity in
that region. In a total recording duration of 23.5 hours
in five Otof™*/™™ mice, we never encountered any sound-
evoked action potentials. For comparison, in a WT mouse
dataset, we, on average, recorded one auditory nerve
fiber and one other sound-responsive neuron (e.g., bushy
cells and multipolar cells of the cochlear nucleus) per
90 min of the running experiment. These data support

individuals: light blue, grand mean: blue) or 5-7-week-old homozygous Otof**/*”>75T mice (bottom, individuals: pink, grand mean:
red), whereas normal responses were seen in control mice (top, individuals: grey, grand mean: black). (C) Audiograms of the patient
at 3 years 11 months (Ci) and 16 years (Cii): red arrow heads and circles represent bone and air conduction thresholds of the right
ear, blue arrow heads and crosses represent bone and air conduction thresholds of the left ear. (Di) No difference in the amplitude
and voltage-dependence of Ca? currents between Otof™™4 and Otof** IHCs (mean + SEM, N = 8 Otof™4™4 mice, n = 15 Otof™®#™4 THCs,
N =10 Otof** mice, n =25 Otof** IHCs). (Dii) Representative Ca** currents (top panel) and changes in membrane capacitance (AC_)
(lower panel) of Otof™™* (red) and control Otof*+ IHCs (black) in response to 100 ms depolarization to the voltage where maximum
Ca? currents were elicited (-14 mV). Lack of exocytic AC  in Otof™/™4 IHCs. (Diii) Lack of exocytic AC  as function of duration of
depolarization to —14 mV in Otof** and Otof™#™*A THCs (mean + SEM). (E) Membrane capacitance recordings with a high concentration
of Ca* (10 mM or mmol/L) in the pipette revealed exocytic AC_ in both Otof** and Otof ™™™ [HCs (mean + SEM, n = 9 IHCs for both
genotypes) (Ei), but with reduced amplitude (Eii) and much slower kinetics (Eiii) in Otof™#™4 IHCs. (Fi) Western lot showing affinity-
purified full-length (FL) TDA-otoferlin from insect cells. MW: molecular weight. (Fii) Ca?* binding induced thermal stabilization of
WT-otoferlin requires a lower Ca? concentration than for TDA-otoferlin, suggesting a reduction of the Ca?-binding affinity in TDA-
otoferlin (Fiii).
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Figure 2. Reduced otoferlin protein levels upon C,E mutagenesis but maintained ribbon synapses. (Ai) Staining with both
N-terminal and C-terminal antibodies showed the expected broad otoferlin distribution in IHCs except for the nucleus. Line profile
analysis (from apex to base, indicated as a white dashed line) revealed an enrichment of otoferlin near the plasma membrane
for THCs of both Otof™*/™# (Aii) and littermate control (Ai) mice. Scale bar, 10 pm. (Aiii) Otoferlin immunofluorescence intensity
averaged over basal and apical intracellular regions of interest (white boxes) indicated reduced otoferlin levels in Otof™*/™* THCs
compared to littermate control IHCs (**P < 0.001, Wilcoxon Rank test). Box and whisker plots represent median, 25th and 75th, as
well as 10th and 90th percentiles. (B) Maximum-intensity projections of confocal stacks of postnatal day 14-18 (P14-18) Otof** (Bi)
and Otof™4™A THCs (Bii) following immunolabeling for parvalbumin (blue), ribeye (red), and homer-1 (green). Juxtaposed ribeye and
homer-1 immunofluorescent spots indicate ribbon synapses. Scale bar, 10 pm. (Biii) The number of ribbon synapses per IHC was
slightly higher for Otof™™*™4 mice, ** P < 0.001. (C) Representative electron micrographs from the different Otof™*™4 and Otof** ribbon
synapses. R: ribbon, SV: synaptic vesicle, PM: plasma membrane. (Di) Data from (Pangrsic et al, 2010; Strenzke et al, 2016; Vogl et al,
2016) and this study. Data obtained on OtofP¥7¢7¢/P1767¢ gnd Otof**7/1°T THCs initiated the notion that SV replenishment has a more



the notion of a major sound encoding failure at afferent
[HC synapses of Otof™*™A mice in vivo.

