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Summary	
	
	 	 RHBDD2	 é	 parcialmente	 relacionada	 com	 romboides,	 protéases	
intra-membranares	 que	 degradam	 substratos	 na	 via	 secretora.	 Curiosamente,	
um	 subgrupo	 da	 família	 romboide,	 incluindo	 a	 RHBDD2,	 não	 tem	 resíduos	
catalíticos	 essenciais.	 Estas	 “pseudo-proteases”	 são	 conservadas,	 o	 que	 implica	
uma	 pressão	 seletiva	 para	 manter	 a	 sua	 função	 durante	 a	 evolução.	
Recentemente,	 uma	mutação	 pontual	 (R85H)	 foi	 identificada	 no	 gene	 humano	
que	 codifica	 para	 a	 proteína	 RHBDD2,	 e	 está	 associada	 a	 uma	 doença	
neuro-degenerativa	 chamada	 Retinitis	 Pigmentosa	 (RP).	 Esta	mutação	 pontual	
de	G	para	A,	alterou	o	aminoácido	codificado	de	arginina	para	histidina	no	códão	
85	 do	 Segundo	 exão.	 No	 entanto	 a	 relevância	 fisiológica	 da	 RHBDD2	 e	 a	 sua	
contribuição	para	a	doença	acima	referida	não	é	clara.	
	 	 Os	 dois	 maiores	 focos	 deste	 estudo	 foram	 (1)	 a	 investigação	 de	 como	 a	
mutação	R85H	na	RHBDD2	contribui	para	a	doença	a	nível	celular;	(2)	investigar	
a	função	da	RHBDD2	nativa	a	nível	da	célula	e	do	organismo.	 	
Vários	 programas	 de	 alinhamento	 (ClustalO,	 muscle,	 tcoffee	 ferramentas	 de	
alinhamento)	 foram	usados	 para	 prever	 a	 topologia	 da	RHBDD2.	 Com	base	 na	
comparação	 com	 outros	 membros	 da	 superfamília	 romboide,	 os	 domínios	
transmembranares	 (TMD)	 da	 RHBDD2	 foram	 previstos.	 Após	 identificar	
cuidadosamente	 todos	os	 aminoácidos	 chave	nos	 alinhamentos,	 eu	previ	que	a	
RHBDD2	 é	 uma	 proteína	 transmembranar	 com	 6	 TMD,	 com	 ambas	 as	
terminações	N-	e	C-	presentes	na	face	citoplasmática.	
	 	 Devido	 ao	 conhecimento	 prévio	 de	 que	 a	 RHBDD2	 é	 expressa	 em	 níveis	
elevados	 na	 retina,	 consistente	 com	 a	 expressão	 a	 nível	 do	mRNA	 na	 base	 de	
dados	 bioGPS,	 células	 de	 ratinho	 RPE	 foram	 selecionadas	 como	 materiais	
essenciais	para	as	seguintes	experiências.	Plasmídeos	para	a	sobre-expressão	da	
RHBDD2	 WT	 e	 da	 mutação	 R85H	 com	 uma	 tag	 de	 HA	 no	 C-terminal	 foram	
gerados	no	vector	pLEX	MCS,	e	usados	para	gerar	células	estáveis	por	transdução	



lentiviral.	 Estas	 linhas	 celulares	 juntamente	 com	 a	 linha	 celular	 com	 o	 vector	

vazio	(EV)	foram	usadas	para	investigar	a	função	da	RHBDD2	a	nível	bioquímico	

e	da	biologia	celular.	

	 	 Surpreendentemente,	 a	 expressão	da	 forma	mutante	da	RHBDD2	em	 células	

RPE,	 não	 induziu	 um	 stress	 constitutivo	 do	 retículo	 endoplasmático	 (RE).	 Não	

houce	degradação	da	proteína	mutante	na	linha	celular	R85H.	Isto	permitiu-me	

propor	de	forma	preliminar,	que	o	fenótipo	da	mutação	R85H	não	é	causado	por	

stress	do	(RE).	

	 	 Por	 forma	a	analisar	 a	 localização	do	Et	 e	mutante	R85H,	 células	RPE	 foram	

marcadas	 com	 um	 anticorpo	 anti-HA	 (para	 detectar	 RHBDD2	 WT	 e	 mutante	

R85H)	e	com	o	marcador	de	stress	do	RE	Calreticulin	ou	o	marcador	do	cis-Golgi	

GM130.	Imagens	de	imuno-fluorescência	e	co-localização	mostraram	que	tanto	a	

WT	 como	 a	 mutante	 RHBDD2	 localizam	 predominantemente	 no	 aparelho	 de	

Golgi.	 Indicando	 que	 a	 mutante	 R85H	 localiza-se	 no	 mesmo	 compartimento	

celular	que	a	proteína	nativa,	sugerindo	que	o	fenótipo	da	doença	não	é	causado	

por	stress	do	RE	ou	por	falta	de	folding	da	proteína.	 	 	

	 	 Ratinhos	com	deleção	genética	(KO)	na	RHBDD2	foram	gerados	pelo	sistema	

CRISPR/Cas9	 para	 definir	 a	 função	 da	 RHBDD2	 e	 o	 fenótipo	 dos	 animais	

mutantes.	Infelizmente,	5	animais	fundadores	morreram	no	primeiro	dia	de	vida.	

