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Congenital	hearing	loss	is	a	common	disorder	and	over	60	mutations	in	the	sensory	hair	cell	

protein,	otoferlin,	have	been	linked	to	pre-lingual	deafness.	Although	otoferlin	is	essential	for	

hearing,	the	large	size	and	low	solubility	of	the	protein	have	limited	approaches	to	study	its	

function	on	a	molecular-level.	To	overcome	these	challenges,	we	have	developed	single-

molecule	fluorescence	assays	which	have	allowed	us	to	quantitatively	probe	otoferlin	function.	

Based	upon	our	findings,	we	have	shown	that	otoferlin	acts	as	a	calcium-sensitive	scaffold	for	

other	membrane-fusion	proteins	at	the	plasma	membrane.	The	ability	to	localize	fusion	proteins	

at	the	site	of	calcium-influx	would	reduce	synaptic	delay	and	allow	for	rapid	neurotransmitter	

release	in	response	to	a	sound	stimulus.	Second,	we	have	directly	shown	that	otoferlin	inserts	

into	lipid-bilayers.	This	finding	is	significant	because	insertion	into	the	membrane	bilayer	has	

been	demonstrated	to	be	a	crucial	step	for	mediating	the	fusion	of	synaptic	vesicles	to	the	

plasma	membrane.	
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Chapter	1	

Introduction	and	literature	review	
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1.1	Lipids	and	membranes	

	 Compartmentalization	is	one	of	the	fundamental	principles	of	eukaryotic	cells.	Sub-

compartmentalization	by	membrane-bound	organelles	within	the	cell	enables	segregation	of	

specific	chemical	reactions	to	increase	biochemical	efficiency.	Eukaryotic	organisms	must	be	

able	to	maintain	the	integrity	of	membrane-bound	organelles	while	simultaneously	transporting	

cargo	from	one	compartment	to	another,	in	and	out	of	the	cell.		To	do	so,	eukaryotes	must	

undergo	continuous	fission	and	fusion	of	organelles	and	whole	cells	without	disrupting	

intracellular	contents.	Membranes	provide	the	strong	and	flexible	barriers	that	mediate	this	

process	and	thus	play	an	important	role	in	all	these	essential	functions1,2.	Membranes	enclosing	

cells	and	organelles	are	defined	by	a	series	of	flat	and	curved	regions3.	These	regions	arise	as	a	

result	of	asymmetric	distribution	of	lipids	between	the	leaflets4,5.		

	 Lipids	are	the	basic	unit	of	all	membranes	and	are	responsible	for	membrane	features	

such	as	curvature,	thickness,	fluidity	and	pressure1,6–8.	Phospholipids,	the	most	abundant	lipids	

in	membranes,	consists	of	hydrophobic	head	groups	and	at	least	one	hydrophobic	fatty	acid	

hydrocarbon	tail1.	Variations	in	the	type	of	head	group	and	the	number	and	length	of	the	

hydrocarbon	tail	directly	affect	membrane	packing9.	Major	structural	phospholipids	of	

eukaryotic	membranes	include	phosphatidylcholine	(PC),	phosphatidylethanolamine	(PE),	

phosphatidylserine	(PS),	and	phosphatidylinositides	(PI).	Phosphatidic	acid,	a	pre-cursor	to	

phospholipids,	is	also	found	in	high	abundance	in	eukaryotic	membranes4.	PC	accounts	for	more	

than	50%	of	lipids	in	all	biological	membrane	types4,	while,	lipids	PE	and	PS	are	enriched	in	the	

cytosolic	leaflets	of	the	endoplasmic	reticulum,	Golgi	body,	plasma	membranes	and	early	

endosomal	membranes3,10–13.	PS	is	an	anionic	lipid	and	as	a	result,	membrane	electrostatics	

depend	largely	on	the	amount	PS	present,	which	ranges	from	a	low	percentage	in	the	

endoplasmic	reticulum	to	more	than	10%	in	plasma	membrane6.		

	 PIs	are	another	class	of	lipids	found	in	eukaryotic	membranes.		The	PIs	and	PIPs	(PI	

derivatives),	play	an	important	role	in	membrane	homeostasis4,14,15.	PIPs	located	on	the	cytosolic	

surface	of	cells	often	recruit	organelle-specific	proteins	involved	in	vesicle	trafficking	and	signal	

transduction16,17.	For	example,	phosphatidylinositol	4,5-bisphosphate	(PI(4,5)P2)	is	found	on	the	

inner	leaflet	of	the	plasma	membranes	where	it	plays	a	role	in	G	protein	receptor	signaling,	

cytokinesis,	endocytosis	and	apoptosis16,18–21.	Both	PI(4,5)P2	and	phosphatidylinositol	4-

phosphate	(PI4P)	are	concentrated	at	membranes	involved	in	exocytotic	pathways22.	
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Additionally,	PI4P	can	be	found	in	the	trans-Golgi	network4.	Phosphatidylinositol	3-phosphate	

(PI3P)	is	found	primarily	in	late	endosomes	and	is	a	precursor	to	phosphatidylinositol	3,4-

bisphosphate	(PI(3,4)P2),	phosphatidylinositol	3,5-bisphosphate	(PI(3,5)P2),	and	

phosphatidylinositol	3,4,5-triphosphate	(PI(3,4,5)P3)4.	PI3P	and	its	three	derivatives	all	have	

distinctive	subcellular	localization	and	are	key	regulators	of	membrane	trafficking	events	that	

occur	at	those	location17,22,23.	For	example,	PI(3,4)P2	plays	a	regulator	role	during	the	late	stages	

of	clathrin-mediated	endocytosis24.	PI(3,5)P2	is	present	on	late	endosomes	and	plays	an	

autophagy	and	lysosome	function25.	At	the	plasma	membrane,	PI(3,5)P2	and	PI(3,4,5)P3	act	as	

secondary	messengers	that	are	required	for	cell	growth	and	survival26,27.	

	 		

1.2	Calcium	mediates	C2	domain	interactions	with	membranes	

	 C2	domains	are	one	of	three	major	classes	of	calcium	sensing	motifs,	along	with	EF	

hands	and	annexin	folds28.	However,	C2	domains	are	unique	in	that	they	directly	regulate	

calcium-mediated	cell	signaling	and	membrane	trafficking.	C2	domains	were	originally	identified	

as	one	of	two	conserved	regulatory	domains	in	several	isoforms	of	calcium-dependent	protein	

kinase	C	(PKC)15,29–35.	The	first	regulatory	domain,	C1,	interacts	with	phorbol	esters	and	

diacylglycerols29.	The	second	regulatory	domain,	C2,	was	found	to	bind	calcium.	PKC	isoforms	

lacking	the	C2	domain	were	not	regulated	by	calcium,	and	thus	C2	domains	were	thought	to	

regulate	calcium	in	their	local	environment29,36,37.	Most	C2	domain-containing	proteins	have	a	

role	in	calcium-dependent	signal	transduction	or	membrane	trafficking	events,	and	studies	of	

isolated	C2	domains	have	confirmed	this	notion15,31,32,36,38–49.	Some	C2	domains	have	lost	the	

ability	to	bind	calcium,	and	instead	specialize	in	protein-protein	interactions,	calcium	

coordination,	and	small	molecule	binding36,50,51.	C2	domain	containing	proteins	are	widely	

distributed	in	eukaryotes,	but	very	rare	in	prokaryotes,	where	calcium	signaling	is	less	widely	

used	as	a	form	of	signal	transduction15,36.	Genome	analyses	indicates	there	are	99	human	

proteins	that	contain	149	C2	domains.	However,	this	is	considered	a	conservative	estimate	given	

there	is	only	20-30%	sequence	conservation	between	C2	domains52,53.	Excluding	the	ferlin	

family,	the	majority	of	C2	domain-containing	proteins	only	have	one	or	two	C2	domains36.		

	 C2	domains	are	independently	folded	motifs	that	are	roughly	130	residues	in	length	

(Figure	1.1)28–30,36,54,55.	They	consist	of	conserved	beta	sandwiches	with	variable	surface	loops	

that	directly	interact	with	calcium	and	membranes15,28,36,56,57.	The	structure	has	been	solved	for	
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some	C2	domain-containing	proteins,	including	members	of	the	synaptotagmin	family	and	

phosphoinositide-specific	phospholipase	C58,59.	There	are	two	types	of	C2	domain	topologies.	In	

Type	I	topology,	the	first	beta-strand	occupies	the	same	spot	as	the	eight	beta-strand	in	Type	II	

topology15,28,57.	A	sequence	alignment	of	65	C2	domain-containing	proteins	revealed	that	while	

C2	domains	at	the	C-terminus	of	proteins	contained	both	topology	types,	those	located	on	the	

N-terminus	were	primarily	Type	II	topology36.	

	 Many	C2	domains	regulate	calcium-activated	events	by	binding	calcium	in	a	negatively	

charged	binding	pocket.	Calcium	is	thought	to	regulate	C2	domains	function	by	facilitating	a	

changed	in	electrostatic	potential	that	is	important	for	regulating	interactions28,56,60–63.	For	

example,	the	crystal	structure	of	the	PKCa	C2	domain	complexed	with	phospholipids	revealed	

calcium	acts	as	an	electrostatic	bridge	between	the	lipid	and	protein64.	Lipid	binding	and	NMR	

studies	have	been	used	to	determine	that	C2	domain	can	bind	2	to	3	calcium	ions15,62,65.	In	C2	

domains	that	bind	calcium,	the	ions	cluster	exclusively	at	the	top	loops	between	beta-sheets	

two	and	three	or	six	and	seven,	and	are	primarily	coordinated	by	negatively	charged	aspartic	

and	glutamic	acid	residues	(Figure	1.1)15,28,36,50,51,57.	In	fact,	the	majority	of	sequence	

conservation	among	C2	domains	are	found	in	acidic	amino	acids	that	coordinate	calcium57.		

Asparagine,	glutamine,	serine	and	threonine	are	sometimes	substituted	in	the	absence	of	

aspartic	and	glutamic	acid.	It’s	suggested	that	these	single	amino	acid	substitutions	are	a	result	

of	small	evolutionary	changes	needed	to	optimize	calcium	binding	requirements	for	protein	

function36,50.	Although	calcium	binding	does	not	induce	global	conformational	changes,	it	can	

influence	local	structure	changes.	Structural	analysis	via	NMR	of	C2	domains	suggests	that	

calcium	does	not	induce	a	conformational	change	in	the	beta	sheet,	but	instead	stabilizes	the	

calcium	binding	regions	of	the	loop57,65.	Comparison	of	calcium-bound	and	-free	forms	of	

synaptotagmin,	phospholipase	C	and	protein	kinase	C	reveal	subtle	rotations	of	side	chains	near	

the	calcium	binding	regions,	but	no	drastic	conformational	changes64–67.	

	 Calcium	binding	by	the	loops	of	C2	domains	is	a	method	of	facilitating	lipid	coordination,	

however	that	binding	mechanism	that	precedes	this	outcome	is	unclear.	One	model	suggests	

that	calcium	ions	act	as	an	ionic	bridge	in	which	they	bind	the	C2	domain	and	phospholipids	

simultaneously68,69.	Alternatively,	a	different	model	implicates	calcium	as	an	electrostatic	

neutralizer	that	once	bound,	allows	the	C2	domain	to	bind	phospholipids70.	The	sequence	of	the	

binding	loop	is	thought	to	play	a	role	in	lipid	preference.	For	example,	synaptotagmins	and	
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classical	protein	kinases	interact	with	membranes	via	anionic	lipid	head	groups,	while	C2	

domains	in	cyclic	phospholipase	A	bind	neutral	lipid	head	groups48,67,71–78.	This	difference	may	be	

due	to	the	presence	of	two	extra	acidic	residues	in	loops	one	and	three57		

	 Beside	binding	lipids	via	the	loops,	C2	domains	can	also	interact	with	membranes	via	a	

cationic	beta	groove28.	The	X-ray	crystal	structure	of	various	C2	domains	showed	it	was	able	to	

complex	with	PS	in	the	calcium	binding	loops	and	PI(4,5)P2	via	lysines	in	the	polybasic	cluster	of	

beta	strands	three	and	four64,67,72,73.	Lysine,	as	well	as	aromatic	amino	acids	tyrosine	and	

tryptophan,	form	direct	interactions	with	the	lipid	moieties.	Further,	residues	Y195,	K197	and	

K209	were	all	found	to	be	conserved	in	rabphilin	3A	and	isoforms	of	synaptotagmin,	RIM	and	

protein	kinase	C15.		

	

1.3	Synaptic-vesicle	fusion	is	a	form	of	membrane	trafficking	

	 Unlike	organelles	that	are	able	to	synthesize	lipids,	the	plasma	membrane,	endosomes	

and	lysosomes	depend	entirely	on	membrane	trafficking	events	to	supplement	the	lipids	in	their	

membranes.	Membranes	involved	in	secretory	or	endocytotic	pathways	are	often	trafficked	

through	budding	and	fusion	events.	Budding,	fusion	and	fission	are	required	for	cellular	

functions	such	as	intracellular	communication,	cytokinesis,	viral	propagation,	mitochondrial	

division	and	the	generation	of	the	endoplasmic	reticulum	network79–86.		

	 Neurotransmission	is	a	special	type	of	fusion	event	that	allows	for	rapid	communication	

and	coordination	of	multiple	cells,	simultaneously.	Neurotransmission	is	mediated	by	synaptic	

vesicles,	spherical	lipid	bilayers	approximately	40-100	nm	in	diameter,	which	function	in	the	

uptake	and	release	neurotransmitter	molecules87–89.	The	release	of	neurotransmitters	is	

mediated	by	fusion,	which	is	the	process	of	two	separate	membrane	bilayers	merging	into	a	

single	bilayer.	Synaptic	fusion,	is	a	form	of	heterotypic	fusion,	in	which	two	dissimilar	

membranes,	such	as	the	plasma	membrane	and	a	synaptic	vesicle,	merge	into	a	single	bilayer.	

This	is	in	contrast	to	homotypic	fusion,	in	which	two	similar	compartments	merge,	such	as	the	

case	in	endosomal	fusion	events51.	Purified	synaptic	vesicles	are	composed	primarily	of	PC,	PE,	

PS,	PI,	and	cholesterol90.	Synaptic	vesicles	often	have	protein	associated	with	them,	either	

peripherally	or	integrally,	to	mediate	the	fusion	process.	Additionally,	there	are	also	important	

proteins	located	on	the	plasma	membrane,	where	fusion	occurs.	These	areas	are	known	as	

active	zones	(AZs)91.	The	AZ	is	defined	as	an	electron-dense	area	located	at	the	presynaptic	
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plasma	membrane	directly	opposite	the	synaptic	cleft89.	It	is	there	that	synaptic	vesicles	are	

captured	and	organized	for	fusion92–95.	Neurotransmission	occurs	when	an	action	potential	

triggers	neurotransmitter	release	from	a	presynapse.	The	action	potential	causes	the	opening	of	

voltage-gated	calcium	channels	that	result	in	calcium-dependent	fusion	events.	Thus,	calcium	

triggers	the	fusion	of	synaptic	vesicles	that	contain	neurotransmitters	to	the	presynaptic	plasma	

membrane,	an	event	that	occurs	on	the	sub-millisecond	timescale	and	in	a	spatially	and	

temporally	precise	manner	9,61,89,96,97.		

	 Physically,	fusion	is	mediated	by	both	protein-protein	and	protein-lipid	interactions.	

Once	the	vesicle	arrives	at	the	plasma	membrane,	soluble	NSF	(N-ethylmaleimide	sensitive	

fusion	protein)	attachment	protein	receptor	(SNARE)	proteins	work	to	physically	restrain	the	

vesicle	as	a	method	to	keep	it	from	diffusing	away,	in	a	step	is	known	as	“tethering”	(Figure	1.2).	

This	is	followed	by	the	“docking”	phase	where	individual	SNARE	proteins	located	on	either	

membrane	form	a	SNARE	complex.	Once	the	SNAREs	form	a	stable	complex,	the	vesicle	is	

considered	“primed”	and	upon	the	introduction	of	calcium,	the	vesicle	fuses	to	the	plasma	

membrane	in	a	process	mediated	by	synaptic-fusion	proteins89,98,99.			

	 	Although	some	fusion	pathways	have	specialized	attributes,	all	fusion	events	have	a	

common	underlying	mechanism	that	describes	the	way	in	which	the	membranes	rearrange,	

known	as	the	stalk	hypothesis9,51.	It	essentially	states	that	when	two	phospholipid	bilayers	that	

are	closely	opposed,	but	separate,	begin	to	merge	the	outer	leaflets	of	either	bilayer	form	a	

transitional	state	referred	to	as	hemifusion	(Figure	1.2).	It	is	thought	that	the	majority	of	fusion	

events	involve	a	hemifusion	intermediate,	where	only	the	outer	leaflets	of	either	membrane	

merge,	but	not	the	inner	leaflets100.	From	there,	a	fusion	pore	is	formed,	in	which	both	outer	

and	inner	leaflets	of	one	membrane	joins	with	outer	and	inner	leaflets	of	the	opposing	

membrane.	The	fusion	pore	begins	as	lipidic,	however	it	is	unclear	whether	transmembrane	

proteins,	such	as	SNARE,	localize	there	to	exert	a	mechanical	force	on	the	bilayers	that	facilitates	

pore	formation101.	Finally,	the	pore	expands,	thereby	completing	the	fusion	process.		Although	

the	stalk	hypothesis	describes	a	transition	state	during	membrane	fusion,	reports	have	been	

published	in	which	fusion	between	a	liposome	and	a	planar	membrane	resulted	in	“flickering”	

before	the	formation	of	the	fusion	pore102,103.	These	events	are	likely	a	result	of	improper	

protein	interactions	that	fail	to	overcome	energy	barriers	that	prohibit	fusion.	This	finding	is	

important	because	it	highlights	the	significance	of	proper	protein	interactions	that	provide	both	
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membranes	to	overcome	the	repulsive	forces	of	opposing	phospholipid-bilayers.	The	energy	

barriers	associated	with	fusion	include	(1)	repulsive	charges,	the	result	of	two	membranes	

together,	(2)	membrane	deformation	and	rearrangement	during	stalk	formation	or	fusion	pore	

opening,	and	(3)	transmembrane	protein	rearrangement51,100,104.	Fusion	transition	states,	in	

which	phospholipid	membranes	are	arranged	in	highly	curved	monolayers,	is	energetically	

unfavorable	and	thus	require	a	strong	yet	transiently	stable	interaction	to	drive	both	

membranes	towards	fusion.		

	

	

1.4	Synaptotagmin-I:	A	calcium-sensor	for	synaptic	vesicle	fusion	in	neurons		

	 Synaptotagmins	are	a	class	of	vesicle-localized	proteins	that	contain	an	N-terminal	

transmembrane	domain	with	two	cytoplasmic	C2	domains,	C2A	and	C2B43,45,51,67,89.	The	17	

members	of	the	synaptotagmin	family	all	have	a	different	calcium	affinity	and	are	suggested	to	

mediate	calcium-dependent	fusion	in	specific	tissues55,57,89,105–107.	For	example,	synaptotagmin-V	

is	involved	in	insulin	exocytosis	while	synaptotagmin-VI	is	involved	in	spermatozoa	

maturation108–110.	Both	isoforms	are	predicted	to	bind	phospholipids	and	induce	membrane	

curvature	in	a	calcium-dependent	manner67,89,108,109.	Synaptotagmin-VII	is	mediates	fusogenic	

events	at	the	plasma	membrane	and	lysosome	in	a	wide	variety	of	tissue	types.	In	pancreatic	

islet	cells	it	fuses	insulin	or	glucagon-containing	vesicles	to	the	plasma	membrane51,111.	

Additionally,	it	is	predicted	to	bind	membranes	in	a	calcium-sensitive	manner	and	induce	

membrane	curvature112.	

	 Synaptotagmin-I	(Syt-I)	is	the	calcium	sensor	for	exocytosis	at	neuronal	synapses.	This	

protein	plays	a	crucial	rule	in	neuronal	development,	and	in	mice,	a	homozygous	knock-out	is	

lethal113–117.	Syt-I	is	localized	to	synaptic	vesicles	where	it	mediates	fusion	in	nerve	synapses	via	

interactions	with	SNAREs	and	anionic	phospholipids	at	the	plasma	membrane55,57,73,118.	In	

synapses	where	Syt-I	is	not	expressed,	isoforms	II	or	IX,	which	are	predicted	to	induce	

membrane	curvature,	have	been	suggested	to	act	as	functional	substitutes107,119,120.	The	two	C2	

domains	of	Syt-I	are	separated	by	a	flexible	nine-residue	linker	that	adopts	a	variety	of	

orientations121–124.	Multiple	structure	resolution	techniques	such	as	X-ray	crystallography,	NMR	

and	EPR	have	demonstrated	different	orientations	of	the	Syt-I	C2	domains125–129.		Since	C2	

domains	do	not	undergo	large	conformational	changes,	it	has	been	proposed	that	the	relative	



 8 

orientation	of	these	domains	is	what	drives	the	different	functional	states	of	C2-domain	

containing	proteins43,45.	During	neurotransmitter	release,	for	example,	it	is	crucial	for	both	Syt-I	

C2	domains	to	be	pointed	in	the	same	direction	to	facilitate	membrane	interactions,	a	

prerequisite	for	fusion61.	However,	at	a	resting	state,	both	C2	domains	point	in	different	

directions,	and	thus	synaptic	vesicle	release	is	inhibited61,130–132.		

	 NMR	and	X-ray	crystal	structures	of	the	Syt-I	C2A	domain	revealed	a	canonical	C2	

domain	fold:	a	compact	beta-sandwich	composed	of	two,	4-stranded	beta	sheets	and	calcium	

binding	loops57.	Loops	I	and	III	of	Syt-I	C2A	domain	coordinates	three	calcium	ions	using	

electrostatic	side	chains	contributed	by	aspartic	acid	and	serine	residues51,89,131.	Calcium	

coordination	occurs	in	a	cooperative	manner	where	each	site	has	a	different	affinity	for	calcium	

(120µM,	465µM	and	1.7mM)133.	In	contrast,	the	calcium	binding	loops	in	the	C2B	domain	

coordinate	two	calcium	ions	via	conserved	aspartic	acid	residues	that	bind	calcium	with	

equimolar	affinity51,55,133–135.	In	addition	to	synaptotagmin-I,	isoforms	II	III,V-VII,	IX	and	X	have	

also	been	shown	to	bind	calcium136,137.		

	 In	response	to	calcium,	both	C2	domains	of	Syt-I	interact	with	PS-containing	

lipids48,104,130,135,138–141.	Studies	using	isolated	C2A	domains	revealed	that	the	interaction	with	

phospholipids	only	occurs	in	the	presence	of	calcium,	but	not	other	divalent	ions	such	as	

magnesium,	barium	or	strontium57.	These	results	suggest	that	Syt-I	membrane	interactions	are	

driven	by	calcium	signaling	specifically	and	not	the	presence	of	any	ion.	The	Syt-I	calcium	

complex	(Syt-I•Ca2+)	is	essential	for	stimulating	membrane	fusion	and	Syt-I	will	not	bind	

liposomes	when	calcium	binding	residues	are	mutated123,133,142,143.	Further,	in	vitro	fusion	assays	

revealed	that	mutating	Syt-I	calcium	coordinating	residues	decreased	its	ability	to	fuse	giant	

unilaminar	vesicles144.	The	positive	charge	from	the	calcium	neutralizes	the	negatively	charged	

loops	on	the	C2	domains	to	facilitate	interactions	with	the	negatively	charged	phospholipid55.	

This	“electrostatic	switch”	model	was	originally	proposed	by	Shao	et	al62.	Both	C2	domains	

contribute	essential	lipid	coordination	residues.	Specifically,	mutations	of	D230	(C2A),	N232	

(C2A),	D363	(C2B)	and	N365	(C2B)	abolish	Syt-I	lipid	aggregation	activity,	entirely144.	Mutations	

of	these	residues	in	either	C2	domain	cause	a	significant	decrease	in	membrane	interactions.	