To further address the effects of the CJE muta-
tions on presynaptic IHC function, we performed
perforated-patch recordings from IHCs of Otof™™/™4 and
Otoft>31573T mice in the third postnatal week (postna-
tal day 14-18 (P14-18)). Despite normal voltage-gated
Ca? influx (Fig. 1Di and Dii), which is in line with the
normal number of afferent synapses (see Fig. 2), both
Otof™PA/TPA (Fig. 1D) and Otof!*/37/173T [HCs (Fig. S4) lacked
exocytosis measured as membrane capacitance (C_)
increments (Fig. 1Dii and Diii) with residual IHC exocy-
tosis of both mutants being comparable to that of Otof -
[HCs (Pangrsic et al., 2010; Roux et al., 2006). Considering
that the otoferlin levels of Otof™4/™4 and Otof!t>73/115737
[HCs (55% and 20%, respectively, see Figs. 2 and S8) are
comparable to OtofP71T (Strenzke et al., 2016) and
OtofP/e7¢/b17676 (Pangrsic et al., 2010) IHCs, respectively,
which both show intact phasic Ca?* exocytosis, we aimed
to address the possibility that impaired Ca* binding to
otoferlin underlies the lack of Ca?*-influx-triggered exo-
cytosis in Otof™*™* [HCs. We reasoned that a lowering
of Ca?* affinity due to the C,E mutations could render
the [Ca?'] achievable with voltage-gated Ca?* influx at the
[HC SV release sites (likely between 50 and 150 pmol/L,
see Suppl.) insufficient to serve as a trigger of SV fusion.
We expected that uncaging of Ca?*-loaded DM-Nitrophen
reaching [Ca%] up to 100 pmol/L in IHCs (Beutner et al.,
2001) would not help overcome the postulated gap to the
[Ca*] required for fusion.

Therefore, we turned to ruptured-patch C_ recordings
with 10 mmol/L [Ca?] in the pipette, to test for poten-
tial exocytosis at higher [Ca?] (Figs. 1Ei-Eiii and S5).
In line with the above hypothesis, we could elicit a C |
increase in Otof™PA™4 THCs, which, however, proceeded
with slower kinetics and reached lower maximal ampli-
tudes than in Otof** IHCs. Otof** IHCs typically showed
an onset of the exocytic C _ rise around 1-5 s after mem-
brane rupture, that peaked at or above 1 pF, followed by a
likely endocytic C_ decline while the other outputs of the
impedance analysis (series and membrane resistance)
remained largely constant, confirming the specificity
of the C_ change. Despite comparable exposure to the
pipette [Ca?] given similar series resistance (12.5+ 1.3
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MQ for Otof™4/™2 THCs, n=9 vs. 12.7 + 1.1 MQ for Otof**
IHCs,n =9), the C_ rise of Otof™*™* IHCs started around
10 s after membrane rupture and stayed below 1 pF for
the duration of the recording.

To further scrutinize the functional alterations caused
by the Otof™™4 mutation, we performed in vitro exper-
iments on purified full-length otoferlin. Full-length
otoferlin was obtained at high purity from SF9 insect
cells using affinity and ion exchange chromatography
(Figs. 1Fi-Fiii and S6). We then subjected TDA-otoferlin
to nano differential scanning fluorimetry (nanoDSF) and
found Ca?, but not Mg, to increase the melting tem-
perature (Tm) in a dose-dependent manner (Fig. S6B and
S6C). This suggests TDA-otoferlin still and selectively
binds Ca?. We then analyzed Ca? dependence of Tm for
TDA-otoferlin in comparison to WT-otoferlin, both in the
absence of phospholipids (Fig. 1Fi and Fii). We found that
the estimated [Ca*],,, of TDA-otoferlin was significantly
higher than for WT-otoferlin ([Ca”],,=321.6+52.2
pmol/L for TDA-otoferlin vs. [Ca*], , = 104.5 + 16.3 umol/L
for WT-otoferlin, mean + SEM, P<0.01) which is sug-
gestive of a reduced Ca?* binding affinity in the mutant
(Fig. 1Fiii). In summary, analyses of the C,E mutations
indicates an essential role of the domain for Ca? trig-
gered exocytosis in IHCs likely involving Ca?* sensing for
SV fusion and/or replenishment.