Analise	do	tecido	revelou	que	dois	deles	tinham	INDELs	e	três	deles	eram	nativos.	

Logo,	 a	morte	dos	 animais	 é	 pouco	provável	 estar	 relacionada	 com	o	 genótipo	

RHBDD2.	 A	 experiência	 foi	 repetida	 e	 17	 potencias	 fundadores	 foram	 obtidos.	

Resultados	de	sequênciaçao	 indicaram	que	dois	animais	 fundadores	 tinham	 	 a	

mutação	 desejada,	 provavelmente	 como	 quimeras.	 Identificamos	 também	

animais	fundadores	com	INDELs	de	6	e	9	pares	de	bases.	

	 	 Experiências	 de	 imuno-precepitação	 acopladas	 a	 espectrometria	 de	 massa	

foram	realizadas	para	identificar	novos	interactores	da	RHBDD2.	Três	IPs	foram	

efetuados	 em	 diferentes	 condições	 (com	 ou	 sem	 crosslinker,	 acoplado	 com	

diferentes	 tampões	 de	 lavagem).	 Golgins	 (GM160,	 Golgin-84,	 Golgin-45),	 que	

atuam	 como	 plataformas	 de	 acoplamento	 membranar,	 foram	

co-immuno-precepitadas	 coma	 RHBDD2	 em	 ambas	 as	 experiências	 com	

cross-linker,	 indicando	 que	 a	 RHBDD2	 pode	 ter	 um	 papel	 na	 manutenção	 da	

estrutura	do	aparelho	de	Golgi.	Componentes	chaves	das	vesículas	COPII	 foram	



também	 capturados	 nos	 IPs	 crosslinked	 e	 não	 crosslinked,	 indicando	 que	 a	
RHBDD2	pode	contribuir	para	o	transporte	ER	para	Golgi	dependente	de	COPII.	
Estes	 dois	 grupos	 apareceram	 tanto	nos	 IPs	 da	proteína	RHBDD2	nativa	 como	
mutante	 R85H.	 De	 notar,	 o	 número	 total	 de	 identificações	 de	 peptídeos	 está	
diminuído	 em	 IPs	 de	 R85H	 em	 condições	 de	 crosslinking	 ou	 na	 sua	 ausência,	

indicando	talvez	que	o	mutante	R85H,	exibe	uma	alteração	conformacional	que	
resulta	numa	mudança	de	repertório	de	interactores.	
	 	 De	 acordo	 com	 as	 IPs,	 experiências	 de	 fragmentação	 do	 Golgi	 e	 da	 sua	
reorganização,	 foram	 efectuadas	 com	RNA	de	 interferência	 curto	 (siRNA)	 para	
fazer	a	atenuação	da	expressão	(KD)	de	RHBDD2	em	células	HeLa.	/2	horas	após	
a	transfecçao,	as	células	foram	tratadas	com	BFA,	e	depois	a	droga	foi	removida	
do	meio.	De	seguida,	as	células	foram	fixadas	a	diferentes	pontos	de	incubação.	
Esta	 experiência	 não	 resultou	 em	 nenhuma	 diferença	 óbvia,	 na	 cinética	 de	 da	

morfologia	do	aparelho	de	Golgi	entre	as	células	tratadas	control	ou	com	o	KD,	
mas	 é	 importante	 notar	 que	 o	 siRNA	 não	 promove	 a	 atenuçao	 complete	 da	
expressão	 da	 RHBDD2,	 logo	 a	 presença	 de	 alguma	 RHBDD2	 residual	 pode	 ter	
prevenido	a	observação	de	um	fenótipo	mais	marcado.	
O	 papel	 fisiológico	 da	 RHBDD2	 permanece	 desconhecido.	 Considerando	 os	
possíveis	 parceiros	 de	 ligação	 da	 RHBDD2	 e	 a	 localização	 da	 RHBDD2,	 eu	
proponho	 que	 trabalho	 future	 se	 deva	 focar	 no	 teste	 do	 tráfego	 celular	 e	 da	
glicosilação	em	células	sem	expressão	de	RHBDD2	(KO).	Também	seria	útil	gerar	

um	mutante	R85H	endógeno	nas	células	RPE	para	avaliar	a	patologia	da	mutação,	
e	claro,	para	avaliar	o	fenótipo	dos	ratinhos	mutantes.	
	
	
	
Palavras	chave:	RHBDD2,	superfamília	romboide,	controlo	de	qualidade	do	RE,	
fragmentação	do	Golgi,	Retinitis	Pigmentosa	
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1.	Introduction	

	

1.1	The	Secretory	pathway	

	 	 About	one	third	of	all	proteins	enter	the	secretory	pathway,	a	route	that	allows	

a	 cell	 to	 regulate	 delivery	 of	 newly	 synthesized	 proteins,	 carbohydrates,	 and	

lipids	to	the	cell	surface	and	intracellular	vesicular	organelles.	In	brief,	secretory	

cargoes	 are	 synthesized	 and	 assembled	 in	 the	 endoplasmic	 reticulum	 (ER);	

subsequently	they	are	transported	to	the	Golgi	apparatus	for	further	processing	

and	 maturation.	 After	 that,	 these	 proteins	 are	 distributed	 to	 their	 final	

destination	 (Fig.1).	 This	 directional	 membrane	 flow	 is	 called	 membrane	

trafficking1.	