Further,	simultaneous	mutations	did	not	induce	a	greater	decrease	in	membrane	affinity.	These	

findings	suggest	that	the	C2	domains	cooperate	to	penetrate	membranes61,124,144.	The	C2A	and	

C2B	domains	have	different	lipid-biding	properties57.	Where	the	C2A	domain	preferentially	binds	
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PS-containing	membranes,	the	C2B	domain	prefers	PI(4,5)P2-containing	membranes51,143.	

Additionally,	synaptic	proteins	such	as	AP2,	calcium	channels	and	the	lipid	PI(4,5)P2	bind	C2B,	

but	not	C2A143,145–149.	Taken	together,	these	results	support	the	hypothesis	that	each	C2	domain	

of	Syt-I	has	evolved	specialized	functions	at	the	neuronal	synapse.		

	 Syt-I•Ca2+	interacts	with	PS	lipids	by	inserting	neutralized	calcium	binding	loops	into	the	

lipid	bilayer113,124,130,138,143,147,149–153.	The	omission	of	PS	from	binding	studies	abrogates	the	ability	

of	Syt-I	to	regulate	fusion,	further	highlighting	the	importance	of	Syt-I•Ca2+	-membrane	

interactions123.	Syt-I	has	been	shown	to	regulate	fusion	by	bending	the	target	membrane144.	

Hydrophobic	insertion	could	cause	the	outer	leaflet	to	bend	and	create	a	dimple,	presumably	as	

a	method	overcome	fusogenic	energy	barriers55,109,109,154–157.	Indeed,	the	ability	of	Syt-I	to	insert	

into	membranes	has	been	directly	tested.	Syt-I	residues	M173,	F234,	V304	and	I367	were	found	

to	be	directly	involved	in	membrane	penetration	and	have	been	calculated	to	penetrate	⅓	of	the	

monolayer	depth109,150.	In	the	absence	of	calcium,	Syt-I	interacts	with	membranes	independent	

of	liposome	size.	However,	upon	the	introduction	of	calcium	into	the	system,	Syt-I	preferentially	

penetrates	smaller	liposomes.	In	fact,	the	reduction	of	liposome	diameter	from	252nm	to	

105nm	caused	a	9.3-fold	increase	in	binding	affinity144,155.		Further,	membrane	penetration	

activity	seems	to	be	cooperative.	Hui	et	al.	found	that	the	C2B	domain	was	able	to	insert	into	

membranes	to	a	greater	degree	when	tethered	to	a	“dead”	C2A	domain,	a	mutant	that	could	

not	coordinate	calcium	ions,	as	compared	to	the	membrane	penetration	activity	of	an	isolated	

C2B	domain155.	This	experiment	demonstrates	C2	domain	cooperativity,	and	also	suggests	that	

the	presence	of	C2A,	and	not	its	ability	to	bind	calcium,	is	more	essential	for	C2B	domain-

mediated	membrane	penetration.	Further,	it	was	concluded	that	Syt-I	curvature	“sensing”	is	

likely	a	passive	function	of	its	membrane-insertion	activity144,155.		

	 Following	membrane	penetration,	membrane	bilayer	bending	and	rearrangement	are	

required	to	achieve	fusion.	Membrane	bending	and	rearrangement	would	potentially	accelerate	

fusion	by	1)	creating	a	dimple	that	drives	out	water	thereby	increasing	lipid-lipid	interactions	

and	reducing	lipid-buffer	interactions	and	2)	increasing	tension	in	the	plasma	membrane	to	

allow	hydrophobic	interactions	to	form	between	the	acyl	chains	of	either	membrane	outer	

leaflet.	To	test	the	ability	of	Sty-I	to	rearrange	membranes,	Hui	et	al.	incubated	liposomes	with	

vesicles,	and	using	electron	microscopy,	found	that	Syt-I	tubulates	liposomes	in	the	presence	of	

calcium.	When	the	tubulation	ability	of	each	C2	domain	was	tested,	it	was	observed	that	only	
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C2B	was	able	to	tubulate	membranes.	These	findings	raised	the	question	of	whether	the	

membrane	tubulation	activity	of	C2B	was	dependent	upon	the	presence	of	C2A.	To	this	end	it	

was	shown	that	while	C2AA	(two	Syt-I	C2A	domains	separated	by	the	native	linker)	still	did	not	

tubulate,	C2BB	(two	Syt-I	C2B	domains	separated	by	the	native	linker)	sent	Syt-I	tubulation	

activity	into	overdrive,	resulting	in	lipid	fragmentation155.	These	results	suggest	that	while	C2B	is	

directly	responsible	for	membrane	remodeling	activity,	the	C2A	domain	regulates	this	function	

by	driving	remodeling	towards	fusion	while	avoiding	“pinching	off”	which	results	in	

fragmentation.	The	fact	that	C2A	penetrates	lipids,	but	does	not	drive	tubulation,	suggests	that	

penetration	alone	is	not	sufficient	for	membrane	bending	and	remodeling.	Further,	it	provides	

more	support	for	the	idea	that	each	C2	domain	has	a	specialized	function.	Site-directed	

mutagenic	studies	of	Syt-I	have	been	used	to	determine	whether	either	C2	domain	of	Syt-I	

engage	membranes	simultaneously	or	with	distinct	kinetics.	Surprisingly,	they	are	all	in	

agreement	that	both	C2A	and	C2B	domains	rapidly	penetrate	bilayers	with	similar	kinetics124,143.	

These	findings	support	a	previous	model	in	which	the	C2	domains	of	Syt-I	must	point	in	the	

same	direction	to	facilitate	fusion43,48,61,130,131.			

	 Not	all	Syt-I	lipid-binding	interactions	are	mediated	by	calcium.	The	C2B	domain	of	Syt-I	

bind	PI4,	PI5	and	PI6,	as	well	as	PI(4,5)P2,	independent	of	calcium	via	a	polybasic	region	on	the	

beta	sandwich15,129,143,158–160.	The	polybasic	region	of	Syt-I	consists	of	a	lysine-rich	patch	that	

involves	K313,	H315,	K326	and	K327133.	A	K326E	mutation	did	not	alter	the	rate	at	which	fusion	

was	accelerated,	suggesting	that	the	polybasic	stretch	is	not	required	for	fusion	in	vitro109.	The	

polybasic	region	on	Rabphillin-3A	is	required	from	plasma	membrane	localization161.	The	

polybasic	region	on	Syt-I	has	a	similar	function.	Several	studies	demonstrated	that	PI(4,5)P2	is	

required	at	the	plasma	membrane	for	calcium-dependent	exocytosis	15,143,158,162,163	

	 Besides	lipids,	Syt-I	must	also	directly	interact	with	SNAREs	in	order	to	facilitate	

fusion121,123,130,157,164,165.	In	vitro	fusion	assays	demonstrated	that	fusion	is	accelerated	when	Syt-I	

is	in	the	presence	of	SNAREs.	Specifically,	Syt-I	was	found	to	enhance	the	speed	of	forming	a	

stable	SNARE	complex,	thus	facilitating	fusion	pore	opening	and	accelerating	fusion73,109,122,166,167.	

Syt-I	C2	domain	linker	length	is	essential	for	SNARE	interactions.	Not	only	must	both	C2	domains	

be	tethered	together,	but	altering	linker	length	results	in	changes	of	C2	domain	orientation	

which	alters	SNARE	binding122,130,138,153,156,168.	Syt-I	C2AB	shows	weak	calcium-independent	

SNARE	binding	that	is	enhanced	in	the	presence	of	calcium169.	However,	individual	domain	
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assays	reveal	that	C2A	binds	neuronal	t-SNARES	(syntaxin1A	and	synaptosomal	associated	

protein	25,	SNAP-25)	in	a	calcium-dependent	manner	while	C2B	binds	t-SNAREs	independent	of	

calcium48,57,166,170.	Binding	between	SNAREs	and	Syt-I	can	be	abrogated	by	salt,	suggesting	the	

interaction	is	electrostatic168,169.	In	addition,	the	polybasic	region	of	C2B	Syt-I	has	been	shown	to	

mediate	syntaxin1A	interactions15,51,171.		

	 Mutations	that	affect	the	membrane	bending	activity	also	affect	t-SNARE	interactions,	

and	therefore,		may	serve	a	dual	purpose	at	neuronal	synapses.	The	membrane	aggregation	

activity	of	Syt-I	would	promote	the	association	of	v-SNAREs	in	vesicles	with	t-SNAREs	at	the	

plasma	membrane,	which	is	is	supported	by	the	observation	that	Syt-I	does	not	bind	v-

SNAREs152.	Martens	and	McMahon	suggested	a	model	for	Syt-I	and	SNARE	interactions	during	

fusion	where,	upon	calcium	influx	and	binding,	the	C2A	and	C2B	domains	are	targeted	to	the	

plasma	membrane	via	PI(4,5)P2,	and	there,	rapidly	penetrate	membranes	to	induce	curvature.	

This	activity	results	in	membrane	buckling,	and	the	resultant	stress	is	thought	to	reduce	the	

energy	barrier	for	fusion.	During	this	time,	synaptic	vesicles	containing	v-SNAREs	would	form	a	

stable	SNARE	complex	with	t-SNAREs	on	at	the	plasma	membrane	to	promote	fusion109.		

	

1.5	The	Ferlin	protein	family	mediates	calcium-dependent	membrane	interactions	

	 Ferlins	are	a	large	family	of	proteins	(200-240kDa)	classified	for	having	five	to	seven	

tandem	C2	domains	with	a	single-pass	transmembrane	domain	on	the	C-terminus	(Figure	1.3).	

Little	is	known	about	the	benefit	of	multiple	C2	domains,	but	it	has	been	proposed	that	they	

create	a	synergistic	effect	that	is	necessary	for	preferential	lipid	recognition	or	conferring	

calcium	thresholds50,124,165,172.	Similar	to	the	13	different	isoforms	of	synaptotagmins,	each	ferlin	

may	mediate	vesicle	trafficking	or	fusion	events	in	specific	tissues	or	subcellular	locations.	

	 All	ferlins	have	a	FerI	motif	between	the	C2B	and	C2C	domains47,50,55,56,173,174.	Outside	of	

ferlins,	only	multiple	C2	domain	and	transmembrane	region	proteins	(MCTPs)	and	extended	

synaptotagmins	have	more	than	two	C2	domains28,174–177.	In	humans,	ferlins	play	an	

indispensable	role	in	membrane	trafficking,	and	are	commonly	linked	to	pathologies	involving	

defects	in	calcium-dependent	vesicle	fusion55,56.	The	ferlin	family	was	named	based	off	their	

homology	to	the	first	ferlin	gene	discovered,	Fer1,	a	Caenorhabditis	elegans	spermatogenesis	

factor178.		Fer1	mutants	are	infertile	due	to	their	inability	to	fuse	with	the	spermatozoon	plasma	

membrane.	As	a	result,	spermatozoa	have	reduced	motility	compared	to	wild-type	samples179.	
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Drosophila	melanogaster	possess	a	ferlin	paralog,	misfire,	that	plays	an	important	role	in	

fertilization	and	embryonic	development.	Misfire	mutations	in	male	fruit	flies	causes	defects	in	

calcium-dependent	degradation	of	spermatozoon	plasma	membranes180,181.	

	 Ferlin	and	ferlin-paralogs	are	widespread	among	eukaryotes.	Sequence	analysis	of	these	

proteins	suggest	they	all	arose	from	a	common	ancestor	and	then	evolved	to	perform	

specialized	functions56.	The	FerI	domain	in	mammalian	ferlins	is	found	in	protozoan	ferlin-like	

proteins,	suggesting	that	particular	motif	may	have	a	function	that	is	conserved	throughout	

evolution.	Further,	unicellular	plankton	possess	a	ferlin-like	gene	that	is	structurally	similar	to	

the	ferlins	found	in	mammals.	Mammals	have	six	ferlins;	Fer1L1	(dysferlin),	Fer1L2	(otoferlin),	

Fer1L3	(myoferlin),	Fer1L4,	Fer1L5	and	Fer1L6.	Five	ferlin	paralogs	have	been	found	in	sharks	

whereas	only	two	are	found	in	lamprey.	These	results	are	reported	to	suggest	the	ferlin	family	

expansion	from	two	to	six	members	occurred	around	the	same	time	that	vertebrates	developed	

a	lower	jaw.	The	mammalian	ferlins	are	further	classified	by	the	presence	of	a	DysF	domain,	

Type	I	(with	a	DysF)	and	Type	II	(without	a	DysF).	The	sub-classification	of	ferlins	suggest	that	the	

family	likely	originated	from	two	ancestral	ferlins50.	DysF	is	present	in	dysferlin,	myoferlin	and	

Fer1L5.	Structural	analysis	results	of	myoferlin	DysF	revealed	two	antiparallel	beta-strands	

(Figure	1.3).	Although	the	function	of	this	domain	in	the	ferlin	family	remains	unknown,	in	yeast	

vacuoles	it	has	been	shown	to	regulated	peroxisome	size	and	number182.	Even	though	there	are	

six	ferlins	found	in	mammals,	the	family	varies	in	whether	members	contain	a	C2A	domain,	a	

FerA	domain	or	a	C2DE	domain	(Figure	1.3)50,56.	So	far,	there	is	no	known	function	or	interaction	

attributed	to	the	DysF	or	Fer	domains	despite	being	conserved	across	the	ferlin	family.	The	C2E	

and	C2F	domains	are	the	most	conserved	amongst	the	family,	especially	at	calcium	binding	

residues50.	

	 	

1.5.1	Dysferlin	

	 Dysferlin	has	a	total	of	six	C2	domains	that	bind	phospholipids	in	a	calcium-dependent	

manner183,184.	The	majority	of	its	C2	domains	are	predicted	to	possess	calcium	binding	residues.	

Structural	analysis	of	its	C2A	domain	suggests	it	binds	phospholipids	and	indeed	has	been	

physically	shown	to	bind	PS	and	PI(4,5)P2	in	a	calcium-dependent	manner50,55.	Mutations	in	

dysferlin	are	responsible	for	a	group	of	disorders	known	as	dysferlinopathies.	These	include	

limb-girdle	muscular	dystrophy	(LGMD)	type	2A,	as	well	as	a	distal	form	of	muscular	dystrophy	
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called	Miyoshi	myopathy.	Both	LGMD	2A	and	Miyoshi	myopathy	are	autosomal	recessive	

disorders	characterized	by	a	reduction	or	absence	of	dysferlin	in	skeletal	muscle55,56,178,185–187.	

Those	suffering	from	dysferlinopathies	have	unique	types	of	muscular	dystrophy	in	which	repair,	

and	not	the	structure,	of	the	plasma	membrane	is	disrupted169.	

	 In	healthy	skeletal	muscle	dysferlin	localizes	cytoplasmic	vesicles	and	the	plasma	

membrane188–190.	Techniques	such	as	immunofluorescence,	3D-SIM	and	flow	cytometry	have	

also	been	used	to	validate	the	cellular	localization	of	dysferlin55.	Further,	dysferlin	RNA	

transcripts	can	be	found	in	the	skeletal,	brain,	heart	and	placental	tissues	and	too	a	less	degree	

in	liver,	lung	kidney	and	pancreas	tissue56,178,186,191.	In	tissues	effected	by	dysferlinopathies,	

dysferlin	is	instead	distributed	more	in	the	cytoplasm	of	skeletal	muscle56.	Dysferlin	null-mice	

develop	slow,	progressing	muscular	dystrophy,	and	by	eight	months	exhibit	pathological	

characteristics	associated	with	muscular	dystrophy,	such	as	regenerating	fibers,	split	fibers,	

muscle	necrosis	and	macrophage	infiltration192.	Finally,	tissues	harboring	dysferlinopathies	have	

an	accumulation	of	vesicles	at	the	plasma	membrane	and	in	affected	mice,	despite	localizing	to	

the	site	of	injury,	vesicles	don’t	fuse	to	the	plasma	membrane55,111,184,189,190,192.	These	findings	

strongly	suggest	that	dysferlin	primarily	plays	a	direct	role	calcium-activated	membrane	repair.	

	 The	mechanism	that	dysferlin	uses	to	mediate	calcium-activated	membrane	repair	is	not	

well	characterized.	It’s	thought	that	calcium	influx	recruits	dysferlin	to	the	injury	site	where	it	

interacts	with	vesicles	and	other	membrane	repair	proteins	to	create	a	hydrophobic	“patch”	at	

the	wound	site193,194.	Though	a	series	of	events	that	have	yet	to	be	elucidate,	dysferlin	is	

proposed	to	facilitate	the	docking	and	fusion	of	these	vesicles	to	the	plasma	membrane	in	a	

process	similar	to	exocytosis188,192,195.	Indeed,	in	vivo	and	in	vitro	assays	have	revealed	dysferlin	

interacts	with	proteins	involved	in	membrane	fusion,	including	syntaxin4	and	SNAP-23195–198.		

	 Dysferlin	may	also	have	secondary	functions	in	the	cell,	as	it	has	been	implicated	in	

other	membrane	trafficking	pathways199–202.	For	example,	dysferlin-null	mice	have	twice	as	

many	lysosomes	as	wild-type	mice,	suggesting	that	dysferlin	might	be	important	for	lysosomal	

homeostasis.	Additionally,	dysferlin-null	myoblasts	have	an	accumulation	of	IGFR,	suggesting	an	

unknown	role	for	dysferlin	in	receptor	trafficking,	perhaps	via	an	endo-lysosomal	pathway55.	

However,	the	exact	role	for	dysferlin	in	these	pathways	remains	poorly	characterized.	
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1.5.2	Myoferlin		

	 Myoferlin	is	most	closely	related	to	dysferlin	and	along	with	Fer1L5,	share	a	common	

structural	motif,	the	DysF	domain50,203.	Myoferlin	C2A	domain	crystal	structure	putatively	

supports	its	ability	to	bind	calcium56.	Upon	mutation	of	the	C2A	domain,	myoferlin	loses	its	

ability	to	form	calcium-dependent	phospholipid	interactions203.	Physiologically,	myoferlin	RNA	

transcript	is	found	in	skeletal	and	cardiac	muscle,	as	well	as	placental,	brain,	lung,	liver,	kidney	

and	pancreatic	tissue,	but	to	a	lesser	extent56.	However,	it	is	primarily	expressed	in	myoblast	

that	are	about	to	undergo	cellular	differentiation203.		

	 Myoferlin	mediates	myoblast	fusion	to	generate	mature,	multinucleated	skeletal	

muscle.	Myoblast	from	myoferlin-null	mice	displayed	significantly	fewer	multinucleated	

myotubes	suggesting	they	were	unable	to	efficiently	fuse.	Myoferlin-null	mice	also	have	smaller	

muscle	fibers	and	are	unable	to	regenerate	skeletal	muscle	after	injury,	further	highlighting	the	

importance	of	myoferlin	in	muscle	development	and	homeostasis173,203.	Once	myoblast	fuse	to	

become	myotubes,	the	expression	of	myoferlin	is	significantly	reduced.	However,	small	amounts	

of	myoferlin	can	still	be	found	on	the	plasma	membrane	of	myotubes204.	

	 Besides	muscle	development	and	maintenance,	myoferlin	is	associated	with	other,	less	

defined	roles	within	and	outside	the	cell.	For	example,	confocal	data	shows	myoferlin	localizes	

to	late	endosomes	where	it	has	a	role	in	endosomal	recycling55.	Additionally,	myoferlin	has	been	

identified	in	oncogenic	pathways	where	its	expression	is	upregulated	in	cancerous	tissues55.	

Although	the	exact	mechanism	is	unknown,	it	has	been	associated	with	cancer	progression	

pathways	involving	growth	factor	signaling	and	exosome	transport205–212.		

	

1.5.3	FER1L4,	FER1L5	and	FER1L6	

	 The	exact	function	of	Fer1L4,	Fer1L5	and	Fer1L6	have	yet	to	be	determined,	however	

the	tissues	they	are	expressed	in	and	their	cellular	locations	have	been	well	summarized	by	

Redpath	et.	al.	In	humans,	high	levels	of	FER1L4	mRNA	were	found	in	stomach	tissue	compared	

to	other	tissue	samples.	However,	FER1L4	is	unique	among	ferlin	because	it	is	a	non-coding	

protein	whose	function	remains	unknown.	FER1L5	was	found	primarily	in	the	pancreas,	and	flow	

cytometry	and	3D-SIM	data	demonstrated	that	it	localizes	intracellularly.	FER1L6	is	expressed	

rather	ubiquitously	across	multiple	tissue	types,	including	the	heart,	kidney,	stomach,	lung,	liver,	

pancreas,	thymus	and	colon.		Flow	cytometry	and	confocal	data	suggests	FER1L6	acts	on	the	
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plasma	membrane,	trans-Golgi	network,	endosomal	recycling	pathway	and	perinuclear	

regions55.		

	

1.5.4	Otoferlin	

	 Otoferlin	is	primarily	expressed	in	the	brain	and	cochlea55,56,213.	Within	the	cochlea,	

otoferlin	is	found	on	vesicles	docked	at	the	plasma	membrane	of	cochlear	inner	hair	cells	

(IHCs)47,51,56,213,214.	Otoferlin	is	inserted	into	synaptic	vesicles	via	the	transmembrane	recognition	

complex	pathway.	In	this	pathway,	the	protein	,Trc40,	binds	the	C-terminal	transmembrane	

domain	(TMD)	of	otoferlin	as	it’s	coming	off	the	ribosome	and	transfers	it	to	the	endoplasmic	

reticulum.	There,	the	otoferlin/Trc40	complex	is	targeted	to	the	Cml/Wrb	complex	which	

mediates	the	insertion	of	otoferlin’s	TMD	into	the	membrane	bilayer.	Next,	vesicles	containing	

otoferlin	a	trafficked	to	the	PM	via	the	ER	budding	process.	Trc40	has	been	found	to	be	critical	

for	normal	otoferlin	abundance	in	IHCs.	Further,	mutations	of	proteins	in	this	pathway	lead	to	

reduced	otoferlin	levels	and	synaptic	hearing	impairment	in	mice215.		

	 Otoferlin	is	thought	to	be	the	calcium	sensor	for	exocytosis	in	IHCs	for	multiple	reasons.		

First,	mutations	in	otoferlin	always	result	in	a	deaf	phenotype.	For	example,	otoferlin	KO	mice	

are	profoundly	deaf	compared	to	WT	littermates.	ABR	recordings	of	WT	mice	show	a	lack	of	

brainstem	response	despite	normal	otoacustic	emissions55,216–220.	Similarly	in	humans,	those	

suffering	from	mutations	in	otoferlin	have	highly	abnormal	brainstem	response	to	acoustic	input	

despite	normal	mechanotransduction218,219,221–224.	Mutations	in	otoferlin	generally	underlie	a	

pre-lingual	autosomal	recessive	form	of	non-syndromic	deafness,	DFNB9216,225–234.	However,	not	

all	mutations	in	otoferlin	cause	pre-lingual	deafness.		The	I515T	mutation	causes	temperature	

sensitive	hearing	loss	during	periods	of	physical	activity	or	high	fever.	Patients	harboring	this	

mutation	also	are	affected	by	moderate	age-progressive	hearing	loss221–223,230,235–238.	Heat	

induced	protein	unfolding	provide	a	candidate	mechanism	for	temperature-sensitive	hearing	

loss	mutations	in	otoferlin.	In	mice	with	I515T	mutations	the	levels	of	otoferlin	are	significantly	

lower	than	that	of	wild-type	littermates.	These	findings	suggest	that	the	lower	otoferlin	levels	

are	likely	a	result	of	the	protein	being	degraded	in	IHCs230.	