We then turned to semiquantitative analysis of otofer-
lin immunofluorescence (antibodies to C- and N-terminal
epitopes) in the mutant mice which revealed a reduced
expression but near normal subcellular distribution of
otoferlin in Otof™#/™4 THCs (Fig. 2Ai and Ali). Line pro-
files, drawn from apex to base, showed the typical api-
cal and basal maxima of otoferlin immunofluorescence
(with the center dip corresponding to the nucleus). The
fluorescence peak at the basal edge (arrows in A, and
A,) corresponds to otoferlin expression in the plasma
membrane which was maintained in Otof™™/™ THCs. In
order to further scrutinize the subcellular abundance of
otoferlin, we quantified otoferlin immunofluorescence
in apical and basal regions of interest (Fig. 2Aiii), which
revealed a reduction to 60.4% +4.7% and 55.3% + 3.2%
(n=96 [HCs from N =12 Otof™™* mice, n=95 IHCs
from N = 12 Otof** mice), respectively. Using quantitative
PCR of mRNA obtained from Otof™”*™# organs of Corti,

stringent requirement of otoferlin than fusion. Otof™*™4 and Otof*>*”1573T [HCs lack exocytosis as much as Otof /- despite residual
otoferlin expression (55% and 20%, respectively). (Dii) Postulated roles of the C,F domain in membrane targeting (modified from Vogl
etal. (2016)) and of the CE domain in Ca?* dependent SV priming and Ca*" triggered SV fusion (C,E) in a speculative model of otoferlin
function at IHC synapses. (1) Otoferlin is translated, the C,E domain is important for the folding of otoferlin via intramolecular
interaction with the C,B domain. (2) The transmembrane recognition complex (TRC40) pathway mediates the membrane insertion
of otoferlin. (3) Otoferlin contributes to SV tethering to the AZ membrane, potentially involving homophilic and heterophilic protein-
protein interaction and binding to the target membrane (SV or AZ). (4) Upon Ca* rise during depolarization, the ring of C, domains
inserts into the target membrane via top-loop Ca*-phospholipid interaction. This could further draw together SV and AZ membrane
into a docked and potentially primed state. Alternatively, upon a Ca® rise, the C,E domain might disengage from C,B and become
available for Ca?*-phospholipid interaction, thereby initiating the insertion of the C, domains into the target membrane. This, as well
as the precise molecular mechanism of the subsequent membrane fusion, remains to be elucidated.
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we found increased otoferlin mRNA levels suggest-
ing a compensatory upregulation of Otof transcription
(Fig. S7). Otoftt>7311153T THCs showed a more drastic reduc-
tion of otoferlin levels (Fig. S8A-D) to 25.20% + 2.28% and
20.54% + 2.70% in apical and basal regions (Otof!*737/1573T;
n=>50IHCs, N = 6 mice; Otof"*: n = 125 IHCs, N = 15 mice)
with comparable mRNA levels suggesting reduced pro-
tein abundance despite intact Otof transcription (Fig. S8E
and S8F).

Next, we evaluated the IHC-SGN connectivity using
immunohistochemistry for IHC synaptic ribbons and for
the postsynaptic density of SGNs. Counting juxtaposed
pairs of ribbons and postsynaptic densities (Khimich et al.,
2005) indicated that ribbon synapses were present in
comparable number in Otof ™™ THCs (Fig. 2B) and
Otoft>73/1573T THCs at 3 and 4 weeks of age (Fig. S9). We then
addressed the synaptic ultrastructure of Otof™*™4 THCs
using conventional embedding and transmission elec-
tron microscopy of ultrathin sections (Fig. 2C). In keep-
ing with immunofluorescence microscopy, we found AZs
with anchored ribbons and comparable ribbon area in
Otof™™4 THCs (Fig. S10A). Counting SVs revealed normal
total SV counts per ribbon and a slightly lower SV den-
sity at AZs of Otof™*™4 THCs (Fig. S10B and S10C, P < 0.01).
We then focused on the two morphological SV pools,
ribbon-associated (RA)-SVs and membrane-proximal
(MP)-SVs, as was done previously (Jean et al., 2018). The
MP- and RA-SVs of Otof™4/™4 THCs were unaltered in num-
bers (Fig. S10D and S10E). Finally, we observed pleomor-
phic vesicles at Otof™™™* ribbon synapses (Fig. 2C, white
arrow). These vesicles were found at the ribbon as well as
at the AZ membrane and might represent endosome-like
vacuoles (Jung et al., 2015).