	
Figure	1	 	 The	secretory	pathway	 	 	
The	 secretory	 molecules	 are	 synthesized	
and	 assembled	 in	 the	 ER,	 then	 further	
modified	 in	 Golgi.	 Afterwards,	 they	 are	
distributed	 to	 their	 final	 destination	 (for	
example,	 the	 plasma	membrane).	 The	 ER	
is	the	first	line	of	defense	in	quality	control,	
a	 mechanism	 that	 prevents	 the	 transit	 of	
misfolded	 folded	 proteins	 to	 the	 later	
secretory	pathway.	If	any	of	the	misfolded	
proteins	 inadvertantly	 escaped,	 they	 can	
be	retrieved	by	retrograde	transport	from	
the	Golgi	apparatus	to	ER.	
	

	

	 	 One	 of	 the	 most	 important	 roles	 of	 secretory	 proteins	 is	 to	 serve	 in	 cell	

signaling,	 which	 governs	 fundamental	 cellular	 activities	 and	 coordinates	 cell	

actions.	 Basically,	 the	 signal-sending	 cells	 produce	 secretory	 proteins	 that	
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change	 the	 cellular	 behavior	 of	 other	 cells	 (the	 signal-receiving	 cells)30.	 For	

instance,	fibroblast	growth	factor	(FGF)	can	induce	limb	development	in	specific	

tissues;	 Notch	 signaling	 can	 inhibit	 their	 neigbouring	 cells	 from	 becoming	

neurons;	the	Ephrin-Eph	signaling	can	lead	to	repulsion	and	segregation	of	cells	

and	tissues	etc.	 	

	 	 The	 receptors	 on	 the	 surface	 of	 the	 signal-receiving	 cells	 in	 the	 signaling	

pathway	 are	 transmembrane	 proteins.	 They	 are	 physically	 attached	 to	 the	

membrane	 and	 span	 across	 the	 entire	 lipid	 bilayer	with	 their	 transmembrane	

domains	at	least	once.	As	a	result,	they	can	perceive	the	information	carried	by	

extracellular	signaling	molecules	and	transfer	it	to	the	intracellular	side,	and	vice	

versa.	 	

	 	 The	 EGFR	 signaling	 pathway	 in	 Drosophila	 is	 a	 prominent	 example	 of	 how	

membrane	 proteins	 are	 used	 to	 control	 signaling.	 Spitz,	 a	membrane-tethered	

EGFR	ligand	is	synthesized	in	the	ER	and	is	transported	to	Golgi	by	the	help	of	a	

chaperone,	called	star.	Thereafter,	Rhomboid-1,	a	serine	protease	 that	 localizes	

to	 the	Golgi,	 cleaves	 Spitz	within	 the	upper	part	 of	 its	 transmembrane	domain	

with	 the	 help	 of	 the	 serine-histidine	 catalytic	 dyad.	 Subsequently,	 Spitz	 is	

secreted	 from	the	cell.	Now	 it	can	bind	 to	 the	EGF	receptor	on	 the	surface	of	a	

neighboring	cell	and	activate	the	EGFR2.	 	

	

1.2	Protein	quality	control	in	the	early	secretory	pathway	

	 	 Protein	 folding	 in	 the	 ER	 involves	 complex	 folding	 intermediates	 and	 is	

therefore	 intrinsically	error	prone3.	Namely,	 if	 the	 folding	capacity	of	 the	ER	 is	

exceeded,	or	a	mutant	protein	is	expressed,	they	risk	misfolding	and	aggregation	

of	 proteins.	 In	 severe	 cases,	 the	 stress	 to	 the	 ER	 caused	 by	misfolded	 protein	

results	 in	 apoptosis	 of	 the	 secretory	 cell	 in	 question,	which	 can	 impact	 on	 the	

functionality	of	the	secretory	tissue	or	organ.	Therefore	a	robust	quality	control	

of	protein	 folding,	which	 is	monitored	by	 the	ER	at	 the	 first	 stage,	 is	 critical	 in	

organisms	 to	 ensure	 that	 nascent	 cargo	 is	 retained	 and	 not	 recognized	 by	 the	

export	machinery	until	the	cargo	is	fully	folded	and	assembled.	
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Figure	 2	 	 The	 calreticulin/calnexin	
ER	folding	cycle	 	 	
Calreticulin	 and	 calnexin	 assist	 the	
folding	 of	 glycoproteins	 in	 the	 ER.	 They	
bind	 to	 monoglucosylated	 proteins	
during	their	synthesis	and	then	associate	
with	the	thiol-disulphide	oxidoreductase	
ERp57	 to	 allow	 it	 form	 interchain	
disulphide	 bonds	 with	 bound	
glycoproteins.	Cleavage	of	the	remaining	
glucose	 by	 glucosidase	 II	 terminates	 the	
interaction	with	calreticulin	and	calnexin.	
On	 their	 release,	 correctly	 folded	
glycoproteins	 can	 exit	 ER,	 otherwise,	 a	
single	glucose	would	be	put	back	on	 the	
glycan	 and	 thereby	 promotes	 another	
calreticulin/calnexin	 cycle.	 (Adapted	
from	Ellgaard	&	Helenius	et	al.,	20034)	
	

	

	