	 Second,	otoferlin	binds	lipids	and	associates	with	synaptic	vesicles.	Five	of	six	otoferlin	

C2	domains	bind	lipids	in	a	calcium-sensitive	manner56,216,231,234,239.	Additionally,	otoferlin	has	

been	shown	to	interact	with	the	plasma	membrane-specific	lipid,	PI(4,5)P2239.	The	C2A	domain	
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of	otoferlin	does	not	interact	with	lipids.	The	crystal	structure	of	this	domain	supports	its	

inability	to	bind	calcium	due	to	shorter	loops	that	lack	of	calcium-coordinating	aspartates239,240.	

Lipid	binding	for	otoferlin	C2B-C2F	domains	is	cooperative,	but	is	enhanced	in	the	presence	of	

calcium231.	Otoferlin	has	also	been	shown	to	not	only	aggregates	liposomes	in	a	calcium-

dependent	manner,	but	is	also	able	to	perturb	liposome	structure47.	In	IHCs,	otoferlin	localizes	

to	ribbon	associated	vesicles234.	Otoferlin	KO	mice	are	not	able	to	synchronously	release	

synaptic	vesicles	in	response	to	calcium,	despite	having	the	normal	numbers	of	ribbon-

associated	and	docked	vesicles216,225,233.	Further,	similar	to	otoferlin,	mutations	in	other	

members	of	the	ferlin	family	underlie	vesicle-fusion	and	membrane	trafficking	issues	in	cells.	

Taken	together,	these	results	suggest	that	otoferlin	is	involved	in	the	later	stages	of	synaptic	

vesicle	exocytosis	at	the	ribbon	synapse.		

	 Third,	otoferlin	promotes	calcium-dependent	fusion	in	the	presence	of	SNAREs.	

Otoferlin	has	been	demonstrated	to	bind	the	(i)	neuronal	SNARE	complex	(syntaxin1A/SNAP-

25/VAMP-2),	(ii)	the	t-SNARE	dimer	(syntaxin1A/SNAP-25),	and	(iii)	individual	SNAREs,	SNAP-25	

and	syntaxin1A,	but	not	VAMP-256,99,216,231,234.	Further,	immunofluorescene	and	western	blotting	

have	been	used	to	verify	the	presence	of	t-SNAREs	in	IHCs241,242.	In	vitro,	otoferlin,	SNAREs	and	

calcium	must	be	present	to	mediate	homotypic	fusion.	The	C2B,	C2C,	C2D,	C2F	and	C2DEF	

domains	were	able	to	fuse	liposomes	the	fastest.	While	the	C2ABC	and	C2E	domains	showed	

slower	fusion	kinetics.	C2A	displayed	fusion	kinetics	that	were	barely	detectable231.		

	 Finally,	otoferlin	shares	structural	and	functional	similarities	to	Syt-I.	The	ability	of	both	

proteins	to	bind	SNAREs,	calcium	and	calcium	channels	suggest	that	otoferlin	acts	as	the	

calcium-sensor	for	fusion	in	IHCs216,243,244.	Interestingly,	immature	IHCs	express	several	

synaptotagmins	and	are	able	to	release	neurotransmitter	independent	of	otoferlin;	in	day	old	

mice,	Syt-I,	-VI,	and	–VII	are	present	231,245.	However,	by	the	time	IHCs	are	mature,	21	days	old,	

synaptotagmins	are	no	longer	detectable	and	all	synaptic	secretion	is	mediated	by	

otoferlin136,245–249.	Thus,	there	is	a	yet	unknown	maturation	step	that	begins	to	occur	around	day	

four	in	mice	in	which	exocytosis	becomes	otoferlin-dependent.	Despite	their	structural	

similarities,	Syt-I	is	not	sufficient	to	produce	a	brainstem	response	in	otoferlin	KO	mice.	

Conversely,	otoferlin	can	not	rescue	rescue	exocytosis	in	Syt-I	null	hippocampal	or	chromaffin	

cells250.	
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	 Although	the	exact	role	of	otoferlin	during	synaptic	transmission	is	unknown,	

comparative	studies	between	otoferlin	mutants	suggests	that	it	plays	a	role	in	multiple	steps	in	

the	vesicle	fusion	process.	For	example,	in	otoferlin	KO	mice,	synchronous	release	is	completely	

abrogated.	But,	in	IHCs	with	otoferlin	D1767G	mutation,	vesicles	in	the	RRP	were	able	to	rapidly	

fuse	to	the	plasma	membrane	at	the	same	rate	and	amplitude	as	wild-type	IHCs,	but	were	not	

able	to	maintain	that	rate	or	amplitude	for	sustained	periods.	Further,	in	vivo	studies	with	mice	

harboring	this	mutation	show	that	mutants	have	much	smaller	RRPs	than	wild-type	mice233.	

These	results	suggest	that	not	only	does	otoferlin	fuse	vesicles	in	response	to	calcium,	it	also	has	

a	role	in	replenishing	the	RRP.	However,	these	findings	are	difficult	to	interpret	because	synaptic	

function	and	sound	encoding	depend	upon	the	amount	of	otoferlin	present	at	the	plasma	

membrane.	For	example,	in	D1767G	mutants,	otoferlin	levels	are	3%	of	wild-type,	whereas	in	

I515T	mutants	are	34%	of	wild-type230,233.	Thus,	the	D1767G	phenotype	could	simply	be	a	result	

of	enough	otoferlin	being	present	in	the	cell	to	facilitate	immediate	release,	but	not	sustained	

release.		

	 Additionally,	otoferlin	may	also	play	an	important	role	in	synaptic	vesicle	recycling.	For	

example,	although	otoferlin	is	primarily	localized	at	the	presynaptic	membrane,	it	does	not	

exclusively	localize	with	synaptic	ribbons	suggesting	it	plays	more	than	one	role	in	IHCs251.	

Further,	confocal	data	shows	otoferlin	localizes	to	the	trans-Golgi	network	and	interacts	with	

myosin	VI	and	Rab8,	both	are	which	play	a	role	in	clatherin-mediated	endocytosis252–254.	These	

findings	are	consistent	with	roles	for	otoferlin	in	synaptic	vesicle	exocytosis	as	well	as	

membrane	recycling.		

		

1.6	Essential	proteins	for	auditory	neurotransmission	

1.6.1	Synaptic	ribbon	

	 Hearing	gives	us	the	ability	to	discriminate	and	recognize	complex	auditory	signals	that	

span	six	orders	of	magnitude.	Inner	hair	cells	(IHCs)	encode	auditory	information	in	a	temporal	

and	magnitudinous	manner	by	transforming	mechanical	stimuli	into	glutamate	release	at	the	

synapse244,255–257.	Force-sensitive	stereocilia	on	the	apical	surface	of	the	hair	cell	directly	mediate	

mechanical	stimuli	on	the	outside	of	the	cell	(Figure	1.4).	A	single	hair	cell	is	estimated	to	have	

63	cylindrical	stereocilia	of	varying	lengths	distributed	along	the	apical	surface.	Deflection	of	the	

stereocilia	open	mechanically	gated	ion	channels	that	allow	potassium	to	rush	into	the	cell258.	
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Changes	in	membrane	potential	triggers	a	calcium	influx	from	voltage	gated	calcium	channels.	

Unlike	neurotransmitter	release	in	neuronal	synapses	that	is	triggered	by	action	potentials,	

secretion	at	sensory	synapses,	such	as	IHCs	or	photoreceptor	cells,	is	controlled	by	graded	

exocytosis259–262.	As	a	result,	sensory	synapses	are	hypersensitive	to	minute	changes	in	

presynaptic	membrane	potential	that	arise	from	sound	stimuli263.	For	example,	in	relative	

silence,	IHCs	release	glutamates	at	varying	rates,	resulting	in	spontaneous	spiking	activity	in	

auditory	post-synaptic	spiral	ganglion	neurons.	This	observation	arises	from	IHC	response	to	

soft,	low	pressure	sounds	that	make	up	background	noise264–268.			

	 IHC	synapses	are	designed	to	transmit	acoustic	vibrations	with	sub-millisecond	precision	

over	sustained	periods	of	time136,269.	Further,	exocytosis	at	sensory	synapses	occurs	within	

0.5ms	or	less	after	calcium	influx.	To	accomplish	such	a	rapid	and	sustained	response,	sensory	

cells	such	as	IHCs	have	a	synaptic	ribbon91,269,270.	All	ribbon	synapses	are	glutamatergic,	meaning	

they	release	glutamine	at	high	and	sustained	rates.	Ribbon-containing	synapse	are	unique	to	

sensory	systems	where	an	extraordinary	secretion	rate	is	required	to	maintain	the	fidelity	and	

precision	of	neurotransmission136,271,272.	Synaptic-ribbons	are	electron-dense	organelles	that	are	

often	laden	with	synaptic	vesicles	(Figure	1.4	A).	Ribbons	facilitate	rapid	exocytosis	by	first	

binding	vesicles	from	the	cytoplasm	and	then	guiding	them	to	the	plasma	membrane	where	

they	are	docked	near	calcium	channels271–273.	Synaptic	vesicles	are	tethered	to	ribbons	with	

20nm	filaments	of	an	unknown	molecular	composition271,274.	Ribbons	constrain	vesicle	to	two	

dimensions,	thus	increasing	the	probability	of	interacting	with	the	plasma	membrane272.	The	

ribbon	was	initially	thought	to	be	a	“conveyor-belt”	for	vesicle	delivery	to	the	PM.	However,	EM	

images	and	modeling	studies	suggest	that	it	actually	functions	to	slow	down	vesicles	at	the	

fusion	site275.	The	molecular	diversity	between	vertebrate	AZ	proteins	of	different	cell	types	are	

thought	to	underlie	specific	types	of	neurotransmitter	release.	For	example,	despite	being	found	

in	neuronal	synapses,	there	are	no	complexin	isoforms	found	in	IHCs242,276.	Further,	nearly	all	AZ	

proteins	at	invertebrate	synapses	can	be	found	at	vertebrate	synapses	except	Piccolo	and	

Bassoon,	suggesting	the	latter	two	evolved	to	perform	vertebrate-specific	functions93,277.	

Immuno-EM	images	of	mouse	IHCs	suggest	Bassoon	localizes	to	the	density	under	the	ribbon278.	

These	findings	are	in	agreement	with	immuno-EM	images	of	photoreceptor	ribbon	synapses	in	

which	bassoon	localizes	to	a	similar	region279.	Bassoon	is	required	for	localizing	the	ribbon	at	the	

active	zone262,272.	This	was	established	after	it	was	found	that	rapid	and	precise	exocytosis	in	
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response	to	cellular	depolarization	is	diminished	in	hair	cell	synapses	lacking	bassoon280.	Other	

components	of	synaptic	ribbons	include	Kif3A	and	RIM1271,281–284.	Kif3A	is	a	component	of	the	

motor	protein,	kinesin	II,	that	is	responsible	for	moving	cargo	along	microtubules.		However,	it’s	

function	at	ribbons	remain	unknown	because	the	remaining	kinesin	components,	Kif3B	and	

KAP3	are	not	detectable	at	the	ribbon284.	RIM1	(Rab3-interacting	molecule	I)	localizes	to	the	

synaptic	ribbon	where	it	promotes	SV	priming	and	docking46,285.		

	 Ribeye	is	specific	to	synaptic	ribbons	and	also	happens	to	be	their	main	constituent.	It	

consists	of	an	N-terminal	A	domain	and	a	C-terminal	B	domain.	The	A	domain	contains	an	

abundance	of	serine	and	proline	residues.	The	B	domain	is	identical	to	C-terminal	binding	

protein	2	(CtBP2)	found	in	adenoviruses	sans	the	last	20	C-terminal	residues244,271,286.	The	

structure	of	the	ribeye	gene	suggests	it	is	a	chimer	of	CtBP2	that	is	fused	to	a	different	N-

terminal	domain	resulting	in	a	novel	function.	CtBP2	is	a	transcription	repressor	found	in	

invertebrates.	RIBEYE	is	thought	to	evolve	from	a	large	exon	being	fused	to	the	CtBP2	exon271.	

This	is	considered	to	be	evolutionarily	advantageous	since	CtBP2	acts	on	nuclear	proteins	and	

thus	would	not	be	expected	to	influence	secretion.	In	general,	ribbon	synapse	demand	is	couple	

to	the	size	of	the	synaptic	ribbon,	a	direct	effector	of	the	ribbon-vesicle	tethering	

capacity91,287,288.	For	example,	ribbons	in	cone	photoreceptor	cells	tether	around	3000	vesicles	

while	600	are	docked	at	plasma	membrane289,290.	Whereas	ribbons	found	in	rod	photoreceptor	

cells	tether	640	vesicles	and	docks	130272,274.	In	six-day	old	mice,	immature	ribbons	resemble	

electron-dense	spheres	surrounded	by	synaptic	vesicles253,291.	Between	six-	and	ten-day	old	

mice,	IHC	ribbons	begin	to	acquire	their	oval	shape	and	by	day	twelve,	they	reach	morphological	

maturity	in	which	they	resemble	oblong	spheres	that	tether	vesicles	to	their	outer	surface136.	

Piccolino,	a	short	isoform	of	Piccollo	found	that	is	found	in	the	eye	and	ear,	is	required	for	

proper	ribbon	development.	Piccollino	loss-of-function	results	in	dramatic	changes	in	ribbon	

shape292.	

	 Ribbon	synapses	have	three	pools	of	vesicles,	1)	a	readily	releasable	pool	(RRP)	2)	a	

recycling	pool	and	3)	a	cytoplasmic	pool245,293–295.	The	readily	releasable	pool	consists	of	vesicles	

that	are	docked	at	the	plasma	membrane	near	calcium	channels	and	thus	are	the	first	to	fuse	

mere	microseconds	after	calcium	influx91,296.	These	vesicles	are	proposed	to	cluster	within	

100nm	of	the	AZ297,298.	The	RRP	of	Gerbil	IHCs	was	calculated	to	be	28	vesicles	per	active	zone	

which	correlates	well	with	other	studies	that	estimate	30	vesicles/AZ	in	mice	and	12	vesicles/AZ	
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in	rats220,247,251.	The	recycling	pool	consists	of	vesicles	tethered	to	the	ribbon	but	not	docked	at	

the	plasma	membrane.	Vesicles	tethered	to	ribbons	are	mobile,	while	those	in	the	cytoplasmic	

pool	are	not299–302.	Further,	vesicles	tethered	to	the	ribbon	do	not	exchange	with	cytoplasmic	

vesicle	pools91,92,296.	Mammalian	IHCs	have	between	100-200	ribbon-associated	vesicles.	Vesicles	

tethered	to	the	ribbon	can	undergo	homotypic	fusion	with	vesicles	that	are	in	the	process	of	

fusing	to	the	PM.	This	“piggyback”	model	is	consistent	with	previous	EM	work	which	also	

suggested	the	existence	of	compound	exocytosis	at	the	PM289.	The	recycling	pool	exists	to	

replenish	the	RRP	and	sustained	release	is	directly	linked	to	this	process293,303,304.	The	spatial	

separation	between	vesicle	release	and	replenishment	motivates	a	model	where	vesicles	that	

fuse	to	the	membrane	create	space	for	vesicles	tethered	to	the	ribbon	to	dock	at	the	plasma	

membrane.	More	simply	put,	vesicle	at	the	membrane-distal	end	of	the	ribbon	move	in	a	

“conveyor	belt”-like	formation	towards	the	plasma	membrane92,296.	IHCs	can	replenish	vesicles	

in	the	RRP	at	a	rate	of	1000	vesicles/second.	Specifically,	mouse	IHCs	were	found	to	only	require	

seven	seconds	to	replenish	the	RRP.	This	is	in	contrast	to	the	12	seconds	required	in	vestibular	

hair	cells	or	the	1-2s	required	in	retinal	bipolar	cells.	Differences	in	pool	replenishment	is	

thought	to	arise	from	differences	in	the	size	of	their	synaptic	ribbons261,305.		

	 Ribbons	synapses	have	two	distinct	vesicle-release	kinetics.	The	first	stage	corresponds	

to	the	release	of	the	RRP,	which	occurs	roughly	50	µS	after	calcium	influx.	The	second	stage	

consists	of	a	slower	release	of	vesicles	that	correspond	to	the	reserve	pool89,247,251,261,294,306–315.	

From	the	viewpoint	of	experimental	setup,	RRP	depletion	rate	heavily	depends	on	the	strength	

of	the	depolarization	impulse316,317.	However,	it	is	important	to	keep	in	mind	that	vesicle	release	

in	IHCs	is	graded	and	thus	the	two	kinetics	pools	may	be	experimental	artifacts.	In	mammals,	

each	IHC	has	a	dedicated	spiral	ganglion	neuron	which	forms	a	variable	number	of	synapses	via	

its	dendrites.	Each	synapse	is	dedicated	to	a	single	AZ,	which	average	~30	per	IHC99,136,258,290,317–

319.	Since	there	is	only	one	ribbon	per	active	zone,	it	can	be	estimated	that	if	there	are	30	

vesicles	on	an	IHC	ribbon,	then	there	is	roughly	900	vesicles/AZ.	These	finding	support	a	

different	study	in	which	mouse	IHCs	were	found	to	release	roughly	700	vesicles/AZ/second,	a	

stark	contrast	to	hippocampal	synapses	that	have	a	maximal	release	rate	of	20	

vesicles/second233,271.	Thus,	it’s	unclear	how	targeting,	tethering,	docking,	priming	and	fusion	fit	

the	release	kinetics	required	by	IHCs.	The	speed	of	exocytosis	measured	by	Sun	et.	al.	2002	

suggests	that	vesicle	recycling	is	very	rapid320.	Using	living	bipolar	neurons,	it	was	shown	that	
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ribbon-associated	vesicles	were	preferentially	endocytosed	and	recycled	at	the	active	

zone299,302,321.	This	observation	likely	arises	from	the	proteinaceous	nature	of	the	active	zone	

preventing	vesicle-associated	proteins	that	are	necessary	for	fusion	from	diffusing	across	the	

plasma-membrane.	Simply	stated,	all	the	necessary	fusion	machinery	can	be	rapidly	

endocytosed	to	form	another	synaptic	vesicle.	Since	there	is	evidence	that	docked	ribbon-

associated	vesicles	are	preferential	recycled,	it	is	possible	that	vesicles	farther	up	the	ribbon	(un-

docked)	slowly	work	their	way	into	the	mixture	of	docked	vesicles	thus	generating	the	

sustained-release	component.	

	 Clatherin-mediated	endocytosis	is	thought	to	be	responsible	for	AZ	clearing	and	

membrane	recycling322.	Specifically,	AP-2,	which	has	previously	to	be	a	component	of	clatherin-

mediated	endocytosis	in	neurons,	has	been	shown	to	interact	with	otoferlin.	The	µ	domain	of	

AP-2	was	found	to	mediate	otoferlin	interactions.	In	IHCs,	AP-2	colocalizes	with	myosin	VI,	which	

is	essential	for	clatherin-mediate	endocytosis.	Results	from	auditory	brainstem	response	(ABR)	

assays	suggest	AP-2	KO	mice	are	deaf	compared	to	their	WT	littermates.	Further,	patch-clamp	

recordings	of	endocytotic	and	exocytotic	events	in	murine	organs	of	Corti	show	that	disruption	

of	AP-2	effects	exocytotic	events	but	does	not	significantly	disrupt	endocytosis269,322.	When	RRP	

replenishment	was	studied,	AP-2	KO	mice	had	a	significant	reduction	in	vesicle	replenishment	

and	fusion	kinetics	compared	to	wild-type	mice	despite	a	consistent	number	of	membrane-

proximal	vesicles	between	both	groups.	Taken	together,	these	results	suggest	that	AP-2	plays	a	

role	in	vesicle	replenishment	via	clatherin-mediated	exocytosis.	

	

1.6.2	SNAREs	

	 SNAREs	are	a	family	of	small	membrane-fusion	proteins	that	are	widespread	across	

prokaryotic	and	eukaryotic	cells.	For	example,	there	are	25	types	of	SNAREs	found	in	

Saccharomyces	cerevisiae,	36	types	in	Homo	sapiens	and	54	types	in	Arabidopsis	thaliana	(Figure	

1.5).	SNAREs,	which	commonly	associate	with	membranes	via	a	C-terminal,	single	pass	

transmembrane	domain,	play	an	indispensable	role	in	cellular	membrane	trafficking323.	As	a	

result,	SNAREs	are	often	shuttled	between	different	subcellular	compartments	and	thus	ae	

widely	distributed	in	cells9,51,323–327.	SNAREs	can	be	sub-classified	into	two	groups,	t-SNAREs	

(which	are	localized	to	the	target	membrane)	and	v-SNAREs	(localized	to	the	membrane	unit	

that	is	being	trafficked)9.	During	fusion	the	v-SNARE	forms	a	complex	with	the	t-SNAREs	thereby	
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placing	both	membranes	into	close	juxtaposition	and	in	doing	so	creates	an	unstable	membrane	

environment51,89.	Once	SNAREs	interact,	they	begin	a	process	known	as	“zippering”.	SNARE	

zippering	refers	to	a	dynamic	state	in	which	the	SNAREs	form	a	stable	complex.	This	complex	is	

thought	to	exert	a	mechanical	force	on	the	membrane	that	drives	lipid	rearrangement	into	a	

more	favorable	conformation.	In	doing	so,	SNAREs	directly	reduce	the	energy	barrier	associated	

with	fusion51,89,328.	It	was	hypothesized	that	the	linker	between	the	SNARE	transmembrane	

domain	and	SNARE	motif	is	ridged	in	order	to	ensure	that	the	energy	released	from	SNARE	

assembly	would	directly	be	transferred	to	the	membranes.	However,	the	introduction	of	glycine	

or	proline	residues	in	this	region	had	little	effect	on	fusion	rates	in	vitro	or	in	vivo,	suggesting	

that	the	linker	plays	little	role	in	membrane	destabilization329,330.		

	 In	neurons,	the	most	common	SNAREs	include	t-SNAREs,	SNAP-25	and	syntaxin1A	and	v-

SNARE,	vesicle-associated	membrane	protein-2	(VAMP-2).	SNAP-25	consists	of	two	cytoplasmic	

helices	that	fold	in	a	“bobby	pin”-like	structure	and	has	been	shown	to	form	interactions	with	

Syt-I	and	calcium	channels	(Figure	1.5)121,331.	Unlike	most	SNAREs,	SNAP-25	does	not	contain	a	

transmembrane	domain,	and	instead	associated	with	the	membrane	via	a	palmitoylated	

cysteine	residue332.	Syntaxins	consists	of	a	single	cytoplasmic	alpha	helix	that	has	been	shown	to	

directly	bind	Syt-I,	calcium	channels	and	otoferlin231,234.	VAMP-2,	also	referred	to	as	

synaptobrevin	2,	is	the	most	abundant	of	all	three	neuronal	SNARE,	with	an	estimated	70	VAMP-

2	molecules	per	synaptic	vesicle333,334.		

	 SNAREs	alone	are	monomeric	and	unstructured,	however,	upon	bind	the	correct	

number	and	type	of	other	SNARE,	they	form	an	extremely	stable	complexes335.	This	complex	

consists	of	three	SNAREs	forming	a	four-helix	bundle,	also	known	as	a	“SNAREpin”51,89,328,336–338.	

X-ray	crystallography,	circular	dichroism	and	site-specific	labeling	support	the	SNAREpin	as	being	

a	12nm-long,	four-helix336,338–342.	The	alpha	helix	in	the	individual	SNAREs	that	contribute	to	the	

SNAREpin	are	known	as	a	SNARE	motif.	The	residues	in	this	region	are	highly	conserved	and	

single	amino-acid	substitutions	generally	result	in	loss	or	severe	impairment	of	SNARE	

function336,343.	At	neuronal	synapses,	both	VAMP-2	and	syntaxin1A	contribute	one	helix	to	the	

bundle	while	SNAP-25	contributes	two	helices9,101,336,344–346.	The	contributed	helices	come	from	

one	of	the	four	classes	of	SNARE	motifs	(R,	Qa,	Qb	and	Qc)51,89,343,347–350.	SNARE	helices	are	

amphiphilic	and	as	a	result,	SNAREs	form	promiscuous	complexes	with	other	SNAREs	that	do	not	
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result	in	a	stable	SNAREpin.	Stable	SNAREpins	only	form	when	the	bundle	contains	one	helix	

from	each	class351–354.	