In summary, detailed molecular and cellular analysis of
the novel mouse mutants aimed to disrupt Ca? binding of
the C,E domain revealed a lack of Ca* influx-triggered IHC
exocytosis despite considerable expression of otoferlin
remaining in IHCs. The levels of otoferlin in the basolat-
eral IHC pole were reduced from moderately in Otof™A/™4
to profoundly in Otof'**37 115731 Different from other Otof
mouse mutants, we found the afferent IHC synapses to be
maintained in the two novel mutants. Moreover, the ultra-
structure of the AZs of Otof™/™# [HCs appeared largely
intact. In keeping with the hypothesis that otoferlin acts
as a Ca? sensor in IHC exocytosis, we found Ca?" bind-
ing by TDA-otoferlin to be altered and exposure to mil-
limolar [Ca?] via the patch-pipette to elicit exocytosis in
[HCs, albeit with a drastically reduced rate. We conclude
that the C,E domain is critical for otoferlin function. Aside
from its likely role in Ca? triggered membrane fusion, the
Ca?-bound pocket of the C,E domain might be important
for the tertiary structure of otoferlin, e.g., by interacting
with the N-terminal C,B domain.

Thus far, in vitro approaches to structure-function
analysis of full-length otoferlin have been largely

lacking, to our knowledge, partly due to the difficulty in
purifying full-length otoferlin at good quantity and qual-
ity. Therefore, modeling human OTOF missense muta-
tions in mice and testing hypotheses regarding otoferlin
function using site-directed mutagenesis and multiscale
analyses of the auditory system have been essential to
advance our understanding of the role of otoferlin in the
physiology and pathophysiology of afferent synapses
between IHCs and SGNs. Compared to published data
on mutations affecting the C,C domain (Michalski et al,,
2017; Strenzke et al., 2016) where ABRs are preserved
albeit with reduced amplitude, ABRs were more strongly
affected upon manipulation of the most C-terminal
stretch of otoferlin including the C,E and C,F domains
(Pangrsic et al., 2010; Vogl et al., 2016). The lack of ABRs
in homozygous OTOF'*’*T patients and in Otof!**737/ 15737
mice contrast the psychophysical evidence of residual
acoustic sensitivity in the human patients. Pure tone
audiometry indicated a progressive (mild to severe) hear-
ing impairment in the four pediatric cases of Turkish
descent reported by Yildirim-Baylan et al. (2014), while
a profound hearing impairment was found in a Japanese
toddler (Iwasa et al., 2022), and moderate to profound
hearing impairment in the patient described in this
study. This discrepancy is consistent with the notion that
recordings of ABR and SGN compound action potential
more sensitively report impaired synchronous transmis-
sion at afferent synapses between IHCs and SGNs than
pure tone audiograms (Moser and Starr, 2016).

However, speech understanding is strongly impaired
and typically not improved by hearing aids (currently
used by the homozygous OTOF**°T patient reported
here), which has resulted in fitting of cochlear implants
(Moser and Starr, 2016). Regarding the apparent dis-
crepancy between the near complete lack of exocyto-
sis in Otof!**73™11573T [HCs and the residual hearing in the
homozygousOTOF>’3T patients, we speculate that our
patch-clamp analysis of exocytosis and the recordings
of ABR might not be ideally suited to study the resid-
ual synaptic transmission at the afferent synapses of
Otoftt3/157T THCs. Indeed, the residual synaptic trans-
mission of the afferent IHC synapse, despite the lack of
ABR, was indicated by recordings of exitatory postsynap-
tic currents and sound-evoked SGN firing in Otof mutant
mice (Pangrsic et al., 2010), and we might have missed
such residual firing in our attempted SGN recordings
from Otof™*™PA mice. Further evidence for partial otofer-
lin functionality in the two alleles targeting CE studied
here is the maintenance of IHC synapses, which are par-
tially lost in Otof”~ [by ~50% (Roux et al., 2006), also see
Supplementary Materials], and OtofP/¢’¢/P16’G mice [by
~20%, (Pangrsic et al., 2010)].