	 	 For	 example,	 glycoprotein	 quality	 control	 is	 fulfilled	 by	 the	 calreticulin	 and	

calnexin	 ER	 folding	 cycle.	 Glycoprotein	 synthesis	 proceeds	 via	 sequential	

addition	 and	 and	 removal	 of	 glycans	 (Fig.2).	 Calreticulin	 interacts	 with	 a	

monoglucosylated	 protein	 in	 the	 early	 steps.	 Cleavage	 of	 glucose	 in	 later	 step	

terminates	 the	 interaction	 with	 calreticulin.	 At	 this	 moment,	 if	 the	 protein	 is	

correctly	folded,	 it	would	be	released	from	the	ER.	By	contrast,	 if	 the	protein	is	

not	 correctly	 folded,	 it	 is	 be	 recognized	 by	 glycoprotein	 glucosyltransferase,	

which	 places	 a	 single	 glucose	 back	 on	 the	 glycan	 and	 thereby	 promotes	 a	

renewed	 association	 with	 calreticulin.	 Calnexin	 is	 a	 similar	 quality-control	

molecular	chaperone	that	performs	the	same	service	for	soluble	glycoproteins	as	

does	calreticulin4.	

	 	 Proteins	that	pass	ER	quality	control	are	transported	to	the	Golgi	apparatus	by	

anterograde	 transport	 in	 COPII	 (coat	 protein	 complex	 II)	 vesicles	 (Fig.3).	

However	unfolded	or	misfolded	proteins	are	retained	in	the	ER	and	degraded	by	

ER-associated	 degradation	 (ERAD)(Fig.4).	 Some	 partially	 folded	 proteins	 may	

escape	from	the	ER;	some	proteins	need	export	chaperones	or	export	receptors	

to	 enable	 their	 transport	 from	 ER	 to	 Golgi.	 These	 export	 factors	 and	 escaped	

misfolded	proteins	must	all	be	retrieved	from	the	Golgi	apparatus6.	This	so	called	
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‘retrograde	transport’	 is	achieved	by	the	COPI	(coat	protein	complex	I)	vesicles	

to	balance	the	anterograde	transport7(Fig.3).	Thus,	although	the	ER	is	the	major	

center	of	secretory	protein	quality	control,	the	COPII,	COPI	vesicles	and	cis-Golgi	

compartments	also	contribute.	

	
Figure	 3	 	 COPI	 and	 COPII	
mediated	 bidirectional	
transport	 between	 ER	 and	
Golgi	apparatus	 	
COPII	 vesicles	 mediate	
ER-to-Golgi	 anterograde	
transport.	 COPI	 vesicles	
facilitate	 Golgi-to-ER	
retrograde	 transport,	 including	
retrieval	of	escaped	ER	resident	
proteins.	 (Adapted	 from	
Brandizzi	 &	 Barlowe	 et	 al.,	
20135)	
	

	

	

	 	 During	 ERAD,	 the	 molecular	 chaperones	 and	 associated	 ‘sensors’	 in	 the	 ER	

recognize	 and	 target	 their	 client	 proteins	 for	 retrotranslocation	 into	 the	

cytoplasm,	 where	 the	 proteins	 are	 degraded	 by	 the	 ubiquitin-proteasome	

machinery8.	 Thus,	 ERAD	 counteracts	 the	 possibility	 of	 ER	 stress	 by	 removing	

misfolded	 proteins	 from	 the	 ER	 lumen	 and	 targeting	 them	 for	 degradation.	 In	

general,	 ubiquitination	 of	 proteins	 is	 a	multistep	 process,	 involving	 activation,	

conjugation	 and	 ligation,	 performed	 by	 ubiquitin-activating	 enzyme	 (E1),	

ubiquitin-conjugating	enzyme	(E2)	and	ubiquitin	ligase	(E3),	respectively.	In	the	

ubiquitination	 cascade,	 E1	 can	 bind	 with	 dozens	 of	 E2s,	 which	 can	 bind	 with	

hundreds	of	E3s	in	a	hierarchical	way,	hence	the	E3s	involved	in	recognition	and	

ubiquitination	 of	 highly	 specific	 target	 proteins9.	 In	 the	 specific	 case	 of	 ERAD,	

dedicated	membrane-tethered	E3	ligases	(eg	Hrd1,	gp78)	mediate	ubiquitylation	

of	ERAD	substrates,	acting	on	the	cytoplasmic	side	of	the	membrane.	

	 Derlin,	 a	 catalytically	 inactive	member	 of	 the	 rhomboid	 family,	 is	 required	

for	 the	 extraction	 of	 certain	 aberrantly	 folded	 proteins	 from	 the	 ER10	 and	 has	

been	proposed,	based	on	yeast	mutant	studies	to	serve	as	a	central	component	of	

the	ERAD	machinery.	Specifically,	Derlin	has	been	proposed	to	provide	a	channel	
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for	misfolded	proteins	to	be	retrotranslocated	into	the	cytoplasm11.	Derlins	form	

heteromultimeric	 complexes	 with	 E3	 ligases.	 During	 ERAD,	 the	 dislocation	 of	

proteins	that	contain	one	or	several	hydrophobic	transmembrane	domains,	from	

the	ER	into	the	cytoplasm	is	clearly	thermodynamically	unfavourable.	Therefore,	

transit	across	the	ER	membrane	and	into	the	cytoplasm	is	difficult,	so	needs	to	be	

fuelled	 by	 p97/VCP,	 an	 ATPase	 that	 binds	 to	 Derlins	 and	 the	 E3	 ligases.	