	 SNARE	“zippering”	is	the	process	in	which	t-SNAREs	forms	a	stable	SNAREpin	with	v-

SNAREs	thereby	forcing	the	vesicle	closer	to	the	plasma	membrane337,355,356.	In	fact,	once	the	

SNAREpin	has	been	fully	assembled	there	would	only	be	an	estimated	4nm	gap	between	the	

opposing	membrane;	enough	space	to	accommodate	a	SNAREpin51,328.		Zippering	occurs	

directionally,	starting	at	the	N-terminal	and	proceeding	towards	the	membrane-proximal	C-

terminal356–362.	SNARE	zippering	is	essential	for	fusion	because	it’s	thought	to	facilitate	the	

formation	of	the	fusion	pore	(Figure	1.2)327.	In	support	of	this,	it	was	found	that	the	energy	

accumulated	during	SNAREpin	folding	(35kBT)	is	in	very	close	approximation	to	the	energy	

needed	to	drive	fusion	pore	formations	that	lead	to	fusion	(40-50kBT)328,363.	Further,	

reconstitution	assays	using	syntaxin1A,	SNAP-25	and	VAMP-2	show	the	ability	for	SNAREs	to	

mediate	mixing	of	the	two	opposing	membrane	outer	leaflets337.	Due	to	its	stability,	the	

SNAREpin	can	only	be	dissociated	using	specialized	chaperones.	N-ethyl	maleimide	sensitive	fact	

(NSF)	and	soluble	NSF	attachment	proteins	(SNAPs)	work	together	to	disassemble	the	SNARE	

complex	using	ATP	hydrolysis.	SNAP	first	binds	the	assembled	SNARE	complex,	which	triggers	

the	ATPase	activity	of	NSF.	The	hydrolysis	of	ATP	mediates	a	conformational	change	in	NSF	to	

allow	for	core	complex	disassembly.	However,	the	exact	mechanism	as	well	as	other	players	

involved	in	this	process	are	still	poorly	understood51,364–368.		

	 During	exocytosis,	vesicle	docking	is	enhanced	by	SNARE	interactions	with	Syt-I67,73,132.	

Additionally,	other	proteins	have	been	found	to	interact	with	SNAREs	during	fusion,	as	well.	For	

example,	Munc-18,	in	its	unphosphorylated	state,	is	necessary	for	exocytosis	at	presynaptic	

terminals369,370.	Specifically,	during	tethering	Munc18	binds	syntaxin1A	thereby	inhibiting	its	

interactions	with	SNAP-25	and	VAMP-2371.	The	association	of	Munc-18	with	syntaxin1A	prevent	

promiscuous	SNARE	binding	that	lead	to	unstable	SNAREpins372–374.	However,	upon	

phosphorylation	by	PKC,	Munc-18	dissociates	from	syntaxn1A	thus	allowing	a	SNARE	pin	to	

form371,375,376.	Further,	there	is	new	evidence	suggesting	that	Munc-18	may	also	dually	acts	as	a	

chaperone	that	targets	synataxin1A	to	the	plasma	membrane376.	Complexins	have	also	been	

implicated	in	SNARE	binding	as	well.	Complexin	forms	a	tripartite	complex	with	Syt-I	and	a	

partially-assembled	SNARE	complex	during	the	priming	phase	of	exocytosis.	It’s	this	interaction	

that	allows	Munc-18	to	bind	syntaxin1A343,377–380.	It’s	not	entirely	understood	how	SNAREs,	
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Munc-18,	complexin	and	Syt-I	work	together	to	mediate	exocytosis.	However,	it’s	proposed	that	

the	presence	of	PI(4,5)P2	targets	Syt-I	to	the	plasma	membrane	where	Syt-I	binds	the	partially-

assembled	SNARE	complex,	displacing	complexin	and	Munc-18.	The	displacement	of	complexin	

allows	the	SNARE	complex	to	fully	form	and	create	a	fusion	pore157,169,380,381.	Unfortunately,	this	

model	is	further	convoluted	by	SNAREs	interactions	with	calcium	channels.	Co-IP	and	

immunofluorescence	have	demonstrated	the	association	between	t-SNAREs	and	calcium	

channels382–392.	Syntaxin1A	modulates	the	rates	of	activation	and	inactivation	of	calcium	

channels	found	in	neuronal	and	cardiac	muscle.	Similarly,	SNAP-25	has	been	shown	to	affect	the	

rate	of	inactivation	of	calcium	channels	found	in	cardiac	muscle.	Further,	changes	in	channel	

kinetics	as	a	result	of	syntaxin1A	or	SNAP-25	differed	significantly	from	the	combined	effects	of	

the	t-SNARE	complex,	suggesting	the	t-SNARE	complex	interacts	with	the	channels,	as	well393.		

	

1.6.3	Calcium	channels	

	 Voltage	gated	calcium	channels	trigger	fast	neurotransmitter	release	in	response	to	

changes	in	membrane	potential.	Calcium	channels	have	evolved	unique	physiological	and	

pharmacological	properties	to	support	a	wide	range	of	electrical	signaling	events	in	different	cell	

types394.	For	example,	in	endocrine	cells	they	mediate	secretion	of	hormones395.	In	skeletal,	

cardiac	and	smooth	muscle,	they	activate	calcium-sensitive	calcium	release	pathways	by	binding	

RyR	recepters396–400.	At	the	synapses	of	neuronal	and	sensory	cells,	they	interact	with	

membrane-fusion	mediators	in	response	to	nerve	impulses399,401–403.		

	 Voltage-gated	calcium	channels	have	a	10nm	diameter	and	are	composed	of	five	

subunits-	a1,	a2,	b,d	and	g	(Figure	1.6	A)404.	The	a1	subunit	is	a	pore-forming,	190kDa	protein	

the	consists	of	four-repeated	domains	that	are	comprised	of	6	transmembrane	alpha	helices	

(Figure	1.6	B)405,406.	This	subunit	is	responsible	for	calcium	transport	through	the	membrane.	

Mutagenic	studies	have	established	that	it	can	facilitate	calcium	transport	without	the	presence	

of	the	a2,	b,d	and	g	domains,	but	with	abnormal	kinetic	properties407–409.	S4	(the	4th	helix	of	the	

6-helical	bundle	on	the	a1	subunit)	acts	as	the	voltage	sensor.	Its	rotation	initiates	a	

conformational	change	that	opens	the	pore394.	S6	acts	as	the	binding	site	for	calcium	channel	

antagonists410.	The	d	subunit	is	a	33kDa,	four-helix	bundle	that	extends	across	the	membrane.	

Its	encoded	by	the	3’	end	of	the	same	coding	sequence	as	the	a1	subunit.	The	mature	d	subunit	

is	proteolytically	processed	and	forms	a	disulfide	bridge	with	the	a1	subunit411,412.	The	a2	
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subunit	is	an	extracellular,	170kDa	dimer	that	is	directly	attached	to	the	g	subunit412–414.	

Although	the	exact	function	of	the	a2g	subunits	remains	to	be	explored,	a	recent	study	showed	

it	plays	a	role	in	modulating	the	opening	of	the	calcium	channel415.	Mutations	in	the	gene	

encoding	the	g	subunit	underlies	“stargazer”	epilepsy	in	mice,	characterized	by	frequent	seizures	

that	include	head-tossing	and	ataxic	gait416.	The	b	subunit	is	55kDa	and	consists	of	four	

intracellular	alpha	helices	that	binds	the	N-terminal	a1	subunit	via	non-covalent	interactions417.	

Variations	in	b	subunit	isoforms	between	calcium	channel	types	underlies	the	differences	in	

kinetics	properties	and	activation	voltage394.		

	 Calcium	channels	are	distinguished	by	their	pharmacological	properties,	such	as	the	

inhibitors	that	affect	them	and	the	effect	inhibitors	have	on	channel	kinetics394.	L-type	channels	

show	very	little	calcium-dependent	inactivation	compared	to	N-type	channels99.	L-type	channels	

include	Cav1	channels	1.1,	1.2,	1.3	and	1.4.	Cav1.1	channels	are	found	in	skeletal	muscle	where	

they	participate	in	calcium	homeostasis	and	muscle	contraction394.	Cav1.2,	1.3	and	1.4	channels	

can	be	found	in	cardiac	muscle,	neuroendocrine	cells	and	sensory	synapses99,418,419.	Calcium	

channels	with	properties	different	from	those	of	L-type	were	first	found	in	electrophysiological	

studies	of	calcium	currents	in	starfish	eggs	and	dorsal	root	ganglion	neurons420–423.	These	studies	

revealed	the	presence	of	Cav2	channels	which	include	N-,P-,Q-	and	R-type.	Calcium	influx	in	

most	synapses	is	mediated	by	Cav2.1	(P-/Q-type),	Cav2.2	(N-type)	and	Cav2.3	(R-type)89,99,394,419.	

N-type	Ca2+	channels	are	localized	in	nerve	terminals	and	participate	in	neurotransmitter	release	

in	central	and	peripheral	synapses402,424–427.	N-type	channels	are	activated	at	more	negative	

potentials	than	L-type	and	less	negative	potentials	than	T-type,	while	they	are	inactivated	at	

rates	that	are	faster	than	L-type	and	slower	than	T-type423.	P-	and	Q-type	channels	are	primarily	

found	in	purkinje	neurons	where	they	are	required	for	inter-	and	intracellular	neuronal	

signaling.	Mutations	to	P-type	channels	underlies	hereditary	migraines	and	cerebellar	ataxia394.	

R-type	channels	participate	in	inter-	and	intracellular	calcium	release	in	cerebellar	granule	

neurons428.	Finally,	Cav3	channels	consists	of	T-type	channels	3.1	and	3.2	that	are	primarily	

found	in	pacemaking	cells.	These	channels	are	activated	at	more	negative	potentials	and	

inactivated	rapidly394.		

	 Calcium	channels	are	required	for	AZ	development	in	IHCs264.	Before	hearing	onset	in	

mice	exocytosis	in	IHCs	is	evoked	by	calcium	potentials	but	with	low	and	imprecise	

transmission429–431.	However	around	day	six,	IHCs	start	to	display	more	vesicle	release	that	is	
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synchronous	with	calcium	influx245.	Fluorescence	imaging	of	calcium	influx	has	revealed	localized	

calcium	domains	in	mature	hair	cells	of	mice,	but	less	spatial	confined	calcium	influx	for	

immature	hair	cells15.	Calcium	channels	commonly	co-immunoprecipitate	with	synaptic	proteins	

such	as	SNAREs	and	synaptotagmin382,383,432–434.	The	coupling	of	calcium	channels	with	calcium-

sensors	for	membrane	fusion	positions	vesicles	at	the	site	of	calcium	influx	and	play	a	direct	role	

in	synaptic	fidelity435.	For	example,	the	C2B	domain	of	Syt-I	binds	N-type	calcium	channels	in	a	

calcium-dependent	manner	in	neurons	during	synaptic	exocytosis.	The	a1	subunit	facilitates	the	

interaction	with	Syt-I	via	a	region	of	the	intracellular	loop	between	a1	domains	II-III	(Figure	1.6	

B)	called	the	synaptic	protein	interaction	(synprint)	site146.	Proteomic	screens,	yeast	two-hybrid	

and	co-immunoprecipitation	experiments	provided	evidence	for	interactions	between	the	

synprint	site	and	t-SNARE	dimers	as	well	as	t-SNARE	constituents146,387–389,418,436–438.	There	are	

two	N-type	calcium	channel	splice	variants	that	both	lack	the	synprint	site439.	These	variants	

target	the	axon	of	cultured	hippocampal	neurons	but	not	the	presynaptic	membrane	further	

highlighting	the	importance	of	the	synprint	site	during	synaptic	exocytosis440.		

	 L-type	calcium	channels	are	required	for	neurotransmitter	release	at	IHC	synapses	

where	they	mediate	90%	of	calcium	current258,300,441.	Calcium	influx	in	retinal	and	inner	hair	cells	

occurs	preferentially	beneath	synaptic	ribbons,	where	calcium	channel	

cluster247,258,297,301,317,442,443,443–454.	For	example,	multiple	calcium	imaging	studies	indicate	that	

calcium	current	“hotspots”	localize	with	synaptic	ribbon-specific	markers258,443,455–457.	

Additionally,	ribbons	fail	to	colocalize	to	IHC	synapses	in	Cav1.3	KO	mice278.	These	findings	

further	highlight	the	importance	of	calcium	channels	during	synaptic	development,	in	which	

ribbon	size	and	shape	in	the	lateral	line	of	Danio	rerio	is	directly	shaped	by	calcium	current	

through	Cav1.3	channels458.	Indeed,	the	clustering	of	calcium	channels	at	AZs	is	a	feature	unique	

to	sensory	cells	and	has	long	been	thought	to	play	a	role	in	synchronizing	calcium	influx	with	

vesicle	release258.	In	IHCs,	the	ribbon	may	act	as	an	impermeable	structure	that	clusters	calcium	

beneath	it	as	a	method	physically	concentrating	calcium263.	Both	in	vivo	and	in	vitro	studies	have	

established	that	synaptic	secretion	in	IHCs	occurs	between	15-75uM	calcium97,213,429,459–461.		

	 Ribbons	is	mammalian	IHCs	associate	with	100-200	calcium	channels.	Further,	the	

probability	of	the	channel	being	open	was	estimated	to	be	0.85271,279,284,317,462.	If	there	are	

roughly	30	AZ/IHC	then,	assuming	calcium	channels	are	evenly	distributed	between	AZs,	each	AZ	

should	have	around	5	calcium	channels.	This	result	suggests	that	only	a	few	calcium	channels	
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need	to	be	open	to	promote	synaptic	vesicle	exocytosis.	These	calculations	support	

immunofluorescence	and	electrophysiology	results	which	suggest	that	the	AZs	are	surrounded	

by	3-5	calcium	channels463,464.	For	reference,	the	ribbons	synapse	of	gold-fish	bipolar	cells	

contain	between	5-7	calcium	channels	per	AZ308.		

	 The	tight	clustering	of	calcium	channels	at	the	presynaptic	membrane	facilitate	

simultaneous	opening	of	other	channels	within	a	small	radius	of	calcium	influx	current,	as	well	

as	reducing	the	time	between	depolarization	and	exocytosis	thereby	reducing	synaptic	

delays465,466.	The	coupling	distance	between	calcium	channels	and	fusion	machinery	is	often	

probed	using	calcium	chelators	that	have	the	same	calcium	binding	affinity	but	different	binding	

kinetics.	If	calcium	channels	are	in	close	proximity	to	calcium	sensors,	then	the	fast	chelator,	

BAPTA,	would	bind	calcium	while	the	slow	chelator,	EDTA,	would	not	have	enough	time	to	

interact.	By	contrast,	if	coupling	distances	are	longer,	then	both	BAPTA	and	EDTA	would	have	

time	to	bind	calcium.	Results	of	calcium	chelation	studies	in	different	cell	types	suggest	a	wide	

distribution	of	distances	between	calcium	channels	and	calcium	sensors.	Immature	calyx	of	Held	

cells	have	coupling	distances	between	30	to	300nm	while	hippocampal	cells	have	a	coupling	

distance	of	10-20nm	467,468.	IHCs	treated	with	a	fluorescent	calcium	indicator	revealed	that	

calcium	influx	occurs	in	“hotspots”	spanning	hundreds	of	nanometers	termed	microdomains.	

These	are	different	from	nanodomains,	which	only	span	tens	of	nanometers454.	The	presence	of	

microdomains	would	facilitate	the	fusion	of	vesicles	that	are	farther	away	from	calcium	

current469.	However,	exocytosis	in	response	to	physiological	depolarizations	can	be	facilitated	by	

opening	only	a	few	(<10)	calcium	channels,	which	is	sufficient	to	create	nanodomains258,317,470–

472.	Further,	synaptic	release	in	IHCs	is	graded,	and	therefore	nanodomain	coupling	would	

prevent	calcium-signal	saturation.	Indeed,	previous	studies	have	demonstrated	that	a	linear	

relationship	exists	between	calcium	influx	and	neurotransmitter	release271,287,402,444–447.	

Additionally,	the	probability	of	a	calcium	channel	being	open	also	supports	the	presence	of	

calcium	nanodomains	at	the	presynapse476.	It’s	likely	a	combination	of	calcium	micro-	and	

nanodomains	are	present	at	ribbon	synapses	to	allow	them	to	operate	in	a	larger	dynamic	

range263.	Further,	Frank	et.	al.	have	proposed	that	IHCs	adjust	the	number	of	calcium	channels	at	

their	synapses463.	This	finding	could	explain	the	existence	of	hetergenous	calcium	domains	that	

drive	different	exocytotic	rates477.	Overlapping	calcium	domains	(microdomain)	would	facilitate	
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the	release	of	multiple	vesicles	whereas	non-overlapping	domains	(nanodomains)	facilitate	the	

release	of	a	single	or	very	few	vesicles478–481.		

	

1.7	Single-molecule	TIRF	as	a	method	to	study	protein	function		

	 Single-molecule	microscopy	experiments	offer	a	complementary	perspective	to	

understanding	molecular	processes.	These	types	of	experiments	allow	scientist	to	track	

individual	molecules	in	a	biomolecular	process	to	get	a	clearer	insight	of	the	system	properties.	

This	is	opposed	to	traditional	bulk	biochemical	assays	where	the	molecules	in	a	given	system	are	

averaged	together.	As	a	result,	single-molecule	experimentalist	can	measure	distributions	

describing	certain	molecular	properties,	characterize	the	kinetics	of	biomolecular	reactions	and	

observe	possible	intermediates	that	would	be	difficult	to	obtain	in	bulk	experiments.		

	 The	two	most	common	single-molecule	imaging	experimental	setups	are	confocal	

microscopy	and	total	internal	reflection	fluorescence	(TIRF)	microscopy.	In	confocal	microscopy,	

a	laser	is	focused	through	the	objective	lens	of	a	microscope	thereby	only	exciting	a	small	

portion	of	fluorophores.	The	emission	can	be	split	into	multiple	channels	to	image	many	sets	of	

molecules.	In	TIRF	microscopy,	an	evanescent	wave	is	created	that	only	excites	molecules	within	

a	few	hundred	nanometers	of	the	interface.	The	fluorescence	emission	is	then	sent	through	the	

objective	and	is	recorded	on	a	CCD	camera.	A	benefit	of	TIRF	over	confocal	microscopy	is	a	

smaller	optical	section	thickness	in	the	z-plane.	Confocal	methods	have	a	minimum	optical	

section	thickness	of	600nm,	which	is	considerably	more	than	the	100nm	sections	typical	of	

TIRFM.	As	a	result,	most	TIRFM	methods	have	a	much	higher	signal	to	noise	ratio.	Since	the	

plasma	membrane	is	only	7-10nm	thick,	TIRF	is	ideal	for	studying	fluorophores	at	the	adherent	

cell	surface	while	minimizing	fluorescence	from	intracellular	regions.		

	

1.7.1	Basis	and	configuration	

	 The	physical	phenomenon	that	allows	TIRF	to	work	is	the	generation	of	a	thin-layer	

illuminated	field	called	an	“evanescent	wave”.	The	evanescent	wave	is	generated	when	a	light	

with	an	angle	of	incidence	(𝜃)	passes	through	an	interface	at	an	angle	large	enough	that	all	of	

the	light	is	totally	internally	reflected	at	the	surface.	The	minimum	angle	for	this	to	occur	at,	

known	as	the	critical	angle,	is	given	by	Snell’s	law	(Eq.	1)	where	𝜂#	and	𝜂$	are	the	refractive	
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indices	of	the	sample	and	the	cover	slip,	respectively,	and	𝜃	is	the	angle	of	the	light	source	to	

the	normal.			

	

																																																																					𝜂# sin 𝜃# =	𝜂$ sin 𝜃$																																																							(Eq.	1)	

	

The	intensity	(I)	of	the	evanescent	field	decays	exponentially	with	as	its	distance	(z)	from	the	

interface	increases	where	I0	is	the	intensity	of	the	evanescent	field	at	z=0	(Eq.2).	The	depth	(d)	

refers	to	the	distance	from	the	coverslip	at	which	the	intensity	is	37%	(#
*
)	of	the	intensity	at	I0.		

	

																																																																																					𝐼, = 𝐼-.,/0 																																																								(Eq.	2)																								

	

Therefore,	a	fluorophore	that	is	closer	to	the	interface	will	be	excited	more	strongly	than	a	

fluorophore	that	is	farther	away.	The	typical	depth	of	an	evanescent	field	ranges	from	60-200nm	

and	is	affected	by	several	parameters.	These	include	incidence	angle,	wavelength	and	the	

refractive	index	of	both	the	coverslip	and	the	sample482–489.			

	 There	are	two	methods	for	configuring	a	total	internal	reflection	setup.	In	prism-type	

(pTIRF)	a	prism	mediates	the	light-source	interaction	with	the	sample	(Figure	1.9).	To	do	so,	the	

prism	must	be	positioned	directly	on	top	of	the	sample	chamber	thereby	creating	the	largest	

draw-back	of	pTIRF;	sample	accessibility.	However,	since	most	pTIRF	systems	sit	on	specialized	

optical	“bread-board”	tables,	this	setup	allows	for	a	more	customized	optical	emission	set-up.	

The	ability	to	freely	adjust	mirrors	and	filters	lets	the	experimenter	easily	add	or	subtract	light	

sources	and	filters.	Objective-type	TIRF	(oTIRF)	is	the	most	popular	type	of	TIRF	due	to	its	ease	

of	use.	In	oTIRF,	all	light	propagation	occurs	though	an	objective	on	an	inverted	microscope.	

Compared	to	pTIRF,	oTIRF	has	the	fastest	learning	curve,	is	safer,	and	as	a	result,	more	

convenient.	One	major	drawback	of	oTIRF	is	that	since	the	objective	must	mediate	exication	and	

emission	photons	(Figure	1.10),	special	precautions	must	be	made	to	eliminate	signal	

interference.	Generally,	the	use	of	a	suitable	dichroic	beam	splitter	is	sufficient	to	reduce	the	

majority	of	cross-talk.	More	recently,	modified	set-ups	have	been	used	to	remove	all	

interference490,491.		

	 The	most	important	feature	of	oTIRF	setups	is	the	numerical	aperture	(NA)	of	the	

objective.	The	NA	is	a	measure	of	an	optical	system’s	ability	to	gather	light	and	resolve	sample	
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details.	When	a	fluorescent	molecule	is	highly	magnified,	it	resembles	a	central	spot	(diffraction	

disk)	surrounded	by	diffraction	rings.	The	resolving	power	of	the	objective,	that	is	the	minimum	

distance	(d)	that	must	separate	two	objects	in	order	to	distinguish	them	from	one	another,	is	

dependent	upon	Abbe’s	law	(Eq.	3),	in	which	the	wavelength	of	light	used	to	probe	the	sample	

divided	twice	the	NA	is	proportional	to	the	diffraction	limit.		

	

																																																																																				𝑑 = 2
$34

																																																															(Eq.	3)	

	

Since	most	NA	for	TIRF	objectives	are	1.45	or	1.49,	then	most	oTIRF	setups	can	resolve	

molecules	that	are	as	little	as	140nm	(0.14µm)	apart.	This	number	is	small	compared	to	most	

biological	cells	which	range	in	size	from	1µm	to	100µm,	but	large	compared	to	viruses,	protein	

and	peptides	which	average	100nm,	10nm	and	1nm,	respectively.	Using	intensity	

measurements,	it’s	possible	to	determine	the	number	fluorophores	in	a	given	area.	Once	an	

isolated	fluorophore	is	targeted,	the	photons	forming	the	image	can	be	fit	to	the	point-spread-

function	(PSF)	for	that	given	microscope.	The	PSF	characterizes	how	an,	image	source	appears	

upon	detection	and	thus	varies	by	microscope	setup.	The	number	of	individual	fluorophores	

within	a	given	viewing	area	can	be	determined	with	a	PSF	which	allow	the	reconstruction	of	

oTIRF	images	with	nanometer	resolution488,492–494.		