Candidate molecular disease mechanisms causing
hearing impairment in otoferlin-related auditory synap-
topathies include alterations of translation, membrane
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and subcellular targeting, Ca?-, lipid-, and protein-
binding, and stability or turnover of otoferlin. Our over-
all conclusion from analyzing the novel mouse mutants
and the purified TDA-otoferlin is that C,;E domain con-
tributes to Ca* sensing for SV fusion. However, the
mutations caused additional alterations such as reduced
otoferlin levels and/or disturbed subcellular otofer-
lin distribution which need to be considered carefully.
Previous analysis of mouse mutants with reduced levels
of otoferlin, be it due to Otof mutation (Jung et al., 2015;
Pangrsic et al., 2010; Strenzke et al.,, 2016) or disruption
of interacting proteins (Jung et al., 2015; Vogl et al., 2016),
showed that Ca* triggered SV fusion is robust down to
at least 25% of WT levels (Otoff¥/¢’¢/P17676) while the rate
of SV replenishment is more sensitive to reduced otofer-
lin levels (Fig. 2Di). Otoferlin levels in Otof™*™4 THCs
amounted to ~55% of WT levels. This exceeds otoferlin
levels in OtofP17e76/b1767¢ and Otof**1T THCs that showed
intact SV fusion. Hence, the near complete lack of Ca*-
influx-triggered SV exocytosis of Otof™*™4A THCs cannot
be merely due to the reduced otoferlin levels. Instead,
it likely reflects an impairment of Ca?*-sensing for SV
fusion, although other possibilities cannot be ruled out
unequivocally.

Support for the notion that Ca® binding to the CE
domain participates in Ca?* sensing for SV fusion in IHCs
includes the reduction of the apparent Ca? affinity of
TDA-otoferlin as indicated by nano-DSF. These experi-
ments did not reveal a significant reduction of thermal
stability, which argues against a major alteration of the
tertiary structure of TDA-otoferlin. We propose that the
reduced Ca?* affinity of TDA-otoferlin places the Ca*
dependence of exocytosis in Otof™*™4 [HCs outside the
range of [Ca?'] achieved by voltage-gated Ca? influx and
Ca? uncaging [up to ~100 pumol/L Beutner et al. (2001)].
In a first attempt to address this issue, we used dialy-
sis of high [Ca%] from the patch-pipette, which indeed
unlocked some exocytosis in Otof™#/™* THCs albeit with
slower kinetics and lower amplitude as compared to
Otof** THCs. These results are consistent with the notion
that Ca* binding to the C,E domain contributes to Ca*
sensing for SV fusion in IHCs. However, they do not pro-
vide definitive proof. Ideally, the expected changes in
the Ca? dependence of SV fusion should be tested for
by measurements of initial release from the readily
releasable pool of SVs for step-like elevations of [Ca?]
at the release sites to different levels. Future experi-
ments should involve more subtle alterations of the C.E-
top loop function by substituting only one or two of the
putative Ca? coordinating aspartate residues. This might
place the Ca?* dependence of IHC exocytosis back into
the range of time-resolved [Ca?] changes achievable by
voltage-gated Ca?" influx or Ca? uncaging.

We summarized our interpretation of the current
findings in a speculative model (Fig. 2D) that highlights
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the role of the C-terminal CE domain. The presence of
otoferlin in the SV and presynaptic plasma membranes
has been demonstrated by immunofluorescence and
immunogold-labeling (Pangrsic et al., 2010; Roux et al,,
2006; Strenzke et al.,, 2016). Otoferlin contributes to
SV tethering to the AZ membrane (see Supplementary
Material) potentially involving homophilic and heter-
ophilic protein-protein interaction and binding to the
target membrane (SV or AZ), which we consider a loose
and reversible state of SV immobilization. Ca? binding
to C,E and other C, domains might then draw the SV and
AZ membranes further together, e.g., by forming a ring-
like tertiary core structure that inserts into the target
membrane via C, domain-Ca*-phospholipid interaction
(Fig. 1) and by “kinking” the membrane-bound ring rel-
ative to the transmembrane domain. This might corre-
spond to the morphologically docked SV state, which is
rare and likely transient at resting IHC AZs (Chakrabarti
et al,, 2022) and thus prepare fusion by generating cur-
vature in both the SV and AZ membranes. We specu-
late that SVs proceed from there to fusion, if provided
with sufficient [Ca?'], or undock again. Future work will
be required to test this model and to reveal whether
the actual SV fusion is then mediated by SNARE-based
machinery or executed by an unconventional ferlin-
based fusion machinery.

Supplementary information

The online version contains supplementary material
available at https://doi.org/10.1093/procel/pwad058.
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