Eventually,	 the	 dislocated	 proteins	 undergo	 proteasomal	 degradation	 in	 the	

cytoplasm10,12	(Fig.4).	

	

	
	
Figure	4	 	 ERAD	model	
This	 is	 a	 simplified	 schematic	 diagram	 illustrating	 ERAD	 of	 a	misfolded	 client	 protein	
(left	red,	x	indicates	misfolding	that	could	occur	within	the	ER	lumen,	ER	membrane	or	
cytoplasm).	Right	side	is	the	multimeric	membrane	protein	complex	consisting	of	Derlin,	
E3	 ligase	 and	 p97	 ATPase.	 Ultimately,	 the	 ERAD	 substrate	 will	 be	 degraded	 by	 the	
proteasome.	 	
	

1.3	 Excessive	 accumulation	 of	 misfolded	 proteins	 triggers	 ER	
stress	

	 	 If	the	ERAD	machinery	is	insufficient,	unfolded	proteins	accumulate	in	the	ER	
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lumen,	undermine	the	function	of	the	organelle,	and	initiate	ER	stress.	The	term	

“unfolded	protein	response	(UPR)”	is	a	protective	mechanism	against	ER	stress	

in	cells.	At	least	four	ER	stress	response	outcomes	have	been	identified.	Three	of	

them	 are	 designed	 to	 alleviate	 stress:	 upregulation	 of	 folding	 chaperones,	

translational	 attenuation	 and	 enhancing	 ERAD.	 However,	 the	 sustained	 or	

excessive	stress	will	result	in	apoptosis13.	 	

	 	 There	 are	 three	 arms	 in	 the	 ER	 stress	 response	 pathway.	 First,	 the	 protein	

kinase	 RNA-like	 ER	 kinase	 (PERK)-mediated	 phosphorylation	 of	 eukaryotic	

translation	 initiator	 factor	 2α	 (elF2α)	 can	 block	 translation	 and	 selectively	

upregulate	the	activating	transcription	factor	4	(ATF4)	as	well.	Afterward,	ATF4	

enters	the	nucleus	and	activates	ER	stress	response	target	genes.	Second,	during	

ER	 stress,	 the	 activating	 transcription	 factor	 6	 (ATF6)	 is	 cleaved,	 releasing	 an	

N-terminal	 cytosolic	 domain	 (p50ATF6),	 which	 thereafter	 enters	 the	 nucleus.	

Third,	 IRE1	 is	 a	 kinase	 and	 endoribonuclease	 that	 dimerizes	 and	

autotransphosphorylates	 under	 ER	 stress	 conditions.	 Activated	 IRE1	 catalyses	

the	 excision	 of	 a	 26	 nucleotide	 unconventional	 intron	 from	 the	 transcription	

factor	X	box-binding	protein	1	(XBP1)	mRNA,	shifting	the	coding	reading	frame	

to	 generate	 an	 active	 transcription	 factor	 that	 translocates	 to	 the	 nucleus	 to	

induce	the	upregulation	of	its	target	genes14.	

	 	 Given	 the	 importance	of	 the	 secretory	pathway,	 it	 is	unsurprising	 that	many	

diseases	 are	 associated	 with	 membrane	 trafficking	 defects.	 The	 ER	 quality	

control	machinery	can	contribute	to	diseases	in	diverse	ways.	(1)	ER	retention	of	

mutated	 protein	 prevents	 the	 protein	 from	 reaching	 its	 final	 destination,	 thus	

causes	 diseases.	 Cystic	 fibrosis(CF)	where	 a	 single	 point	mutation	 results	 in	 a	

failure	to	traffic	CFTR,	a	chloride	channel,	to	the	plasma	membrane	in	CF	patients.	

CFTR	is	instead	retained	in	the	ER	and	degraded	15.	 (2)	 Misfolded	 proteins	

triggers	 ER	 stress	 that	 causes	 diseases.	 A	 prominent	 example	 is	 Retinitis	

Pigmentosa	 (RP)16,	 in	which	misfolding	mutations	 in	 important	 photoreceptor	

proteins	trigger	ER	stress,	causing	photoreceptor	death	and	thus	blindness.	 (3)	

Chronic	ER	stress	in	particular	has	been	implicated	in	numerous	human	diseases.	

In	 type	 II	 diabetes,	 the	 excess	 nutrient	 intake	 demands	 increased	 insulin	

secretion.	 This	 large	 amount	 of	 insulin	 secretion	 pushes	 the	 ER	 folding	 and	

quality	 control	 capacity	 to	 the	 limit17.	 In	 summary,	 the	 discovery	 of	 many	
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diseases	 that	 are	associated	with	 trafficking	defects,	ER	quality	 control	 and	ER	

stress	highlights	the	importance	of	this	pathway.	1	 	

	

1.4	Golgi	Apparatus	

	 	 The	 Golgi	 apparatus	 is	 one	 of	 the	 most	 important	 organelles	 in	 membrane	

trafficking.	 It	 is	 a	 huge	 network	 that	 consists	 of	 stapled	 cisternae,	 the	

membranous	stacks,	which	contain	a	variety	of	resident	enzymes	that	modify	the	

secretory	proteins	by	addition	of	carbohydrates	(glycosylation)	and	phosphates	

(phosphorylation).	 Thus,	 Golgi	 plays	 a	 key	 role	 in	 intracellular	 trafficking,	

processing	 and	 secretion	 of	 glycoproteins,	 glycolipids	 and	 proteoglycans	

(proteins	that	are	heavily	glycosylated).	