	

1.7.2	TIRF	applications	to	biological	systems	

	 The	use	of	TIRF	to	study	protein	localization	and	spatial	dynamics	dates	back	over	30	

years	ago495.	For	example,	the	epidermal	growth	factor	(EGF)	and	its	receptor	(EGFR)	were	some	

of	the	first	interactions	visualized	using	TIRF496–498.	TIRF	has	also	been	used	to	visualize	different	

types	intracellular	signaling	events.	For	example,	many	signal	transduction	events,	especially	

those	across	membranes,	rely	on	receptors	forming	a	physical	interaction.	TIRF	assays	have	

been	developed	to	test	protein	oligomerization	and	even	determine	interaction	partners499–504.	

Additionally,	TIRF	has	been	instrumental	in	visualizing	the	recruitment	and	the	spatial	

distribution	of	membrane-trafficking	and	signaling	molecules	at	the	plasma	membrane505–507.	In	

the	context	of	this	thesis,	endocytotic	and	exocytotic	proteins	have	particularly	benefited	from	

investigation	by	TIRF.		Insight	into	the	formation	of	vesicles	and	the	proteins	involved	in	the	

different	stages	of	this	dynamic	process	were	gained	as	a	direct	result	of	TIRF	measurements508–
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512.	Events	in	the	opposite	direction,	endocytosis,	are	detectable	by	TIRF,	as	well.	PSF-fitting	has	

been	applied	to	a	few	different	studies	that	tracked	individual	secretory	vesicles	at	the	plasma	

membrane513–516.	Additionally,	in	vitro	TIRF	assays	have	been	used	to	characterize	the	molecular	

mechanism	of	different	fusion	events125,130,154,168,517–521.	Calcium	channel	imaging	using	TIRF	has	

provided	information	that	could	not	be	gained	from	electrophysiology	measurements,	alone.	

The	TIRF	data	not	only	showed	unequal	channel	distribution,	but	also	a	diversity	in	activation-

voltages522.	The	study	of	cytoskeletal	proteins	near	the	plasma	membrane	using	TIRF	has	led	to	

new	insights	about	the	structural	proteins	that	mediate	cellular	movement	and	rigidity.	For	

example,	information	about	the	directionality	of	microtubule	polymerization,	actin	dynamics	

and	actin-associated	proteins	have	all	had	a	TIRF	component	in	their	discoveries512,513,523–525.	TIRF	

also	allows	for	the	determination	of	single-molecule	kinetics	from	an	ensemble	of	molecules	

near	equilibrium.	The	ability	to	follow	distinct	binding	and	dissociation	events	allow	

experimentalist	to	not	only	detect	discrete	states	that	would	be	averaged	out	in	bulk	ensembles,	

but	to	also	probe	biologically	relevant	events	that	range	from	occurring	on	the	ms	timescale	

(biomolecular	reactions)	to	those	to	occur	over	a	period	of	hours	(cellular	maturation	events).	

The	characterization	of	the	kinetic	properties	of	antibody	binding	has	benefited	greatly	from	

TIRF	and	was	often	the	subject	of	early	TIRF	kinetic	studies526–532	.	Among	others	include	protein	

folding	kinetics	and	ion-channel	gating	kinetics522,533,534.		

	 TIRF	is	often	combined	with	other	techniques	to	create	single-molecule	hybrid	assays	

that	provide	greater	insight	into	the	properties	of	the	molecular	system	at	hand.	For	example,	

TIRF	is	often	combined	with	Förster	Radius	Energy	Transfer	(FRET)	to	investigate	inter-	and	

intramolecular	interactions	either	within	the	plasma	membrane	or	via	surface-tethered	

molecules.	FRET	occurs	when	excitation	energy	from	a	donor	molecule	is	transferred	to	the	

acceptor	via	an	induced	dipole-dipole	interaction	between	both	fluorophores	(Figure	1.11).	FRET	

depends	on	the	orientation	of	the	donor	and	acceptor	relative	to	each	other	and	the	distance	

between	the	donor	and	acceptor,	known	as	the	Förster	radius.	The	efficiency	of	energy	transfer,	

E,	is	given	by	Eq.4	where	R	is	the	distance	between	the	donor	and	acceptor	and	Ro	is	the	

distance	at	which	50%	of	the	energy	is	transferred	to	acceptor.		

	

																																																																																			𝐸 = #

#6 78

798

																																																													(Eq.	4)	
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FRET	can	be	used	to	measure	distances	that	range	from	10-75Å.	Additionally,	since	efficiency	is	

distance	dependent,	FRET	is	often	used	as	a	spectroscopic	ruler	that	is	capable	of	detecting	

minute	changes	in	orientation	relative	to	the	donor	and	acceptor	fluorophores.	TIRF-FRET	has	

been	used	extensively	to	map	protein	interactions535–545.	Specifically,	the	assemblies	and	

interaction	partners	of	dozens	ion	channels	have	been	characterized	using	this	method.	These	

channels	include	nicotinic	channels,	voltage-dependent	channels,	transient	receptor	potential	

channels,	large-conductance	ion	channels	and	G-protein	coupled	channels,	to	name	a	few533,546–

555.	Besides	FRET,	photobleaching	is	the	second	most	common	TIRF-hybrid	assay.	Single-

molecule	photobleaching	is	a	method	of	determining	the	stoichiometry	of	biocomplexes.	

Stoichiometry	is	determined	by	the	number	of	stochastic	bleaching	events	that	result	from	

prolonged,	high-intensity	exposure	from	the	excitation	source.	G-protein	coupled	

receptors496,556–560	and	ion	channels561–575		are	examples	of	protein	families	that	have	been	

extensively	characterized	using	single-molecule	photobleaching.		

	

1.8	Significance	

	 Congenital	hearing	loss	is	a	common	disorder	and	over	60	mutations	in	the	sensory	hair	

cell	protein,	otoferlin,	have	been	linked	to	pre-lingual	deafness.	Although	otoferlin	is	essential	

for	hearing,	the	large	size	and	low	solubility	of	the	protein	have	limited	approaches	to	study	its	

function	on	a	molecular-level.	To	overcome	these	challenges,	we	have	developed	single-

molecule	fluorescence	assays	which	have	allowed	us	to	quantitatively	probe	otoferlin	function.	

Based	upon	our	findings,	we	have	shown	that	otofelrin	acts	as	a	calcium-sensitive	scaffold	for	

other	membrane-fusion	proteins	at	the	plasma	membrane.	The	ability	to	localize	fusion	proteins	

at	the	site	of	calcium-influx	would	reduce	synaptic	delay	and	allow	for	rapid	neurotransmitter	

release	in	response	to	a	sound	stimulus.	Second,	we	have	directly	shown	that	otoferlin	inserts	

into	lipid-bilayers.	This	finding	is	significant	because	insertion	into	the	membrane	bilayer	has	

been	demonstrated	to	be	a	crucial	step	for	mediating	the	fusion	of	synaptic	vesicles	to	the	

plasma	membrane.		
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Figure 1.1: A C2 domain 
The C2 domain is composed of two, four-stranded b-sheets (blue) that form a b 
sandwich. Conserved aspartic acid residues on the loops coordinate three calcium ions 
(green). PDB: 1A25 
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Figure 1.2: Steps of synaptic vesicle fusion 
Vesicle fusion is mediated by peripheral and integral membrane proteins that are located 
on both the plasma membrane and the vesicle. Although each step in the process may not 
temporally occur as illustrated, all fusion pathways are thought to encompass the same 
physical mechanism for merging two separate membrane bilayers. 



 35 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: Ferlin protein topology 
Ferlin proteins contain multiple C2 domains (blue circles). The crystal structure of the 
otoferlin C2A domain (PBD: 3L9B) shows the canonical C2 domain motif. Mammalian 
ferlins have a FerI motif (red rectangle) between the C2B and C2C domains and a FerB 
domain between the C2C and C2D domains. Dysferlin, myoferlin and FR1L5 also have a 
FerA and DysF (PDB: 4L4H) domain between their C2C and C2D domains.  
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Figure 1.4: IHC plasma membrane 
Cartoon illustration of synaptic vesicles tethered to the synaptic ribbon near the plasma 
membrane of inner hair cells.  
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Figure 1.5: Neuronal SNAREs 
The neuronal SNAREs syntaxin1A (Qa), SNAP-25 (Qbc) and VAMP-2 (R) form a stable 
SNAREpin during synaptic vesicle secretion. The helices that contribute to the SNARE 
core complex are denoted by a yellow star.  
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Figure 1.6: Voltage-gated calcium channel 
General structure of a voltage gated calcium channel. (A) Schematic showing how all the 
subunit fit together. (B) Topology of the a1 subunit and their intracellular loops.  
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2.1	Abstract	

	 Sensory	hair	cells	rely	on	otoferlin	as	the	calcium	sensor	for	exocytosis	and	encoding	of	

sound	preferentially	over	the	neuronal	calcium	sensor	synaptotagmin.	Although	it	is	established	

that	synaptotagmin	cannot	rescue	the	otoferlin	KO	phenotype,	the	large	size	and	low	solubility	

of	otoferlin	have	prohibited	direct	biochemical	comparisons	that	could	establish	functional	

differences	between	these	two	proteins.	To	address	this	challenge,	we	have	developed	a	single-

molecule	colocalization	binding	titration	assay	(smCoBRA)	that	can	quantitatively	characterize	

full-length	otoferlin	from	mammalian	cell	lysate.	Using	smCoBRA,	we	found	that,	although	both	

otoferlin	and	synaptotagmin	bind	membrane	fusion	SNARE	proteins,	only	otoferlin	interacts	

with	the	L-type	calcium	channel	Cav1.3,	showing	a	significant	difference	between	the	synaptic	

proteins.	Furthermore,	otoferlin	was	found	capable	of	interacting	with	multiple	SNARE	and	

Cav1.3	proteins	simultaneously,	forming	a	heterooligomer	complex.	We	also	found	that	a	

deafness-causing	missense	mutation	in	otoferlin	attenuates	binding	between	otoferlin	and	

Cav1.3,	suggesting	that	deficiencies	in	this	interaction	may	form	the	basis	for	otoferlin-related	

hearing	loss.	Based	on	our	results,	we	propose	a	model	in	which	otoferlin	acts	as	a	calcium-

sensitive	scaffolding	protein,	localizing	SNARE	proteins	proximal	to	the	calcium	channel	so	as	to	

synchronize	calcium	influx	with	membrane	fusion.	Our	findings	also	provide	a	molecular-level	

explanation	for	the	observation	that	synaptotagmin	and	otoferlin	are	not	functionally	

redundant.	This	study	also	validates	a	generally	applicable	methodology	for	quantitatively	

characterizing	large,	multivalent	membrane	proteins.	

	

2.2	Introduction	

	 Sensory	hair	cells	encode	sound	by	converting	mechanical	motion	into	chemical	signals.	

Hair	cell	synapses	accommodate	this	unique	functional	demand	via	a	set	of	adaptations	that	

distinguish	it	from	neuronal	synapses,	including	reliance	on	the	L-type	calcium	channel	Cav1.3	in	

place	of	the	P-	and	N-type	calcium	channels	found	at	most	neuronal	synapses	(Figure	2.1	A	and	

B)146,234,458,576–578.	During	maturation,	hair	cells	also	cease	expression	of	the	two	C2	domain	

protein	synaptotagmin	I,	which	serves	as	the	calcium	sensor	for	neurotransmitter	release	at	

neuronal	synapses244.	Although	lacking	synaptotagmin,	mature	hair	cells	express	the	six	C2	

domain	protein	otoferlin,	which	is	proposed	to	function	as	the	calcium	sensor	for	exocytosis	in	

mature	sound-encoding	synapses216.	In	agreement	with	this	belief,	KO	studies	have	linked	
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otoferlin	to	sensory	hair	cell	exocytosis,	and	in	vitro	studies	on	otoferlin	have	concluded	that	

several	C2	domains	bind	SNARE	proteins	and	stimulate	membrane	fusion	in	a	calcium-sensitive	

manner216,231,234,239.	However,	a	recent	cell-based	study	concluded	that	synaptotagmin	cannot	

rescue	the	otoferlin	KO	phenotype,	arguing	against	a	simple	functional	redundancy	between	

these	C2	domain	proteins250.	The	functional	differences	between	synaptotagmin	and	otoferlin	

are	unclear,	however,	because	of	the	large	size	and	low	solubility	of	full-length	otoferlin,	which	

has	prohibited	direct	comparisons	between	synaptotagmin	and	otoferlin.	In	addition,	

contradicting	conclusions	using	truncated	forms	of	otoferlin	indicate	that	the	activities	of	the	

individual	domains	may	not	fully	recapitulate	the	activity	of	the	whole	protein233.	A	means	of	

functionally	characterizing	the	full-length	otoferlin	protein	as	well	as	conducting	more	in-depth	

comparative	studies	between	otoferlin	and	synaptotagmin	would	be	beneficial	to	our	

understanding	of	the	differences	between	vesicle	trafficking	events	at	the	synapses	of	hair	cells	

and	neurons.	

	 To	address	this	challenge,	we	have	developed	a	single-molecule	colocalization	binding	

titration	assay	(smCoBRA)	that	can	quantitatively	characterize	the	entire	cytoplasmic	region	of	

otoferlin	enriched	from	mammalian	cell	lysate.	Using	smCoBRA,	we	find	that	both	otoferlin	and	

synaptotagmin	bind	SNARE	proteins,	with	a	single	otoferlin	interacting	with	up	to	four	SNARE	

proteins	simultaneously.	In	addition,	otoferlin	could	interact	with	as	many	as	four	Cav1.3.	By	

contrast,	synaptotagmin	did	not	interact	with	Cav1.3,	highlighting	a	functional	difference	

between	these	C2	domain	proteins.	We	also	found	that	otoferlin	could	interact	with	both	SNARE	

and	Cav1.3	simultaneously,	forming	a	heterooligomer	complex,	and	that	physiologically	relevant	

calcium	concentrations	alter	both	the	stoichiometry	and	affinity.	Based	on	our	results,	we	

propose	a	model	in	which	otoferlin,	but	not	synaptotagmin,	acts	as	a	calcium-sensitive	

scaffolding	protein	that	localizes	SNARE	proteins	proximal	to	the	Cav1.3	calcium	channel	so	as	to	

synchronize	calcium	influx	with	membrane	fusion.	

	

2.3	Materials	and	Methods	

2.3.1	Plasmid	constructs	

	 Mouse	otoferlin	was	provided	as	a	gift	from	Christine	Petit,	Institut	Pasteur,	Paris.	

Otoferlin	amino	acids	1–1,885	were	amplified	via	PCR	from	a	PCDNA3	vector	and	subcloned	into	

the	HindIII	and	BamHI	sites	of	the	CKAR	vector	acquired	from	Addgene	(plasmid	14860).	Amino	
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acids	752–891	of	mouse	Cav1.3,	corresponding	to	Loop1.3,	were	amplified	and	subcloned	into	

pGEX6p3	(GE	Healthcare	BioSciences)	using	restriction	sites	BamHI	and	XhoI.	Similarly,	mCherry-

Loop1.3	was	created	by	first	subcloning	mCherry	plus	a	30-nt	3ʹ	linker,	supplied	by	Addgene	

(plasmid	29722),	into	CKAR	via	HindIII	and	KpnI	sites	and	then	subsequently	subcloning	Loop1.3	

amino	acids	752–891	into	the	KpnI	and	XbaI	sites	via	PCR.	All	constructs	were	confirmed	using	

DNA	sequencing	

	

2.3.2	Protein	purification	and	fluorescent	labeling	

		 Both	recombinant	Loop1.3	and	Loop1.3-mCherry	were	expressed	similarly	at	18	°C	

overnight	in	BL21(DE3)	cells	after	being	induced	with	β-D-1-thiogalactopyranoside	(IPTG)	at	

OD600	=	0.6.	The	cells	were	sonicated	on	50%	duty	cycle	for	3	min	in	Hepes	(50	mM	Hepes,	pH	

7.5,	150	mM	NaCl),	1	mM	PMSF,	1	mM	Aprotinin,	1	mM	Leupetin,	and	0.5%	Triton	X-100.	After	

centrifugation	at	9,000	×	g	for	20	min	at	4	°C,	the	soluble	lysate	was	incubated	for	1	h	in	GST	

resin	at	4	°C	with	rotation.	Fractions	were	eluted	from	the	resin	using	Hepes	supplemented	with	

200	mM	reduced	glutathione	after	being	washed	twice	with	wash	buffer	containing	Hepes	and	2	

mM	reduced	glutathione.	The	eluted	volume	was	dialyzed	overnight	at	4	°C	in	Hepes	followed	

by	GST	tag	cleavage	at	4	°C	for	2	h	with	PreScission	Protease	(GE	Healthcare	BioSciences)	per	the	

manufacturer’s	instructions.	Loop1.3	was	collected	as	flow-through	after	incubation	with	GST	

beads	for	1h	at	4	°C	with	rocking.	The	A280	concentration	of	the	protein	was	measured	using	a	

Nanodrop	2000	UV-Vis	Spectrophotometer	(Thermo)	and	a	predicted	extinction	coefficient	of	

2,980	M−1	cm−1.	AlexaFluor568	or	Alexa647	conjugation	to	Loop1.3,	Alexa405	conjugation	to	the	

t-SNARE,	and	Alexa647	conjugation	to	synaptotagmin	were	conducted	as	described	previously	

and	directed	by	the	product	instructions	(Life	Technologies)196.	Degree	of	labeling	was	

determined	as	directed	by	the	product	instructions.	Excess	dye	was	removed	via	PD-10	desalting	

columns	(GE	Healthcare	BioSciences),	and	all	fractions	were	assayed	for	purity	using	SDS/PAGE.	

Pure	fractions	were	stored	in	small	aliquots	at	−80	°C.	

	

2.3.3	Cell	culture	and	transfection	

	 HEK293	cells	were	grown	in	DMEM	supplemented	with	10%	FBS	and	Pen	Strep	(5,000	

U/mL	and	5,000	μg/mL,	respectively)	and	incubated	at	37	°C	with	5%	CO2.	Cells	were	cultured	to	

90%	confluence	(visually	verified)	before	being	transfected	with	1	μg	of	YFP-otoferlin	or	
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Loop1.3-mCherry	vector.	Cells	were	transfected	with	calcium	chloride	in	the	presence	of	50	

mM	N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic	acid	(BES),	280	mM	NaCl,	and	1.5	mM	

Na2HPO4.	Cells	were	harvested	72	h	posttransfection	by	scraping	the	culture	dish	in	buffer	

containing	PBS,	pH	7.5,	2%	octylglucoside,	and	a	protease	inhibitor	mixture	(Roche).	The	cells	

were	then	sonicated	for	2	min	in	10-s	intervals.	Soluble	protein	was	recovered	via	centrifugation	

at	9,000	×	g	for	15	min	at	4	°C.	For	coimmunoprecipitation,	the	lysis	buffer	lacked	octylglucoside	

and	included	50	mM	Hepes,	120	mM	NaCl,	1%	Nonidet	P-40,	1	mM	EDTA,	and	a	protease	

inhibitor	mixture.	

	

2.3.4	Co-immunoprecipitation	

	 Protein	A/G	MagBeads	(GeneScript)	were	equilibrated	in	PBS,	pH	7.5,	and	conjugated	to	

1	μg	of	anti-GFP	antibody	(Abcam)	by	rotational	mixing	for	1	h	at	room	temperature.	Beads	

were	washed	once	with	PBS	to	remove	excess	antibody	and	washed	twice	with	0.2	M	

triethanolamine,	pH	8.2.	Beads	were	resuspended	in	20	mM	dimetyl	pimelimidate	

dihydrochloride	in	0.2	M	triethanolamine,	pH	8.2,	and	rotated	for	30	min	at	room	temperature.	

To	terminate	the	antibody	cross-linking	reaction,	the	beads	were	suspended	in	50	mM	Tris⋅HCl,	

pH	7.5,	and	again	rotated	at	room	temperature	for	30	min.	Beads	were	subsequently	washed	

three	times	in	PBS,	pH	7.5.	HEK293	cell	lysate	from	one	T75	transfected	with	YFP-otoferlin	and	

mCherry-Loop1.3	was	added	and	left	to	rotate	overnight	at	4	°C.	The	reaction	was	washed	twice	

in	PBS,	pH	7.5,	to	remove	nonspecific	binding	before	the	beads	were	suspended	in	nonreducing	

sample	buffer	and	incubated	at	90	°C	for	5	min.	Samples	were	briefly	spun	down	and	analyzed	

using	SDS/PAGE.	

	

2.3.5	GST	Pulldown	

	 The	pGEX6P3	containing	GST,	GST-Loop1.3,	and	pMCSG9	vectors	containing	the	

otoferlin	C2ABC	and	C2DEF	domains	were	transformed	into	BL21	Escherichia	coli	cells.	The	

bacterial	culture	(OD600	=	0.6)	was	induced	for	12	h	at	18	°C	with	1	mM	IPTG.	Cells	were	pelleted	

at	4,000	rpm	and	resuspended	in	lysis	buffer	containing	40	mM	Hepes,	pH	7.5,	200	mM	NaCl,	

and	1	mM	DTT.	The	cells	were	lysed	by	sonication	in	lysis	buffer	containing	protease	inhibitors	(1	

mM	PMSF,	1–2	μg/mL	aprotinin,	leupeptin,	pepstatin	A).	The	soluble	fraction	of	GST	and	GST-

Cav1.3	II–III	loop	lysate	was	incubated	with	Glutathione	resin	for	2h	at	4	°C,	and	the	resin	was	
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washed	with	lysis	buffer	before	the	bound	protein	was	eluted	with	elution	buffer	containing	40	

mM	Hepes,	pH	7.5,	200	mM	NaCl,	and	1	and	200	mM	reduced	glutathione.	While	MBP-C2ABC	

and	MBP-C2DEF	domains	of	otoferlin	lysate	were	incubated	with	nickel-nitrilotriacetic	acid	(Ni-

NTA)	resin	for	2h	at	4	°C,	the	resin	was	washed	with	lysis	buffer	and	then	eluted	with	elution	

buffer	containing	40	mM	Hepes,	pH	7.5,	200	mM	NaCl,	1	mM	DTT,	and	500	mM	Imidazole.	

Purified	proteins	were	extensively	dialyzed	in	buffer	containing	40	mM	Hepes,	pH	7.5,	200	mM	

NaCl,	and	1	mM	DTT	and	concentrated	using	an	Ultrafree-10	centrifugal	filter	unit	(Pall	

Corporation).	Protein	concentrations	were	determined	by	UV	absorbance	at	280	nm.	

	 The	GST-Loop1.3	and	GST	protein	were	incubated	with	Glutathione-Sepharose	beads	

(50	µL	of	a	50%	slurry)	for	1h	at	4	°C	and	washed	with	lysis	buffer	(40	mM	Hepes,	pH	7.5,	150	

mM	NaCl,	1	mM	DTT,	protease	inhibitor	mixture).	Then,	MBP-C2ABC	(5	µM)	and	C2DEF	(5	µM)	

domains	were	mixed	with	washed	beads	of	GST	and	GST-Loop1.3	and	incubated	for	2h	at	4	°C	

with	either	200	µM	EDTA	or	calcium	followed	by	centrifugation	for	2	min	at	1,000	×	g.	The	beads	

were	washed	three	times	in	the	lysis	buffer	with	either	200	µM	EDTA	or	calcium,	and	the	GST-

Sepharose	beads	were	heat-denatured	at	95	°C	for	5	min	in	SDS	sample	buffer	and	analyzed	by	

SDS/PAGE.	GST	protein	was	used	as	a	negative	control.	The	amount	of	MBP-ABC	and	MBP-DEF	

domains	bound	to	GST-Loop1.3	loop	was	quantified	by	densitometry.	