	 	 Based	on	the	distribution	of	different	resident	proteins	appearing	in	the	Golgi	

stacks,	it	can	be	divided	into	three	regions:	cis,	medial	and	trans.	The	movement	

and	maturation	 of	 cisternae	 from	 cis	 to	 trans	 is	 called	 anterograde	membrane	

flow.	On	the	contrary	the	transport	of	cargoes	from	the	Golgi	to	ER	is	referred	as	

retrograde	transport	(Fig.1).	 	

	

	
Figure	5	 	 Two	Golgi	apparatus	models	
(a)	 The	 cisternal	 maturation	 model.	 (b)	 The	 anterograde	 vesicular	 transport	 model	
(Adapted	from	Malhotra	and	Mayor	et	al.,	200618)	
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	 	 	 	 There	are	two	models	of	intra-Golgi	transport	(Fig.5):	Anterograde	vesicular	

transport	 and	 cisternal	 maturation.	 The	 major	 difference	 is	 the	 movement	 of	

resident	 and	 cargo	 proteins.	 In	 the	 first	 model,	 cargo	 molecules	 will	 move	

through	 the	 stack	 passively	 as	 the	 cisternae	 move	 forward,	 while	 resident	

proteins	 will	 be	 recycled	 by	 retrograde	 transport	 to	 establish	 differential	

concentrations	 across	 the	 stack.	 In	 the	 second	 model,	 molecules	 will	 move	

forward	 in	 transport	 vesicles,	while	 resident	 proteins	 are	 specifically	 retained.	

These	two	models	are	not	mutually	exclusive	and	may	occur	simultaneously19.	  

	 	 At	 the	 cis-Golgi,	 where	 incoming	 vesicles	 undergo	 fusion	 with	 the	 cisterna	

COPII	 and	 COPI	 vesicles	 mediate	 the	 anterograde	 transport	 and	 retrograde	

transport	respectively	between	the	ER	and	the	Golgi	apparatus.	The	trans-Golgi,	

the	 exit	 point	 of	 the	 Golgi,	 is	 the	major	 site	 of	 sorting	 secretory	 proteins	 and	

lipids	to	various	cellular	locations:	another	key	role	of	the	Golgi	apparatus.	It	still	

remains	 to	 be	 established	 how	 many	 types	 of	 distinct	 vesicular	 trafficking	

destinations	there	are20.	 	

	 	 	 In	 addition	 to	 the	 enzymatic	 and	 sorting	 activities	 of	 the	 Golgi,	 a	 cohort	 of	

resident	Golgi	proteins	maintain	the	Golgi	structure,	and	also	play	an	important	

role	in	the	disassembly	and	reassembly	of	Golgi	during	mitosis,	such	as	golgins21.	

	

	
Figure	6	 	 Schematic	golgins	model	
All	of	the	molecules	shown	are	golgins.	
They	appear	to	tether	the	different	sets	
of	 vesicles	 arriving	 at	 the	 Golgi.	
(Adapted	from	Wong	and	Munro	et	al.,	
201422)
	

	

	

	

	

	

	 	 The	fractionation	experiments	of	Golgi	apparatus	suggested	the	presence	of	a	

Golgi	matrix23.	Golgin	and	GRASP	family	membranes	are	identified	as	the	major	

components	of	 this	putative	matrix24.	Golgins	usually	are	anchored	to	the	Golgi	

Such membrane capture was also observed
with other golgins that can relocate membrane
proteins, including GCC88, TMF, GMAP-210,
golgin-245, and golgin-84 (Fig. 7, F and G, and
fig. S15). In contrast, we did not observe mem-
branes accumulating aroundmitochondria coated
with giantin or GCC185, consistent with their lack
of effect on any of themarkers tested (fig. S16). The
tendency for the captured tubulovesicular struc-
tures to accumulate between mitochondria is
presumably a result of their simultaneous engage-
ment with golgins attached to adjacentmitochon-
dria. This “zippering” effect resulted in clustering
of mitochondria and explains the striped appear-
ance of golgins onmitochondrial clusters thatwe
had observed by immunofluorescence (Fig. 1D).
In some cells, the mitochondrial clustering was
so effective that all were collected together, sep-
arated by lines of captured vesicles that were
often at a regular spacing between themitochon-
dria (Fig. 7E).

Discussion

Multiple classes of intracellular transport ves-
icles deliver cargo specifically to the Golgi appa-
ratus. Our results show that relocation of specific
golgin coiled-coil proteins is sufficient to redi-
rect these specific classes of vesicles to an ectopic
location (Fig. 8A). This provides clear in vivo
evidence for at least seven of the golgins being
bona fide vesicle tethers. However, the golgins
not only capture vesicles but also can clearly
distinguish among vesicles of different origins.
This implies that the location of golgins specifies
the point of vesicle tethering, and indicates that
the machinery that recruits the golgins to spe-
cific cisternae of the Golgi helps to define their
identity as the correct target organelle for in-
coming vesicles (Fig. 8B). This does not pre-
clude other factors such as SNARE complex
formation also making a contribution to the

specificity of membrane traffic, but at least in
this case, SNARE complex formation does not
appear to be necessary for recognition of the
destination organelle.
Our studies also reveal a degree of redundancy

within the golgins; subsets of golgins apparently
share tethering activity. For instance, golgin-97,
golgin-245, and GCC88 all capture endosome-
to-Golgi cargo, and GM130 and GMAP-210 both
capture ER-to-Golgi carriers. This partial redun-
dancywould be consistent with the proposal that
they act collectively to surround different regions
of the Golgi with docking sites for particular
vesicle types (30). Such a model would be loose-
ly analogous to the capture of cytoplasmic-to-
nuclear cargo by the multiple FG repeat proteins
of the nuclear pore (31). Three of the 10 golgins
(CASP, GCC185, and giantin) did not show teth-
ering activity in our assay; it is possible that they
have other roles such as microtubule organiza-
tion, as has been suggested for GCC185 (14). How-
ever, it is also possible that they can act as tethers,
but only in conjunction with other golgins or
after Golgi-specific modification (32, 33).
The fact that golgins can distinguish different

classes of carrier vesicle implies that each class
displays one or more unique features that allow
it to be recognized. There are a range of plausible
candidates for these vesicle features, such as the
Rab guanosine triphosphatases (30, 34, 35). In-
deed, further proteins may bind directly to the
golgins to help capture the vesicle even if the
golgins are themselves sufficient to nucleate a
functional tethering entity. However, irrespective
of what else is involved in completing the entire
tether, our findings should make it easier to iden-
tify and isolate specific classes of carrier vesicles.
These key mediators of traffic are small and nor-
mally short-lived, but the ectopic golgins cause
these carriers to accumulate in a docked state;
this allows their contents to be readily probed by

immunolabeling and also suggests routes to iso-
lation for proteomic analysis. In the case of the
Golgi, our studies are already informative: Trans-
Golgi residents preferred TMF, whereas cis- and
medial Golgi residents preferred golgin-84 and
GMAP-210. Because the golgins were presented
in the same way (i.e., on mitochondria), this find-
ing indicates that vesicles from different parts of
the stack must display different golgin-binding
features, and hence their destination within
the stack is directed at least in part by molec-
ular interactions and not simply by spatial prox-
imity. This may be important for allowing the
structure of the Golgi to vary between tissues and
yet still maintain cisternal identity. In addition,
the finding that GMAP-210 can bind both ER-
derived vesicles and those containing Golgi res-
idents raises the intriguing possibility that it
could act as a scaffold for the assembly of new
cisternae. As such, our findings not only reveal
that golgins are sufficient to confer specificity to
the tethering of Golgi-destined vesicles but also
provide new tools to investigate the organization
of membrane traffic in this complex and much-
debated organelle (36).

Materials and methods

Plasmids

C-terminally truncated golgins were provided
by A. Gillingham [human GMAP210, golgin-84,
and CASP (33, 37)] or PCR-amplified from full-
length cDNAs kindly provided by others [human
GCC88, GCC185, and golgin-245 from P. Gleeson
(38); human golgin-97 from F. Barr; mouse TMF
and rat GM130 from M. Lowe; human giantin
from A. Linstedt (39)]. Human MAO-A C-terminal
TMD (481-528) was PCR-amplified from human
cDNA.
Truncated golgins were as follows: GCC88DC-

term (1-Ala718); GCC185DC-term (1-Ser1535); golgin-
97DC-term (1-Val681); golgin-245DC-term (1-Gly2163);

SCIENCE sciencemag.org 31 OCTOBER 2014 • VOL 346 ISSUE 6209 1256898-9

Fig. 8. Summary of golgin tethering activities. (A) Summary of results of relocation of the indicated
membrane proteins by the panel of 10 golgins that were tested. Check mark indicates capture at the
mitochondria in the majority of cells examined; X indicates absence of detectable effect on intracellular
distribution. (B) Schematic of how golgins appear to tether the different sets of vesicles arriving at the
Golgi. Golgin-97, golgin-245, and GCC88 capture endosome-to-TGN carriers; TMF, golgin-84, and GMAP210
mediate intra-Golgi transport, with the latter two having a preference for early Golgi residents; GMAP210
and GM130 capture ER-to-Golgi carriers.
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by	 their	C	 termini	with	 the	majority	of	 the	protein	exposed	 to	 the	cytoplasm24.	

Golgins	 are	 membrane	 tethers	 throughout	 the	 whole	 Golgi	 apparatus	 that	

capture	 transport	 vesicles	 and	 help	 them	 attach	 to	 the	 Golgi	 apparatus,	which	

drive	membrane	 fusion22.	Specific	golgins	can	 tether	specific	 classes	of	vesicles	

more	 efficiently	 (Fig.6),	 thus	 leads	 to	 a	 selective	 transfer	 of	 contents	 between	

Golgi	cisternae22.	

	 Following	the	tethering	of	the	captured	vesicles,	SNARE	proteins	mediate	fusion	

between	 donor	 and	 acceptor	 membranes.	 SNAREs	 are	 soluble	 NSF	

(N-ethyl-maleimide-sensitive	 fusion	 protein)	 attachment	 protein	 receptors,	

which	 have	 been	 implicated	 as	 central	 in	 most	 intracellular	 membrane	

trafficking	 events.	 SNAREs	 were	 initially	 considered	 to	 confer	 specificity	 of	

intracellular	 membrane	 trafficking,	 which	 now	 remains	 controversial25.	 And	

intuitively	 it	 is	 most	 likely	 to	 be	 defined	 at	 the	 tethering	 stages,	 by	 golgins	

described	above.	