	

2.3.6	TIRF	and	photobleaching	measurements	

	 Coverslips	were	functionalized	with	PEG-Biotin.	Flow	cells	were	assembled	by	attaching	

a	functionalized	coverslip	to	glass	slides	layered	with	a	0.24-mm	double-sided	adhesive	sheet	

(Grace	Bio-Labs)	and	epoxy	resin.	For	all	TIRF	experiments,	biotinylated	6xHis,	RFP	(Abcam),	or	

YFP	antibodies	were	tethered	to	coverslips	via	streptavidin.	To	accomplish	this	surface	

chemistry,	flow	cells	were	first	hydrated	in	Hepes	for	4	min	and	then	successively	incubated	for	

2	min	in	0.1	mg/mL	streptavidin	and	15	nM	biotinylated	antibody.	After	rinsing	off	excess	

antibody,	HEK293	cell	lysate	containing	otoferlin-YFP	was	incubated	in	the	flow	cells	for	2	min	

before	being	washed	with	Hepes	buffer	supplemented	with	0.4%	glucose,	45	μg/mL	catalase,	

and	0.2	U	glucose	oxidase	(HOXS	buffer).	For	all	smCoBRA	measurements,	titrant	dilutions	made	

in	HOXS	buffer	were	flowed	over	the	immobilized	protein	and	allowed	to	incubate	inside	the	

flow	chamber	for	3	min	at	room	temperature	before	an	image	was	captured.	Single-	and	

multiwavelength	TIRF	imaging	was	performed	using	a	Zeiss	TIRF3	laser	system.	To	reduce	
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fluorescent	bleed-through,	TIRF	filter	set	46	(Zeiss)	was	used	for	YFP	imaging,	and	filter	set	72	

was	used	for	mCherry	and	AlexaFluor568	imaging.	During	measurements,	focus	was	maintained	

using	definite	focus	provided	by	Zen	Imaging	Software	(Zeiss).	For	single-molecule	

photobleaching	experiments,	HOXS	buffer	was	omitted,	and	images	were	acquired	every	insert	

switching	time	at	85%	laser	power,	resulting	in	>90%	photobleaching	within	the	range	of	the	

TIRF	field.	Three-color	colocalization	studies	were	performed	with	Alexa405-labeled	syntaxin	

1/SNAP-25	SNAREs,	Alexa647-labeled	Loop1.3,	and	otoferlin-YFP.	

	

2.3.7	Analysis	of	smCoBRA	measurements	

	 All	TIRF	images	were	analyzed	using	ImageJ	software	(NIH).	Before	analysis,	the	

background	was	subtracted	using	the	standard	background	subtraction	tool.	For	each	

concentration,	colocalized	puncta	were	validated	using	Pearson’s	coefficient	and	used	to	

construct	a	binding	saturation	curve.	Binding	affinities,	curve	fitting,	and	other	statistical	

analysis	were	performed	using	customized	Matlab	scripts.	

	

2.3.8	Analysis	of	photobleaching	measurements	

	 After	background	correction,	the	intensity	of	the	region	of	interest	was	calculated	frame	

by	frame	using	ImageJ.	Individual	photobleaching	steps	were	assigned	by	visual	analysis	of	

graphs	representing	puncta	intensity	as	a	function	of	time.	Total	subunit	frequencies	were	fit	to	

both	Poisson	and	binomial	distributions.	

	

2.3.9	Circular	Dichroism	

	 CD	experiments	were	conducted	on	a	JASCO	715	spectropolarimeter	at	25	°C.	Before	

data	collection,	samples	were	dialyzed	against	10mM	potassium	phosphate	and	100mM	sodium	

fluoride	buffer,	pH	7.4,	and	then	equilibrated	at	room	temperature	for	16h.	

	

2.4	Results	

2.4.1	Multiple	Cav1.3	proteins	bind	otoferlin	simultaneously	

	 A	recently	reported	yeast	two-hybrid	screen	suggested	that	otoferlin	may	interact	with	

a	cytoplasmic	loop	located	between	domains	II	and	III	of	Cav1.3	composed	of	amino	acids	752–

891(referred	to	as	Loop1.3)234.	To	establish	whether	otoferlin	interacts	with	Loop1.3,	we	
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conducted	an	immunoprecipitation	assay	using	lysate	from	HEK293	cells	cotransfected	with	

mCherry-Loop1.3	and	a	YFP-otoferlin	(otoferlin	amino	acids	1–1,885)	using	an	anti-YFP	antibody.	

After	first	verifying	by	Western	blot	that	the	antiotoferlin	antibody	specifically	

immunoprecipitated	otoferlin,	we	subsequently	probed	immunoprecipitated	samples	and	found	

that	mCherry-Loop1.3	coimmunoprecipitated	with	YFP-otoferlin	(Figure	2.2	A	and	B).	By	

contrast,	mCherry-Loop1.3	did	not	immunoprecipitate	in	samples	lacking	YFP-otoferlin.	

Furthermore,	immunoprecipitation	of	YFP	from	cells	cotransfected	with	YFP	and	mCherry-

Loop1.3	did	not	coimmunoprecipitate	mCherry-Loop1.3	(Figure	2.2	A	and	B).	We	also	tested	for	

otoferlin–Loop1.3	interaction	using	a	GST	pulldown	assay	with	otoferlin	constructs	composed	of	

either	the	first	three	C2	domains	(C2ABC)	or	the	last	three	domains	(C2DEF).	When	tested,	GST-

Loop1.3	was	found	to	bind	to	both	otoferlin	constructs,	whereas	GST	alone	did	not	interact	with	

either	otoferlin	construct	(Supplemental	Figure	2.1).	Based	on	these	results,	we	conclude	that	

otoferlin	specifically	interacts	with	the	cytoplasmic	loop	of	Cav1.3.	

	

2.4.2	Single-molecule	studies	of	otoferlin-Loop1.3	interactions	

	 Although	requiring	low	amounts	of	sample,	coimmunoprecipitation	assays	and	GST	

pulldowns	cannot	provide	accurate	affinity	or	stoichiometric	binding	information.	By	contrast,	

other	more	quantitative	techniques	require	prohibitively	high	sample	concentrations.	To	

overcome	these	challenges,	we	developed	a	total	internal	reflection	fluorescence	microscopy	

(TIRFM)-based	single-molecule	colocalization	binding	titration	method	that	we	applied	to	

quantitatively	probe	the	interaction	between	Loop1.3	and	YFP-otoferlin	derived	from	

transfected	HEK293	cells.	As	depicted	in	Figure	2.2C,	the	design	principle	involves	immobilizing	

YFP-otoferlin	onto	a	glass	coverslip	using	a	YFP	antibody	conjugated	to	a	PEG-biotin	

surface504,579.	This	immobilization	scheme	orients	the	protein	in	a	biomimetic	manner	and	leaves	

the	protein	free	to	bind	ligands.	After	extensive	washing	of	the	surface	to	remove	

nonspecifically	bound	cell	lysate	components,	fluorescent	puncta	corresponding	to	YFP-otoferlin	

were	observed,	and	subsequent	stepwise	titration	of	fluorescently	tagged	Loop1.3	resulted	in	

colocalized	puncta	because	of	interaction	between	otoferlin	and	Loop1.3.	Given	that	

intracellular	calcium	concentrations	in	sensory	hair	cells	can	vary	from	less	than	1	to	over	30	

µM,	we	conducted	Loop1.3	titrations	in	the	presence	of	0.1,	1,	15,	30,	and	50	µM	free	calcium.	

Incubation	times	adequate	for	reaching	equilibrium	were	given	for	each	concentration	tested	as	
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determined	by	an	invariant	number	of	colocalized	puncta	over	time	at	a	given	concentration.	

When	titrated,	an	increasing	number	of	colocalized	Loop1.3-otoferlin	puncta	were	observed	

that	reached	a	maximum	percentage	colocalization	at	Loop1.3	concentrations	of	10	µM	(Figure	

2.2D).	At	this	concentration,	>90%	of	the	YFP-otoferlin	puncta	colocalized	with	Loop1.3	

(Supplemental	Figure	2.2).	The	resulting	colocalization	data	were	fit	to	a	Langmuir	isotherm	

equation,	and	the	best	fit	of	the	data	indicates	a	30-fold	change	in	the	Kd	value	(from	0.04	±	0.02	

to	1.14	±	0.07	µM)	when	the	free	calcium	concentration	increased	from	0.1	to	50	µM.	

Colocalization	between	otoferlin	and	Loop1.3	was	further	verified	through	calculation	of	

Mander’s	coefficients,	M1	and	M2	(Figure	2.2E)580.	As	expected,	M1,	which	represents	the	

analyte	(otoferlin)	channel	colocalization	coefficient,	was	found	to	increase	over	the	course	of	

the	titrations,	whereas	M2,	which	represents	the	colocalization	coefficient	for	the	titrant	

(Loop1.3),	remained	at	∼1	and	did	not	significantly	change.	To	ensure	that	colocalization	was	not	

caused	by	Loop1.3	interaction	with	YFP,	we	immobilized	YFP	at	surface	densities	similar	to	YFP-

otoferlin	surface	densities	(Supplemental	Figure	2.3)	and	titrated	Loop1.3.	We	found	no	

colocalization	between	Loop1.3	and	YFP	to	the	limit	of	the	Loop1.3	concentrations	(50µM)	

tested.	

	

2.4.3	Synaptotagmin	does	not	interact	with	the	cytoplasmic	loop	of	Cav1.3	

	 At	conventional	neuronal	presynapses,	synaptotagmin	I	binds	both	the	syntaxin1/SNAP-

25	neuronal	SNARE	heterodimer	and	the	intracellular	loop	connecting	domains	II	and	III	of	N-

type	calcium	channels,	serving	as	a	direct	link	between	calcium	influx	and	neurotransmitter	

release	(Figure	2.1)146,581.	This	region	of	N-type	channels	is	analogous	to	Loop1.3.	To	test	

whether	synaptotagmin	interacts	with	Loop1.3,	we	immobilized	a	recombinant	form	of	

synaptotagmin	at	surface	densities	similar	to	those	of	the	otoferlin	samples	(Supplemental	

Figure	2.3)	and	titrated	fluorescently	labeled	Loop1.3	(Figure	2.2F).	We	found	that	Loop1.3	did	

not	colocalize	with	synaptotagmin	to	the	limit	of	the	Loop1.3	concentrations	tested,	regardless	

of	calcium	concentration	(Figure	2.2F).	In	agreement	with	previous	studies,	however,	we	found	

that	immobilized	synaptotagmin	did	colocalize	with	the	intracellular	loop	connecting	domains	II	

and	III	of	Cav2.2	(Figure	2.2G).	This	interaction	was	found	to	be	calcium-sensitive,	with	a	Kd	of	

1.06	±	0.03	µM	at	0.1	µM	calcium	and	0.10	±	0.03	µM	at	50	µM	calcium.	Thus,	although	

synaptotagmin	binds	the	loop	spanning	domains	II	and	III	in	N-type	channels,	it	does	not	appear	
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to	interact	with	the	loop	connecting	domains	II	and	III	in	L-type	channels,	suggesting	that	

otoferlin	and	synaptotagmin	differ	in	their	calcium	channel	binding	specificity.	

	

2.4.4	Multiple	otoferlin	C2	domains	mediate	interaction	with	Loop1.3	

	 To	determine	the	stoichiometry	of	the	otoferlin–Loop1.3	interaction,	we	conducted	

single-molecule	photobleaching	assays	on	heteromers	composed	of	YFP-otoferlin	complexed	

with	mCherry-Loop1.3582.	mCherry	is	thought	to	be	monomeric,	and	for	our	studies,	we	assume	

that	the	mCherry	is	properly	folded	and	mature.	We	first	measured	the	bleaching	of	YFP-

otoferlin	puncta	and	found	that	the	majority	(60%)	of	the	observed	YFP-otoferlin	bleaching	

events	were	single	step.	However,	a	small	number	of	two-	and	three-step	bleaching	events	was	

detected,	which	may	represent	otoferlin	oligomers	or	closely	spaced	monomers.	To	simplify	

interpretation,	we	choose	only	puncta	with	a	single	YFP-otoferlin	bleaching	step	for	study	of	

otoferlin–Loop1.3	stoichiometry.	Analysis	of	otoferlin–Loop1.3	colocalized	puncta	revealed	one,	

two,	and	three	Loop1.3	bleaching	steps	for	a	given	single	YFP-otoferlin	in	the	presence	of	1	mM	

EDTA	(mean	steps	=	2.36;	SD	=	0.76;	n	=	2,300)	and	an	increase	in	both	the	number	of	four-step	

bleaching	events		(mean	steps	=	2.49;	SD	=	1.12;	n	=	2,300)	in	the	presence	of	200	µM	free	

calcium	(Figure	2.3)583.	

	 To	identify	the	regions	of	otoferlin	that	mediate	the	interaction	with	Loop1.3,	we	

repeated	the	smCoBRA	measurements	with	individual	C2	domains	of	otoferlin	fused	to	YFP	

(Figure	2.4).	We	found	that	YFP-tagged	C2C	and	C2E	domains	did	not	colocalize	with	Loop1.3,	

regardless	of	Loop1.3	or	calcium	concentration.	However,	YFP-conjugated	C2A,	C2B,	and	C2D	

bound	Loop1.3	at	all	calcium	concentrations	tested	(from	0.1	to	50	µM).	Interaction	between	

the	C2F	domain	and	Loop1.3-mCherry	was	only	detected	in	the	presence	of	calcium	

concentration	above	1	µM	(Figure	2.4D).	To	determine	the	stoichiometry	of	individual	C2	

domain–Loop1.3	interactions,	we	conducted	single-molecule	photobleaching	assays	on	YFP-C2	

domain	and	Loop1.3-mCherry	complexes.	Analysis	of	colocalized	puncta	revealed	a	single	

calcium-independent	Loop1.3-mCherry	bleaching	step	per	single	YFP-C2	domain	for	C2A,	C2B,	

and	C2D	and	a	single	calcium-dependent	bleaching	step	for	C2F,	corroborating	our	observations	

of	four	Loop1.3	bleaching	steps	with	the	longer	otoferlin	construct.	We	conclude	that	four	C2	

domains	can	interact	with	Loop1.3,	with	the	C2F	domain	interacting	with	Loop1.3	in	a	calcium-

sensitive	manner.	
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2.4.5	Otoferlin	can	bind	Loop1.3	and	SNAREs	simultaneously	

	 At	neuronal	presynapses,	synaptotagmin	I	binds	the	syntaxin1/SNAP-25	neuronal	

soluble	NSF	attachment	protein	receptor	(t-SNARE)	heterodimer	and	functions	as	a	calcium	

sensor	for	neurotransmitter	release146,231.	Although	it	is	not	completely	clear	which	SNAREs	drive	

exocytosis	in	sensory	hair	cells,	previous	studies	have	shown	that	the	individual	C2	domains	of	

otoferlin	bind	the	t-SNARE	heterodimer231,234.	However,	no	study	has	tested	whether	full-length	

otoferlin	can	bind	multiple	t-SNARE	heterodimers	or	whether	otoferlin	can	bind	Loop1.3	and	

SNAREs	simultaneously.	To	address	this	gap	in	our	knowledge,	we	first	verified	the	otoferlin–

SNARE	interaction	using	smCoBRA.	When	tested,	a	fluorescently	labeled	t-SNARE	heterodimer	

colocalized	with	surface-immobilized	YFP-otoferlin.	Binding	was	determined	to	be	calcium-

sensitive,	with	an	apparent	Kd	of	5.27	±	0.04	µM	at	0.1	µM	and	0.17	±	0.02	µM	at	30	µM	free	

calcium	based	on	the	best	fit	to	a	Langmuir	equation	(Figure	2.5A).	Colocalization	between	

otoferlin	and	the	SNARE	heterodimer	was	validated	by	calculation	of	Mander’s	coefficients	M1	

and	M2	(Figure	2.5B).	No	significant	colocalization	was	observed	between	SNARE	heterodimer	

and	surface-immobilized	YFP,	despite	similar	densities	to	YFP-otoferlin	(Figure	2.5C),	suggesting	

that	otoferlin	mediates	the	interaction	with	the	SNARE	heterodimer.	Analysis	of	photobleaching	

measurements	on	otoferlin–SNARE	complexes	indicates	that	one	otoferlin	interacts	with	

multiple	t-SNAREs	(Figure	2.5D	and	E).	We	also	tested	for	synaptotagmin–t-SNARE	interaction	

and	found	that,	in	agreement	with	previous	studies,	immobilized	synaptotagmin	bound	t-

SNAREs	with	an	affinity	of	0.29	µM	at	50	µM	calcium	(Supplemental	Figure	2.4),	similar	to	the	

submicromolar	affinity	reported	previously584.	

	 To	determine	the	C2	domains	of	otoferlin	responsible	for	the	observed	otoferlin–SNARE	

interaction,	the	SNARE	heterodimer	was	titrated	against	each	individual	YFP-C2	domain.	C2A,	

C2B,	C2C,	and	C2E	were	found	to	colocalize	with	the	t-SNARE	heterodimer	in	a	calcium-

enhanced	manner,	whereas	the	C2F	domain	colocalized	with	the	heterodimer	only	in	the	

presence	of	greater	than	1	µM	free	calcium.	Best	fits	to	a	Langmuir	equation	yielded	binding	

constants	listed	in	Table	2.1.	

	 Although	traditional	techniques,	including	isothermal	titration	calorimetry	and	

fluorescence	anisotropy,	can	quantitatively	characterize	interactions	in	two-component	

systems,	these	techniques	are	not	well-suited	to	measure	three-component	interactions.	The	

ability	to	visualize	three-color	colocalization	with	smCoBRA	distinguishes	itself	from	these	more	
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traditional	assays,	and	having	established	that	otoferlin	directly	interacts	with	t-SNAREs	and	

Loop1.3,	we	next	sought	to	determine	if	binding	occurs	simultaneously	or	competitively	through	

three-color	colocalization.	To	test	for	simultaneous	binding,	we	titrated	Alexa647-Loop1.3	onto	

complexes	composed	of	immobilized	YFP-otoferlin	bound	to	Alexa405	t-SNAREs	(Figure	2.6A).	

Alternatively,	we	titrated	the	t-SNARE	heterodimer	onto	complexes	composed	of	immobilized	

otoferlin	bound	to	Loop1.3	(Figure	2.6B).	To	ease	interpretation,	the	titrations	were	conducted	

with	a	constant	concentration	of	the	ligand	that	composed	the	starting	complex	at	near-

saturating	levels	(2	µM	Loop1.3	during	t-SNARE	titrations	and	2	µM	t-SNARE	during	Loop1.3	

titrations).	Regardless	of	the	order,	we	found	that	Loop1.3/otoferlin/SNARE	complexes	could	be	

formed	in	a	dose-dependent	manner	as	determined	by	colocalization	of	three	distinct	

fluorophores,	indicating	that	Loop1.3	and	SNAREs	can	bind	otoferlin	simultaneously.	

Colocalization	was	validated	by	determination	of	Mander’s	colocalization	coefficients	

(Supplemental	Figure	2.6).	To	test	for	calcium	sensitivity,	titrations	were	conducted	at	several	

calcium	concentrations	(0.1–50	µM),	and	the	best	fit	parameters	are	reported	in	Table	2.2.	No	

colocalization	was	detected	when	Alexa647-Loop1.3	was	titrated	onto	samples	containing	

immobilized	Alexa405–t-SNARE,	indicating	that	Loop1.3	does	not	interact	with	t-SNAREs.	Figure	

2.6	shows	a	comparison	of	the	dissociation	constants	for	ligand	binding	separately	(Figure	2.6C)	

or	simultaneously	to	otoferlin	(Figure	2.6D)	as	a	function	of	calcium.	

	

2.4.6	The	otoferlin	L1011P	pathogenic	point	mutation	abrogates	binding	between	C2D	and	

Loop1.3		

	 Mutations	in	otoferlin	that	prevent	neurotransmitter	release	from	sensory	hair	cells	

result	in	a	form	of	nonsyndromic	hearing	loss	known	as	DFNB9214,585.	One	such	pathogenic	

mutation	in	humans	is	L1011P	in	the	C2D	domain	(L1010P	in	mouse),	which	has	recently	been	

shown	to	diminish	binding	to	Loop1.3234.	To	better	understand	how	this	mutation	affects	

otoferlin	and	further	test	smCoBRA,	we	used	site-directed	mutagenesis	to	introduce	the	L1010P	

point	mutation	into	our	YFP-otoferlin	construct	(otoferlinL1010P).	We	found	that	immobilized	

otoferlinL1010p	required	greater	concentrations	of	mCherry-Loop1.3	to	reach	saturation	and	

bound	with	diminished	affinity	relative	to	WT	otoferlin	(Figure	2.7A;	Kd	values	are	listed	in	Table	

2.2),	despite	immobilization	surfaces	densities	similar	to	WT	YFP-otoferlin	(Supplemental	Figure	

2.3).	In	addition,	the	mean	number	of	mCherry-Loop1.3	photobleaching	steps	was	reduced	in	
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the	mutant	compared	with	the	WT	in	EDTA	(WT	mean	=	2.36;	SD	=	0.76;	otoferlinL1010p	mean	=	

1.57;	SD	=	0.57;	P	<	0.01)	and	200	µM	free	calcium	(WT	mean	=	2.49;	SD	=	1.12;	

otoferlinL1010p	mean	=	1.88;	SD	=	0.77;	P	<	0.01)	(Figure	2.7B	and	C).	We	also	found	that	samples	

composed	of	otoferlinL1010P–t-SNARE	complexes	had	a	reduction	in	the	mean	number	of	t-SNARE	

photobleaching	events,	indicating	that	the	mutation	attenuates	SNARE	binding	(Supplemental	

Figure	2.7).	

	 The	loss	in	binding	affinity	and	reduction	in	stoichiometry	suggest	that	the	L1010P	

mutation	abrogates	the	C2D–Loop1.3	interaction.	We,	therefore,	tested	a	single	C2D	domain	

mutant	YFP-C2DL1010P	for	interaction	with	Loop1.3	or	t-SNAREs.	When	tested,	we	found	that	the	

point	mutation	abrogated	colocalization	of	the	C2D	domain	with	both	the	Loop1.3	and	the	t-

SNARE	heterodimer	(Figure	2.7D	and	E).	Lastly,	to	test	whether	the	L1010P	mutation	resulted	in	

loss	of	structure,	we	collected	CD	spectra	of	WT	and	C2DL1010P	constructs	(Figure	2.7F).	Both	

spectra	displayed	a	minimum	between	200	and	210	nm.	

	

2.5	Discussion	

	 Otoferlin	plays	an	essential	role	as	a	calcium-sensitive	regulator	of	exocytosis	in	sensory	

hair	cells;	however,	the	mechanism	of	otoferlin	activity	is	currently	unknown.	The	results	of	our	

studies	indicate	that	otoferlin	is	a	multivalent	protein	capable	of	binding	multiple	copies	of	the	

cytoplasmic	loop	of	Cav1.3	and	SNARE	proteins	simultaneously	(Figure	2.6).	This	interaction	

seem	to	be	mediated	by	the	C2	domains	of	otoferlin.	Previous	studies	that	we	have	conducted	

showed	that	the	C2	domains	of	otoferlin	bind	calcium	and	PI(4,5)P2	lipids47,196,239,455.	We,	

therefore,	propose	a	model	where	vesicle-associated	otoferlin	acts	as	a	scaffolding	protein	that	

first	targets	the	presynaptic	membrane	via	interaction	with	PI(4,5)P2	and	subsequently	interacts	

with	calcium	channels	and	membrane	fusion	machinery	(one	or	more	SNARE	isoforms).	The	

linking	of	the	synaptic	vesicle,	presynaptic	calcium	channel,	and	membrane	fusion	proteins	in	

close	spatial	proximity	would	reduce	the	“reaction	space”	and	increase	the	fidelity	and	precision	

of	exocytosis	in	response	to	presynaptic	calcium	influx.	Our	observation	that	multiple	C2	

domains	interact	with	Cav1.3	suggests	that	some	C2	domains	may	be	somewhat	functionally	

redundant.	Indeed,	it	was	reported	that	exogenous	truncated	forms	of	otoferlin	lacking	one	or	

more	C2	domains	could	rescue	balance	and	startle	reflex	in	zebrafish	lacking	endogenous	
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otoferlin232.	This	observation	may	be	explained	if	the	truncated	otoferlin	constructs	retained	at	

least	one	C2	domain	capable	of	binding	Cav1.3.	

	 We	found	that	the	neuronal	synaptic	calcium	sensor	synaptotagmin	I	interacted	with	

the	loop	II–III	region	(synprint)	of	Cav2.2,	in	agreement	with	previous	reports	(Figure	2.2G).	

Unexpectedly,	however,	synaptotagmin	I	did	not	interact	with	the	loop	II–III	(Loop1.3)	region	of	

Cav1.3	(Figure	2.2F).	The	loop	II–III	region	of	voltage-gated	calcium	channels	is	thought	to	

contribute	to	exo-	and	endocytotic	processes	through	direct	interaction	with	synaptic	proteins.	

We	speculate	that	the	inability	of	synaptotagmin	I	to	rescue	the	otoferlin	KO	phenotype	may	be	

caused	by	the	loss	of	interaction	between	Cav1.3	and	the	synaptic	vesicle	calcium	sensor.	

Another	important	distinction	between	otoferlin	and	synaptotagmin	is	that	the	synaptotagmin–

Cav2.2	interaction	is	reported	to	be	mediated	solely	by	the	C2B	domain	in	a	1:1	ratio,	whereas	

multiple	otoferlin	C2	domains	can	interact	with	the	II–III	loop	region	of	Cav1.3	(Figure	2.4).	

Although	it	is	thought	that	otoferlin	does	not	influence	channel	activity,	the	characteristics	of	

exocytosis	proximal	to	the	channel	may	be	influenced	by	the	biophysical	properties	of	a	given	C2	

domain	and	how	many	domains	are	bound	to	channels.	In	our	studies,	we	also	found	that	

calcium	increased	the	binding	affinity	of	synaptotagmin	for	the	loop	region	of	Cav2.2,	whereas	

calcium	decreased	slightly	but	significantly	the	affinity	between	otoferlin	and	Loop1.3.	

	 In	characterizing	otoferlin,	we	developed	the	smCoBRA	method,	which	quantitatively	

characterizes	multicomponent	heteromeric	complexes.	This	method	both	allows	for	

measurement	of	the	multivalence,	stoichiometry,	and	binding	affinities	of	large	multidomain	

proteins	and	is	compatible	with	the	small	amounts	of	protein	produced	from	mammalian	cell	

culture.	A	distinguishing	capability	of	smCoBRA	is	the	ability	to	colocalize	three	fluorescently	

conjugated	proteins	simultaneously,	titrate	one	of	the	proteins	onto	a	complex	of	the	other	two,	

and	obtain	dissociation	constants.	smCoBRA	is	generally	applicable	and	therefore,	a	viable	

method	to	interrogate	proteins	that	are	not	obtainable	at	high	concentrations.	
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Figure 2.1: Schematic of sensory cell and neuronal presynapses 
Schematic of sensory hair cell and neuronal presynapses. (A) Synaptic ribbons within the sensory 
hair cells of the cochlea position synaptic vesicles proximal to the presynaptic membrane. 
Otoferlin resides on synaptic vesicles, whereas Cav1.3 localizes to the presynapse. (B) The 
synaptic vesicles of neurons typically harbor synaptotagmin I/II and an N- or P-type calcium 
channel (Cav2.1 or Cav2.2). (C) Diagram of otoferlin depicting six C2 domains, labeled C2A–
C2F, and the transmembrane domain (TMD). 
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Figure 2.2: Otoferlin Interacts with Loop1.3 
Otoferlin interacts with Loop1.3. (A, Upper) Representative SDS/PAGE showing results of 
immunoprecipitation of otoferlin from lysate of HEK293 cells cotransfected with YFP-otoferlin 
and mCherry-Loop1.3. Both otoferlin and Loop1.3 precipitate. (A, Lower) Representative 
SDS/PAGE showing results of immunoprecipitation of YFP from lysate of HEK293 
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cotransfected with YFP and mCherry-Loop1.3. YFP but not Loop1.3 precipitates. IP, 
immunoprecipitated pellet; total lysate, lysate before immunoprecipitation. (B) Quantitation of 
coimmunoprecipitation showing the fraction of each protein in the IP and supernatant (n = 3 
biological replicates; error = SE). (C) Cartoon depicting smCoBRA. Titration of a fluorescently 
labeled ligand onto immobilized YFP-otoferlin results in colocalized fluorescent puncta. The 
resulting saturation curve is fitted to obtain a dissociation constant Kd. (D) Dose–response for 
YFP-otoferlin titrated with Loop1.3 at increasing concentrations (0.1–50 µM) of free calcium. 
Each data point represents the mean of three biological replicates (n = 3). Experimental data are 
fit with a Langmuir isotherm (solid lines). Inset depicts 0–10 µM for clarity. (E) Determined 
Mander’s colocalization coefficients M1 (black) and M2 (red) for a dose–response of Loop1.3 
titrated onto YFP-otoferlin (0.1 µM calcium). Inset depicts 0–10 µM. (F) Dose–response for 
immobilized synaptotagmin I titrated with Loop1.3 in the presence of 0.1 or 30 µM calcium (n = 
3). Colocalization between Loop1.3 and YFP-otoferlin is included for comparison. (G) Dose–
response for immobilized synaptotagmin I titrated with the loop II–III region of Cav2.2 in in the 
presence of 0.1–50 µM calcium (n = 3). Inset depicts 0–10 µM for clarity. MCC, Mander's 
correlation coefficients. 
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Figure 2.3: Otoferlin binds multiple Loop1.3 molecules 
Otoferlin binds multiple Loop1.3 molecules. (A) Representative single-molecule photobleaching 
traces for Loop1.3-mCherry bound to YFP-otoferlin in the presence of 100 µM EDTA (Upper) 
and 200 µM calcium (Lower). Green arrowheads denote photobleaching events. (B) Single-
molecule photobleaching distributions for EDTA and calcium conditions (n = 2,300). 
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Figure 2.4: Multiple C2 domains mediate otoferlin-Loop1.3 interactions 
Multiple C2 domains mediate otoferlin–Loop1.3 interaction. (A–D) Binding curves for 
immobilized YFP-otoferlin C2A (A), C2B (B), C2D (C), and C2F (D) domains titrated against 
Loop1.3 at 0.1–50 µM free calcium. Data are fit with a Langmuir isotherm (solid 
lines). Insets depict 0–10 µM for clarity. Each experimental data point represents the mean value 
of n = 3. (E and F) Binding curves for immobilized YFP-otoferlin C2C and C2E domains titrated 
against Loop1.3. Colocalization between Loop1.3 and YFP-otoferlin (otoferlin amino acids 1–
1,885) is included for comparison. 
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Figure 2.5: Otoferlin binds t-SNAREs.  
t-SNARE binding curve in the presence of increasing free calcium concentrations (0.1–50 µM). 
(A) Experimental data are fit with a Langmuir isotherm (solid lines).Each experimental data point 
represents the mean value of n = 3. Inset depicts 0–10 µM for clarity. (B) Mander’s coefficients 
M1 (black) and M2 (red) for YFP-otoferlin–t-SNARE colocalization. Inset depicts 0–10 µM for 
clarity. (C) Titration of t-SNARE with immobilized YFP in the presence of 0.1 or 30 µM free 
calcium. Each experimental data point represents the mean value of n = 3. (D) Representative 
single-molecule photobleaching traces for mCherry–t-SNARE bound to YFP-otoferlin in the 
presence of 100 µM ethylenediaminetetraacetic acid (EDTA) (Upper) and 200 µM calcium 
(Lower). Green arrowheads denote photobleaching events. a.u., arbitrary units. (E) Single-
molecule photobleaching distributions for EDTA and calcium conditions (n = 2,300). 
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Figure 2.6: Titration of Loop1.3 or t-SNAREs onto heteromeric complexes 
(A) Titration of Loop1.3 with immobilized t-SNARE–YFP-otoferlin complexes at indicated 
calcium concentration (0.1–50 µM). (B) Titration of t-SNARE with immobilized Loop1.3-YFP-
otoferlin complexes at indicated calcium concentration (0.1–50 µM). (C) Dissociation constants 
for YFP-otoferlin binding to either t-SNARE or Loop1.3 individually plotted as a function of 
calcium. (D) Dissociation constants for YFP-otoferlin heteromeric complex binding to t-SNARE 
or Loop1.3 plotted as a function of calcium. The shaded gray and red areas represent the calcium 
concentration ranges of hair cell synapses during inactive and active states, respectively. 
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Figure 2.7: The pathogenic mutation L1010P reduces otoferlin-Loop1.3 interaction 
(A) Titration curve of Loop1.3 with immobilized YFP-otoferlinL1010P in 50 µM free calcium. (B) 
Representative photobleaching time course for colocalized YFP-otoferlinL1010P-mCherry-Loop1.3 
puncta. Green arrowheads represent individual bleaching steps. (C) Photobleaching distributions 
for YFP-otoferlinL1010P-mCherry-Loop1.3 puncta in EDTA and calcium (n =2,300 puncta). (D) 
Dose–response for immobilized YFP-C2DL1010P titrated with t-SNAREs in the presence of 0.1 
or 30 µM calcium (n = 3). Colocalization between t-SNAREs and YFP-otoferlin is included for 
comparison. (E) Dose–response for immobilized YFP-C2DL1010P titrated with Loop1.3 in the 
presence of 0.1 or 30 µM calcium (n = 3). Colocalization between Loop1.3 and YFP-otoferlin is 
included for comparison. (F) CD spectrum for WT C2D and C2DL1010P.  
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Table 2.1: Otoferlin C2 domain Kd constants 

C2A C2B C2C 

Loop1.3 
(µM) 

SNAR
Es 

(µM) 

Loop1.3 
(µM) 

SNAR
Es 

(µM) 

Loop1.3 
(µM) 

SNAR
Es 

(µM) 
0.1µM 
Ca2+ 

0.31± 
0.03 

0.56± 
0.06 

0.07± 
0.01 

1.19± 
0.01 - 1.04± 

0.04 
1µM 
Ca2+ 

0.28± 
0.02 

0.57± 
0.07 

0.35± 
0.04 

1.00± 
0.01 - 1.24± 

0.01 
15µM 
Ca2+ 

0.44± 
0.03 

0.46± 
0.01 

0.80± 
0.01 

0.09± 
0.02 - 0.66± 

0.01 
30µM 
Ca2+ 

0.31± 
0.04 

0.46± 
0.02 

1.51± 
0.03 

0.07± 
0.01 - 0.10± 

0.01 
50µM 
Ca2+ 

0.38± 
0.04 

0.59± 
0.02 

0.29± 
0.03 

0.07± 
0.01 - 0.15± 

0.05 

C2D C2E C2F 

Loop1.3 
(µM) 

SNARE
s 

(µM) 

Loop1.3 
(µM) 

SNAR
Es 

(µM) 

Loop1.3 
(µM) 

SNAR
Es 

(µM) 
0.1µM 
Ca2+ 

0.03± 
0.02 - - 1.17± 

0.01 - - 

1µM 
Ca2+ 

0.12± 
0.02 - - 1.09± 

0.01 - 1.79± 
0.03 

15µM 
Ca2+ 

0.50± 
0.08 - - 0.49± 

0.09 
0.75± 
0.01 

0.83± 
0.01 

30µM 
Ca2+ 

0.88± 
0.02 - - 0.30± 

0.07 
0.51± 
0.01 

0.05± 
0.02 

50µM 
Ca2+ 

0.90± 
0.08 - - 0.09± 

0.01 
0.74± 
0.05 

0.04± 
0.02 
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Table 2.2: Otoferlin-YFP Kd constant 

Otoferlin Synaptotagmin-
I 

Wild-Type 
Separate 

Titrations 

Wild-Type 
Heterocomplex 

Titrations 

L1010P Separate 
Titrations 

Wild-Type 
Separate 

Titrations 
Loop1.3 
(µM) 

SNAREs 
(µM) 

Loop1.3 
(µM) 

SNAREs 
(µM) 

Loop1.3 
(µM) 

SNAREs 
(µM) 

Loop1.3 
(µM) 

Loop2.2 
(µM) 

0.1µM 
Ca2+ 

0.04± 
0.02 

5.27± 
0.03 

0.13± 
0.03 

2.68± 
0.06 

- - - 1.06± 
0.03 

1µM 
Ca2+ 

0.28± 
0.01 

5.34± 
0.05 

0.51± 
0.06 

2.93± 
0.02 

- - - 0.37± 
0.01 

15µM 
Ca2+ 

0.66± 
0.02 

3.39± 
0.03 

0.46± 
0.05 

2.79± 
0.02 

- - - 0.15± 
0.02 

30µM 
Ca2+ 

1.14± 
0.07 

0.17± 
0.01 

3.08± 
0.05 

0.15± 
0.04 

- 10.15± 
0.12 

- 0.07± 
0.04 

50µM 
Ca2+ 

1.21± 
0.08 

0.08± 
0.02 

1.02± 
0.02 

0.09± 
0.01 

5.20± 
0.05 

7.32± 
0.07 

- 0.10± 
0.03 
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Chapter	3	
	

Acridone	as	a	probe	to	characterize	the	membrane	dipping	properties	of	otoferlin	using	
smTIRF	

	
Nicole	Hams,	Shauna	Otto,	Weihong	Qiu,	Colin	Johnson	
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3.1	Abstract	

Otoferlin	is	a	vesical-associated	transmembrane	protein	consisting	of	six	C2	domains	that	is	

proposed	to	act	as	a	calcium	sensor	for	exocytosis	in	inner	hair	cells.	It	is	thought	that	otoferlin	

mediates	exocytosis	by	inserting	into	the	plasma	membrane	in	order	to	bring	both	it	and	the	

vesicle	in	close	juxtaposition	to	allow	for	fusion.	Indeed,	otoferlin	has	been	shown	to	mediate	

vesicle	fusion	but	the	mechanism	of	action	is	poorly	understood.	Fluorescence	studies	in	which	

the	environmentally	sensitive	amino	acid,	acridone,	was	used	to	probe	membrane	insertion	

using	prepared	liposomes	revealed	PI(4,5)P2	dependent	interactions	for	the	otoferlin	C2F	

domain.	However,	these	interactions	were	shown	to	be	calcium	independent	despite	exocytosis	

occurring	in	a	calcium-dependent	manner.	Here,	we	use	C2F-incorporated	acridone	to	assay	

dipping	as	a	function	of	adjacent	C2	domains.	Our	results	indicate	that	the	C2F	domain	in	the	

context	of	the	C-terminal	doublet	(C2EF)	construct	inserts	in	a	calcium	sensitive	manner.	Based	

on	these	results,	we	propose	that	the	C2F	domain	targets	otoferlin-containing	vesicles	to	the	

plasma	membrane,	while	the	C2E	domain	confers	calcium-sensitivity	to	the	dipping	process.	

Studies	conducted	with	the	soluble	protein,	domains	C2ABCDEF	support	the	hypothesis	that	the	

remaining	domains	may	act	to	stabilize	membrane	dipping	at	the	carbonyl-tail	interface	of	the	

membrane.		

	

3.2	Materials	and	Methods	

3.2.1	Plasmid	constructs	

	 Mouse	otoferlin	was	provided	as	a	gift	from	Christine	Petit,	Institut	Pasteur,	Paris.	

Otoferlin	amino	acids	corresponding	to	C2F	(1719-1885),	C2EF	(1479-1885),	C2DEF	(959-1885)	

or	C2ABCDEF	(1-1885)	were	subcloned	into	the	SspI	site	of	pMCSG9.	Mutagenic	primers,	

designed	using	PrimerX,	were	used	to	create	a	TAG	stop	codon	at	F1833	for	acridone-2ylalanine	

(acridone)	incorporation.		

	

3.2.2	Protein	expression	and	purification	

	 Otoferlin	constructs	in	pMCSG9	were	co-transformed	into	BL21(ai)	cells	with	a	vector	

containing	the	tRNA	and	tRNA	synthetase	needed	to	incorporate	acridone	into	the	protein.	This	

vector	was	a	gift	from	Ryan	Mehl,	Oregon	State	University,	Corvallis.	All	constructs	were	

expressed	into	autoinduction	media	with	1mM	acridone	using	a	previously	reported	
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method586,587.	The	acridone	was	synthesized	by	E.	James	Petersson,	University	of	Pennsylvania,	

Philadelphia.	The	cells	were	lysed	by	sonication	in	50mM	HEPES	pH	7.5,	150mM	NaCl	and	1mM	

NaN3	(lysis	buffer)	containing	1mM	PMSF,	2µg/mL	aprotinin,	5µg/mL	leupeptin	and	1µg/mL	

peptatin	A.	After	sonication,	CHAPS	was	added	to	the	lysis	buffer	to	a	final	concentration	of	2%	

and	the	cells	were	incubate	for	1	hour	on	ice	with	rocking	followed	by	centrifugation	at	4C	for	20	

minutes	at	15,000x	g.	The	soluable	fraction	was	collected	and	incubated	with	Ni-NTA	resin	for	2-

3	hours	at	4C.	After	incubation	the	bound	resin	was	washed	with	lysis	buffer	containing	20mM	

imidazole	before	the	protein	was	eluted	with	lysis	buffer	containing	500mM	imidazole.	Purified	

proteins	were	dialyzed	overnight	in	lysis	buffer	before	being	aliquoted	into	smaller	volumes	and	

flash	frozen	in	lysis	buffer	containing	7.5%	glycerol.		

	

3.2.3	Phospholipid	vesicles	

	 All	lipids	and	liposome	preparation	materials	were	purchased	from	Avanti	Polar	Lipids.	

SUVs	were	composed	from	chloroform	suspensions	of	25%	POPS,	74%	POPC	and	1%	Rhodamine	

POPE	or	25%	POPS,	72%	POPC,	1%	Rhodamine	POPE	and	2%	PI(4,5)P2.	Doxyl-5	POPC	or	Doxyl-12	

POPC	were	incorporated	at	10%	and	subtracted	from	the	concentration	of	POPC.	The	

chloroform	was	evaporated	under	nitrogen	gas	and	the	lipids	were	further	dried	under	vacuum	

for	3-16	hours.	The	dried	lipids	were	suspended	in	50mM	HEPES	pH	7.5,	150mM	NaCl	and	

incubated	at	37C	with	shaking	for	30	minutes	before	being	extruded	60	times	through	a	100nm	

filter.		

	

3.2.4	Sedimentation	assays	

	 The	C2	domains	of	otoferlin	(5µg)	were	mixed	with	SUVs	(100µg)	in	buffer	composed	of	

50mM	HEPES	pH	7.5,	150mM	NaCl	with	calcium	(200µM)	or	EDTA	(100µM).	After	incubation	for	

1	hour	at	37C	the	mixture	was	centrifuged	at	85,000	xg	for	1	hour	in	a	TA-100	ultracentrifuge	

(Beckmann	Instruments).	The	results	were	analyzed	on	a	10%	polyacrylamide	gel	using	SDS-

PAGE.		

	

3.2.5	TIRF	measurements	and	analysis	

	 Coverslips	were	functionalized	with	PEG-Biotin	and	the	otoferlin	constructs	were	

immobilized	on	the	coverslips	using	a	biotinylated	6xHis	antibody	(Abcam	ab27025)	as	
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previously	reported588.	All	TIRF	measurements	were	ran	in	50mM	HEPES	pH	7.5,	150mM	NaCl	

supplemented	with	0.4%	glucose,	45µg/mL	catalase	and	0.2U	glucose	oxidase.	Single-	and	

multiwavelength	TIRF	imaging	was	performed	using	a	Zeiss	TIRF3	laser	system.	Acridone	was	

exited	using	a	405nm	laser	and	detected	using	filter	set	73.	Rhodamine	was	excited	using	561nm	

laser	and	detected	using	filter	set	77.	TIRF	intensity	data	was	extracted	using	ImageJ	(NIH)	and	

analyzed	using	Graphpad	Prism	software.	

	

3.3	Results	

Roughly	360	million	people	worldwide	are	affected	by	hearing	impairment.	Children	account	for	

10%	of	those	cases	and	each	year	approximately	12,000	newborns	are	diagnosed	with	

congenital	deafness.	The	majority	of	diagnoses	are	caused	by	genetic	factors	in	isolation	of	any	

other	set	of	disorders,	commonly	known	as	non-syndromic	deafness.	Mutations	in	the	gene	

OTOF	are	the	underlying	cause	of	neurosensory	nonsyndromic	recessive	deafness	(DFNB9).	

OTOF	encodes	for	otoferlin,	a	240kDa	vesicle-associated	protein	that	is	required	for	auditory	

exocytosis	in	inner	hair	cells	(IHCs)214.	In	response	to	calcium,	the	C2	domains	of	otoferlin	fuse	

vesicles	containing	neurotransmitters	to	the	plasma	membrane	of	IHCs	for	relay	to	the	post-

synaptic	auditory	neuron.	In	animal	models	the	absence	of	otoferlin	in	IHCs	results	in	

phenotypes	analogous	to	DFNB9	in	humans216,232,244.	Despite	the	prevalence	of	functional	data,	

the	mechanisms	that	otofelrin	uses	to	promote	exocytosis	have	yet	to	be	resolved.	The	reason	

for	this	is	partly	due	to	the	size	and	insolubility	of	otoferlin	which	has	restricted	in	vitro	studies	

to	recombinant	truncates	that	incompletely	reflect	the	activity	of	the	protein.		

	 Similar	to	otoferlin,	Synaptotagmin-I	(Syt-I)	is	the	calcium-sensor	for	exocytosis	in	

neurons.	Upon	calcium	influx	the	C2	domains	of	Syt-I	insert	into	the	plasma	membrane	bilayer	

creating	local	curvature	stress142,144,155.	Remodeling	the	bilayer	is	a	critical	step	that	brings	both	

membranes	into	close	proximity	and	lowers	the	energy	barrier	for	fusion.	However,	insertion	

alone	is	not	sufficient	to	induce	membrane	bending.	Indeed,	the	C2	domains	of	PKCa	and	cPLA2	

insert	into	membrane	bilayers	but	do	not	promote	deformations589,590.	Syt-I’s	ability	to	remodel	

membranes	has	been	demonstrated	using	electron	microscopy155.	It	was	found	that	insertion	

closer	to	the	bilayer	center	coupled	with	a	collective	effort	between	both	C2	domains	of	Syt-I	is	

pivotal	to	inducing	membrane	curvature.	Although	specific	C2	domains	of	otoferlin	insert	into	
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membranes,	their	ability	to	collectively	induce	curvature	has	yet	to	be	tested	using	electron	

microscopy	due	again	to	its	size	and	insolubility	preventing	adequate	protein	purification239.	

	 To	overcome	this	barrier,	we	have	designed	a	single-molecule	total	internal	reflection	

fluorescence	microscopy,	smTIRFM,	assay	to	measure	membrane-penetration	depth	as	a	

method	to	infer	the	ability	of	a	C2	domain	to	deform	bilayers	(Figure	3.1A).	This	assay	works	by	

using	the	parallax	method	(Eq.5)	which	describes	the	distance	of	a	fluorescent	probe	from	the	

center	of	the	lipid	bilayer	(ZCF)	using	membrane	embedded	quenchers,	5-doxyl-

phosphatidylcholine	(5-doxyl-PC)	and	12-doxyl-phosphatidylcholine	(12-doxyl-PC)	where	LC1	is	

the	distance	from	the	bilayer	center	to	5-doxyl-PC	(12.2	Å),	C	is	the	mole	fraction	of	the	

quencher	divided	by	lipid	area	(70	Å),	F1	and	F2	are	the	intensity	of	5-doxyl-PC	and	12-doxyl-PC,	

respectively,	and	L	is	the	difference	in	position	of	the	doxyl	group	along	the	acyl	chain	(0.9	Å	per	

CH2	group)152,591.	

																																					

																																																																						ZCF=	LC1	+	[-ln(F1/F2)/πC-L2]/2L																																								(Eq.5)	

	

The	fluorescent	non-canonical	amino	acid	acridone	(Acd)	has	previously	been	used	as	a	reporter	

for	the	membrane-penetrating	phenylalanine	1833	of	otoferlin	C2F	domain239.	Acd	undergoes	a	

reduction	in	intensity	in	the	presence	of	shallow	(5-doxyl-PC)	or	deep	(12-doxyl-PC)	

quenchers587.		

	 To	establish	whether	Acd	influences	membrane	binding	interactions,	we	performed	co-

sedimentation	assays	using	otoferlin	C2F,	C2EF	or	C2DEF	harboring	either	the	wild-type	

phenylalanine	(C2WT)	or	Acd	(C2Acd)	at	residue	1833.	We	compared	the	supernatant	(S)	and	

pellet	(P)	fraction	for	liposomes	composed	of	phosphatidylserine	and	phosphatidylcholine	(PS-

PC)	or	phosphatidylserine,	phosphatidylcholine	and	phosphatidylinositol	4,5-biphosphate	(PS-

PC-PI(4,5)P2)	in	the	presence	of	either	calcium	or	EDTA	(Figure	3.1B).	We	found	that	constructs	

harboring	Acd	at	position	1833	demonstrated	the	same	binding	behavior	as	the	WT	C2	domains.	

Based	upon	these	results,	we	concluded	that	acridone	did	not	significantly	influence	interactions	

between	otoferlin	and	membranes.	Further,	each	of	the	six	constructs	had	an	N-terminal	

maltose-binding	protein	(MBP)	tag	to	help	increase	solubility.	When	sedimented	with	liposomes,	

MBP	stayed	in	the	supernatant	fraction	regardless	of	lipid	composition	suggesting	that	the	

presence	of	MBP	did	not	influence	membrane	interactions,	either.		
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	 When	we	applied	our	smTIRFM	assay	to	C2Acd	constructs,	we	found	that	C2F	insertion	

only	occurred	in	the	presence	of	PI(4,5)P2-containing	liposome	independently	of	the	presence	of	

calcium	or	the	calcium-chelator,	EDTA	(Figure	3.2A).	Intensity	measurements	were	plotted	in	a	

histogram	format	and	fit	to	a	Gaussian	curve.	Goodness	of	fit	for	each	curve	are	reported	in	

Supplemental	Table	3.1.	Fluorescence	intensity	changes	for	experiments	with	PI(4,5)P2	

liposomes	revealed	that	intensity	frequency	decreased	equally	between	calcium	and	EDTA	

experiments	as	phosphatidylcholine	was	replaced	with	either	5-doxyl-PC	or	12-doxyl-PC.	These	

results	suggest	that	in	the	context	of	PI(4,5)P2	liposomes,	the	relative	depth	of	membrane	

insertion	is	constant	regardless	of	the	presence	of	calcium	or	EDTA.	We	next	assayed	C2FAcd	

membrane-insertion	in	the	context	of	the	C2EF	doublet	and	found	that	Acd	intensity	only	

increased	when	both	calcium	and	PI(4,5)P2	were	present,	together	(Figure	3.2B).	Comparison	of	

C2EFAcd	signal	in	the	presence	of	calcium	and	PI(4,5)P2	with	C2FAcd	in	the	presence	of	PI(4,5)P2	

shows	that	the	relative	depth	of	membrane	insertion	does	not	change	with	the	addition	of	the	

adjacent	C2	domain.	Taken	together,	these	results	promote	a	model	in	which	the	presence	of	

the	C2E	domains	directly	confers	calcium	sensitivity	to	the	C2F	membrane-penetration	activity.		

	 We	further	tested	whether	the	presence	of	adjacent	N-terminal	C2	domains	confer	

additional	membrane-interaction	properties	using	C2DEFAcd	and	C2ABCDEFAcd.	Compared	to	our	

C2FAcd	and	C2EFAcd	data,	no	additional	shifts	in	acridone	intensity	frequencies	were	observed	for	

either	of	the	longer	otoferlin	constructs	(Figure	3.3A,B).	We	did	however,	observed	a	slight	

decrease	in	the	frequency	of	low	intensity	interactions.	These	“dipping	intermediates”	likely	

represent	the	C2F	loop	moving	in	and	out	of	the	membrane.	We	observed	that	the	frequency	of	

these	intermediates	decreased	as	more	C2	domains	were	included	in	the	otoferlin	constructs	

suggesting	that	additional	C2	domains	may	act	to	stabilize	the	C2F	interaction	with	the	lipid	

bilayer	(Figure	3.3C).	Using	the	parallax	method,	we	were	able	to	determine	the	distance	of	

F1833	from	the	center	of	the	membrane	bilayer	(Table	3.1).	Otoferlin	inserts	more	closely	to	the	

bilayer	center	than	either	Syt-I	C2	domain61,124.		

	 We	have	shown	the	importance	of	the	otoferlin	C-terminal	domains	in	mediating	

membrane-insertion	interactions.	Further,	we	have	provided	a	mechanism	in	which	the	C2E	

domain	of	otoferlin	confers	calcium-sensitivity	onto	the	C2F	domain.	In	the	presence	of	the	C2E	

domain,	C2F	inserts	into	the	plasma	membrane	bilayer	and	bends	it	as	a	method	to	accelerate	

auditory	exocytosis.	In	zebrafish,	the	C-terminal	domains	of	otoferlin	are	sufficient	to	rescue	
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hearing	in	otoferlin	knockdown	mutants	however	the	mechanism	behind	the	rescue	was	not	

understood232.	We	propose	that	similar	to	PI(4,5)P2	steering	Syt-I	to	the	plasma	membranes	in	

neurons,	PI(4,5)P2	also	works	to	steer	otoferlin	to	the	plasma	membrane	in	IHCs143.	There,	

calcium	influx	initiates	the	penetration	of	F1833	into	the	membrane	bilayer.	Membrane	

insertion	brings	both	bilayers	into	closer	opposition	thereby	allowing	SNARE	complexes	to	form	

in	preparation	for	fusion.	We	have	used	the	parallax	method	to	determine	depth	of	dipping	

insertion	as	a	prediction	of	otoferlin	C2F	domain	ability	to	induce	bilayer	remodeling.	Insertion	

closer	to	the	bilayer	center	causes	more	bending	than	shallow	insertion	and	as	a	result	there	is	

more	mismatch	between	the	two	leaflets.	The	mismatch	exposes	hydrophobic	areas	to	an	

aqueous	environment	and	by	destabilizing	the	top	leaflet,	making	it	more	prone	to	merge	with	

another	membrane.	

	 How	can	auditory	exocytosis	be	a	calcium-dependent	process	when	the	most	conserved	

C2	domain	across	ferlins,	the	C2F	domain,	binds	phospholipids	independent	of	calcium?	In	Syt-I,	

the	presence	of	the	C2A	domain	is	required	for	regulating	C2B	domain	interactions	with	

membranes155.	Here,	we	have	shown	that	the	C2EF	domains	of	otoferlin	may	operate	in	similar	

way	to	Syt-I	and	in	doing	so,	have	demonstrated	the	importance	of	studying	the	entire	otoferlin	

protein	instead	of	truncates.	The	importance	of	cross-talk	between	C2	domains	has	frequently	

been	demonstrated	in	Syt-I	studies	and	has	only	recently	been	shown	to	be	important	for	

otoferlin61,124,588,592.	Although	truncate	studies	of	otoferlin	have	highlighted	important	functional	

data,	it	is	clear	that	in	order	to	reconcile	mechanistic	information,	the	entire	protein	must	be	

studied.	Here,	while	we	showed	that	the	C2EF	domain	is	the	minimum	amount	of	otoferlin	

needed	to	induce	membrane-insertion,	we	were	also	able	to	confirm	the	roles	of	the	remaining	

C2	domains	in	this	process.	Further,	Syt-I	membrane	interactions	have	demonstrated	that	

membrane	insertion	alone	is	not	sufficient	for	inducing	membrane	bending.	Membrane	

deformation	has	been	suggested	to	result	from	the	coordinated	effort	of	two	or	more	

interactions	from	one	protein	or	a	collective	effort	from	multiple	copies	of	a	protein.	In	the	case	

of	otoferlin,	the	presence	of	multiple	copies	of	different	C2	domains	may	provide	the	

interactions	necessary	to	deform	the	plasma	membrane.	We	have	demonstrated	that	during	the	

membrane-insertion	process,	the	C2A	thru	C2D	act	to	stabilize	the	bilayer	interaction.	

	 The	importance	of	the	C-terminal	domains	seems	to	be	a	common	theme	among	the	

ferlin	family	of	proteins.	The	calcium-dependent	protease,	calpain-2,	has	been	shown	to	cleave	
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otoferlin,	myoferlin	and	dysferlin173,194,593.	Calpains	were	first	implicated	in	membrane	fusion	

events	when	giant	squid	axons	failed	to	reseal	in	the	presence	of	the	calpain-inhibitor,	

calpeptin594.	Later	it	was	shown	that	calcium-dependent	membrane	resealing	in	mammalian	

cells	is	abrogated	in	cells	that	contain	calpain	mutants595.	The	cleaveage	of	otoferlin,	dysferlin	or	

myoferlin	by	calpain-2	releases	a	“mini-ferlin”	composed	of	C-terminal	domain	fragments.	In	

general,	dysferlin	acts	as	the	calcium-sensor	at	sites	of	membrane	injury.	The	“mini-dysferlin”	

resembles	a	synaptotagmin-like	module	that	acts	as	a	less-regulated	calcium	sensor	that	is	

produced	in	response	to	excessive	calcium	influx,	such	as	severe	muscle	injury.	In	the	case	of	

myoferlin,	the	role	of	the	calpain-cleaved	product,	“mini-myoferlin”	is	not	yet	understood.	

However,	full-length	myoferlin	isoforms	harboring	the	calpain	cleavage	product	have	been	

shown	to	activate	MAPK/ERK	signaling	pathways.	When	inappropriately	activated,	these	

signaling	pathways	have	been	linked	to	uncontrolled	cell	growth.	Here,	we	have	demonstrated	a	

possible	physiological	role	for	the	otoferlin	calpain-cleavage	during	synaptic	vesicle	exocytosis.	

Therapy	options	for	patients	affected	with	DFNB9	are	non-existent	due	to	the	size	of	otoferlin.	

However,	with	this	work,	we	have	provided	a	mechanism	for	why	the	C-terminal	was	sufficient	

for	rescuing	deaf	phenotypes	in	otofelrin	knock-down	zebrafish.	In	doing	so,	this	work	lays	the	

foundation	for	gene	therapy	options	for	DFNB9	patients.		
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Figure 3.1: (A) Co-sedimentation of MBP, otoferlin wild-type C2 domains (top panel) or 
otoferlin F1833Acd C2 domains (bottom panel) in the presence of calcium or EDTA with 
vesicles of varying lipid composition. In both instances, the co-sedimentation results are 
quantified from N=3 replicates. Error bars = std. (B) A cartoon depicting the single-molecule 
dipping assay. Otoferlin C2F domain harboring a F1833Acd mutation is immobilized to 
coverslip. Vesicles containing PC, PC-Doxyl-5 or PC-Doxyl-12 are flowed over the immobilized 
protein and allowed to bind. Insertion is measured as a function of fluorescence signal increase, in 
the case of PC containing vesicles (black line), or quenching, in the case of Doxyl-5 (blue line) or 
Doxyl-12 (green line) containing vesicles. Events in which little to no protein-lipid interaction 
occurs exposes acridone to the aqueous environment resulting in greater fluorescence signal 
quenching (red line).  
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Figure 3.2: Histogram fit with Gaussian distribution of (A) otoferlin C2F F1833Acd and (B) 
otoferlin C2EF F1833Acd interacting with liposomes composed of PS-PC with calcium (red), PS-
PC with EDTA (blue), PS-PC-PI(4,5)P2 with calcium (green) or PS-PC-PI(4,5)P2 with EDTA 
(purple). The histograms represent N=2300 data points. 
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Figure 3.3: Histogram fit with Gaussian distribution of (A) otoferlin C2DEF F1833Acd and (B) 
otoferlin C2ABCDEF F1833Acd interacting with liposomes composed of PS-PC with calcium 
(red), PS-PC with EDTA (blue), PS-PC-PI(4,5)P2 with calcium (green) or PS-PC-PI(4,5)P2 with 
EDTA (purple). The histograms represent N=2300 data points. (C) Magnification of select 
histograms from Figure 2 and Figure 3A and 3B showing low frequency intermediates. The N 
value represents the total number of intermediates captured in the black square. The lower limit of 
the black squares was determined by the intensity that resulted in the least non-zero frequency of 
events that occurred on the right side of the normal distribution for the complementary data set. 
The upper limit for the black squares was determined by the intensity that resulted in frequencies 
of 45 events or less for the data set being analyzed.   
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Chapter	4 
Concluding	remarks	and	future	directions	for	characterizing	otoferlin	function	

	
Nicole	Hams 
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	 Hearing	loss	affects	somewhere	around	360	million	people	worldwide.	Roughly	10%	of	

those	affected	are	children,	and	a	staggering	7200	newborns	per	year	are	diagnosed	with	

congenital	hear	loss	that	are	a	result	of	genetic	factors.	These	genetic	causes	can	be	syndromic,	

in	which	its	intertwined	with	another	set	of	disorders	or	non-syndromic,	in	which	deafness	

occurs	without	other	associated	disorders.	Out	of	those	born	with	non-syndromic	deafness,	5-

8%	are	deaf	as	a	result	of	a	mutation	to	otoferlin596,597.	To	date,	over	60	pathogenic	mutations	

range	in	type	from	frameshift	to	single	amino	acid	deletions	or	substitutions	have	been	found	to	

be	associated	with	otoferlin-related	hearing	loss244.	Interdisciplinary	studies	conducted	over	the	

past	decade	have	established	that	otoferlin	is	essential	for	encoding	sound	at	the	ribbon	

synapse	of	IHCs.			

	 Although	my	dissertation	presents	a	single-molecule	in	vitro	characterization	of	otoferlin	

function	in	IHC,	the	exact	function	of	otoferlin	in	the	IHC	has	yet	to	be	fully	characterized.	One	of	

the	biggest	challenges	in	characterizing	otoferlin	lays	in	a	lack	of	structural	characterization.	

Besides	the	structure	of	its	C2A	domain	no	other	structural	information	exists	for	otoferlin.	

Unfortunately,	the	C2A	domain	does	not	bind	calcium	and	thus	the	structural	information	that	it	

provides	does	not	help	to	characterize	calcium-dependent	interactions.	A	crystal	structure	of	

otoferlin	would	provide	a	molecular	basis	for	determining	protein	and	lipid	binding	sites.	For	

example,	a	major	function	of	the	otoferlin	C2	domains	is	the	binding	of	phospholipid	

headgroups.	However,	the	inability	to	resolve	a	crystal	structure	of	C2	domains	in	complex	with	

phospholipids	has	hindered	the	ability	to	completely	define	the	membrane-binding	mechanism	

for	each	domain.	Further,	a	molecular	structure	would	provide	insight	into	how	the	lysine	rich	

region	of	the	C2C	and	C2F	domains	coordinate	both	a	lipid	and	protein	target.		

	 From	a	functional	stand-point,	it’s	also	unclear	the	mechanistic	role	that	otoferlin	plays	

in	synaptic	vesicle	neurotransmission	at	the	IHC	synapse.	Exocytosis	involves	vesicle	targeting,	

docking,	priming	and	fusion.	Although	otoferlin	is	undoubtedly	involved	in	fusion,	the	role	it	

plays	in	the	earlier	steps	is	unknown.	Identifying	otoferlin	binding	partners	via	pull-down	assays	

or	RNAseq	can	be	invaluable	in	determining	not	only	otoferlin’s	role	during	exocytosis,	but	also	

the	role	and	contribution	of	its	associated	binding	partners.	Comparative	studies	of	other	ribbon	

synapses	can	also	provide	information	about	proteins	involved	in	vesicle	trafficking	at	the	IHC	

synapse.	The	ribbon	synapse	of	retinal	bipolar	cells,	in	particular,	are	an	attractive	candidate	for	
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such	a	study	given	that	their	large	number,	similarity	and	accessibility	can	allow	for	a	better	

comparative	study	of	IHC	function.		

	 	Moving	forward,	future	experiment	should	include	the	use	of	techniques	that,	at	least,	

include	the	soluble	fraction	of	otoferlin.	My	dissertation	has	highlighted	the	importance	of	

including	the	entire	soluble	fraction	of	otoferlin	by	revealing	previously	unknown	functions	that	

would	have	been	impossible	to	infer	using	only	otoferlin	truncates.	One	promising	avenue	

involves	using	tetrazine,	an	unnatural	amino	acid,	to	physically	tether	otoferlin	to	liposomes.	

This	system	would	limit	the	protein’s	conformation	to	a	more	physiologically	relevant	state.	In	

the	case	of	synaptotagmin,	taking	into	account	its	physical	limitations	has	led	to	mechanistic	

breakthroughs144,154,518,592.	Another	important	approach	to	studying	otoferlin	should	include	the	

use	of	lipid	environments.	Supported	lipid	bilayers	and	nanodiscs	have	both	been	used	to	study	

synaptotagmin142,520.	One	primary	advantage	of	using	supported	lipid	bilayers	is	its	compatibility	

with	single-molecule	imaging	techniques.	Additionally,	lipid-phase	separation	allows	for	the	

protein-component	to	partition	into	the	parts	of	the	bilayer	that	provide	a	more	ideal	

environment	for	protein	function.	Similarly,	nanodics	provide	some	of	the	same	advantages	of	

supported	lipid	bilayers	in	addition	to	access	to	both	sides	of	the	membrane	and	control	of	

oligomerization	states.		

	 Finally,	reconciliation	of	otoferlin	mechanics	in	vivo	will	help	correlate	molecular	events	

with	physiological	outcomes.	Mice	have	long	been	used	as	animal	models	for	studying	otoferlin,	

due	mostly	impart	to	their	wide	availability	and	high-sequence	identity	to	human	otoferlin.	

However,	zebrafish	have	more	recently	been	shown	to	also	be	a	model	organism	to	study	

otoferlin232.	Zebrafish	express	otoferlin,	are	easy	to	genetically	manipulate	and	contain	a	cluster	

of	easily	acceptable	inner	hair	cells,	called	neuromast,	in	their	lateral	line.	As	a	result,	using	

zebrafish	models	potentially	provides	a	new	outlook	on	otoferlin-related	research.			
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Supplemental Figure 2.1: Loop1.3 GST-pulldowns 
Loop1.3 interacts with regions of the N and C termini of otoferlin. Bead-immobilized 
GST-Loop1.3 cosedimented with recombinant forms of otoferlin composed of the first 
three C2 domains (C2ABC; Upper) or the last three domains (C2DEF; Lower). Bead-
immobilized GST served as a control. Results represent the mean of three sample 
preparations (n = 3). Error = SEM. 
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Supplemental Figure 2.2: Number of colocalized and noncolocalized titrant puncta 
Gray and red bars represent the numbers of puncta before and after background 
subtraction, respectively. Blue bars represent specific colocalized puncta after 
background subtraction, and green bars represent the number of Loop1.3 or t-SNARE 
puncta that do not colocalize with the immobilized YFP-tagged protein after background 
subtraction. Cotitrants represent puncta numbers from results shown in Fig. 7. Data 
represent mean and SEM from three separate coverslip samples (n = 3). 

Total Puncta

After Background

Specific Colocalization

Non-Specifc Colocalization

Analyte

* Otoferlin                   * C2D
* Otoferlin L1013P     * C2F

Loop 1.3
 

t-S
NAREs

Loop 1.3

t-S
NAREs

Loop 1.3

Syn
tax

in1A

SNAP25
0

250

500

750
Pu

nc
ta

 (N
um

be
r)

0.1μM Ca2+

* *

*
*

* *

*

Titrant
Co-titrants

Loop 1.3
 

t-S
NAREs

Loop 1.3

t-S
NAREs

Loop 1.3

Syn
tax

in1A

SNAP25
0

250

500

750

Pu
nc

ta
 (N

um
be

r)

1μM Ca2+

*

*

* *

* * *

Titrant
Co-titrants

Loop 1.3
 

t-S
NAREs

Loop 1.3

t-S
NAREs

Loop 1.3

Syn
tax

in1A

SNAP25
0

250

500

750

Pu
nc

ta
 (N

um
be

r)

15μM Ca2+

*

*
*

*

* * *

Titrant
Co-titrants

Loop 1.3
 

t-S
NAREs

Loop 1.3

t-S
NAREs

Loop 1.3

Syn
tax

in1A

SNAP25
0

250

500

750

Pu
nc

ta
 (N

um
be

r)

30μM Ca2+

*

* * *

*
*

*

Titrant
Co-titrants

Loop 1.3
 

t-S
NAREs

Loop 1.3

t-S
NAREs

Loop 1.3

Syn
tax

in1A

SNAP25
0

200

400

600

800

Pu
nc

ta
 (N

um
be

r)

50μM Ca2+

*
*

*

* *

* *

Titrant
Co-titrants



 149 

 

 
 
 
 
Supplemental Figure 2.3: Mean number of colocalized puncta per viewing area 
Error represents SEM from three separate coverslip samples (n = 3). 
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Supplemental Figure 2.4: Syt-I smCoBRA curve with t-SNAREs 
Binding curves for immobilized synaptotagmin I titrated with t-SNARE dimer at 
indicated calcium concentration. Each experimental data point represents the mean value 
of n = 3 sample preparations. 
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Supplemental Figure 2.5: Otoferlin C2 domain single-molecule photobleaching with 
Loop1.3 
Representative single-molecule photobleaching traces for Loop1.3 bound to YFP-otoferlin C2A, 
C2B, C2D, and C2F domains in the presence of 100µM EDTA (Top) or 200µM free calcium 
(Bottom). 
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Supplemental Figure 2.6: Manders plot for otoferlin/tSNARE interactions with Loop1.3 
Mander’s colocalization coefficients associated with Fig. 2.6. M1 (black) represents the fraction 
of analyte prebound complex (otoferlin with t-SNARE dimer) colocalized with the titrant 
(Loop1.3). Colocalization coefficient M2 (red) represents the fraction of Loop1.3 titrant 
colocalized with the analyte prebound complex. Results depicted are in the presence of 1 µM 
calcium. Normalized MCC refers to the normalized Mander’s correlation coefficient. Inset 
depicts 0–10µM for clarity. 
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Supplemental Figure 2.7: smPhotobleaching distribution for tSNAREs and otoferlin 
L1010P mutant 
Single-molecule photobleaching distribution for t-SNAREs–mCherry bound to YFP-
otoferlinL1010P in the presence of 100 µM EDTA and 200 µM free calcium.  
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Supplemental Figure 2.8: Binding time course measurements 
Time course measurement of C2D-YFP bound to Loop1.3 in the presence of calcium. Changes in 
colocalization were measured every 30 seconds for 10 minutes starting at 3 minutes. 
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