	

	
Figure	 7	 	 Model	 of	
SNARE-mediated	 lipid	
fusion	
The	 SNARE	 core	 complex	
forms	 the	 “zippers”	 to	
overcome	 energetically	
unfavourable	 lipid	 fusion.	
(Adapted	 from	 Chen	 and	
Scheller	et	al.,	201425)	
	

	

The	current	model	of	SNARE	mediated	model	is	the	“zipper”	model	(Fig.7)	25.	The	

SNARE	 core	 complex	 “zips”	 two	 membrane	 compartments	 from	 the	

membrane-distal	amino	termini	 to	 the	membrane-proximal	carboxyl	 termini	 to	

overcome	 the	 energetically	 unfavourable	 process.	 Once	 two	 membranes	 are	

close	 enough,	 the	 hemifusion	 occurs.	 Afterward,	 the	 membrane	 breakdown	

(fusion	pore)	 is	 induced	by	 the	 lateral	 tension	of	 the	 “zippers”.	 In	 the	 end,	 the	

fusion	pore	expands	and	the	membrane	relaxes.	

	

NATURE REVIEWS | MOLECULAR CELL BIOLOGY VOLUME 2 | FEBRUARY 2001 | 1 0 3

R E V I E W S

B70,71, this indicates that the amino-terminal portion of
VAMP might be shielded in a protein complex before
the arrival of the fusion trigger, implying the existence of
half-zipped SNARE complexes. In the adrenal chromaf-
fin cell system, kinetic analysis of exocytosis using high
time resolution MEMBRANE CAPACITANCE MEASUREMENTS

revealed that SNAREs exist in a dynamic equilibrium
between a loose and a tight form49. The two forms can
be distinguished by their different sensitivities to BOTU-

LINUM NEUROTOXIN A57 and antibodies that block SNARE
complex formation49. In the artificial liposome system, it
was shown that prior incubation of v- and t-SNARE-
containing liposomes resulted in liposome docking and
an accelerated rate of fusion40,58. All of the above results
indicate that inter-SNARE interactions might occur
before the actual membrane fusion event. These interac-
tions could be critical for establishing the readiness of
the release machinery for fast fusion.

What prevents this partial complex from zipping
fully? As Ca2+ is known to be the final trigger for many
trafficking steps4–7, one possibility is that the SNARE
complex is prevented from fully assembling by a Ca2+-
sensitive clamp. Synaptotagmin I, a synaptic protein that
binds Ca2+, SNAREs and phospholipids has been impli-
cated as the Ca2+ sensor in neuronal exocytosis72. It has
been proposed that synaptotagmin wraps around the
membrane-proximal base of a preassembled trans-
SNARE complex and triggers fast exocytosis through its
Ca2+-dependent interactions with SNAREs and/or mem-
branes73,74. It is uncertain,however,how this interaction
would prevent full SNARE assembly. It has also been sug-
gested that either the interaction between synaptotagmin
and the carboxyl terminus of SNAP-25 (REFS 57,75) or the
Ca2+-induced oligomerization of synaptotagmin76 could
be important for excitation–secretion coupling.More
experimental data are needed before we can build a
coherent model of synaptotagmin and SNARE function
in synapses.

Mechanics of SNARE-mediated lipid fusion
It is energetically expensive to fuse two membranes in an
aqueous environment, because the electrostatic repul-
sive and hydration forces between the two membranes
has to be overcome77. In the current fusion model15,78,79

(FIG. 5),once the distance between the two bilayers is suf-
ficiently reduced, HEMIFUSION occurs (FIG. 5c,d), followed by
distal leaflet membrane breakdown, resulting in the
opening of a ‘fusion pore’ (FIG. 5e). Finally, the fusion
pore expands, causing full content mixing and mem-
brane relaxation (FIG. 5f). The first aqueous connection
between the lumen of the vesicle and the extracellular
space (or the lumen of another membrane compart-
ment) — the fusion pore — was initially shown to exist
by both FREEZE–FRACTURE ELECTRON MICROSCOPY80 and PATCH-

CLAMP electrophysiological recordings81. The pore was
once hypothesized to be initially proteinaceous, consist-
ing of GAP-JUNCTION-like proteins that span two bilayers82.
However, evidence has since indicated that the pore is
likely to be purely lipidic, with proteins acting as an
external scaffold15,78,79, as was initially suggested by
Fernandez and colleagues83. In such a model, directed

Do SNAREs assemble before final zipping? 
When do SNARE complexes form (BOX 3)? If zipping up
the SNAREs into a four-helix bundle drives the mem-
brane fusion reaction then the SNARE complex should
only exist as a coiled-coil bundle (similar to the crystal
structure of an in vitro complex) during or after fusion.
However, increasing evidence indicates that before the
fusion signal arrives, a reversible or partially assembled
trans-SNARE complex (BOX 3) might exist. In crayfish
neuromuscular junctions, it was found that the inhibi-
tion of synaptic transmission by TETANUS TOXIN, but not
botulinum toxin B, requires prior nerve activity69. As the
amino-terminal portion of VAMP is required for its
proteolysis by tetanus toxin,but not by botulinum toxin

Figure 5 | Model of SNARE-mediated lipid fusion. a | The two membranes are in the vicinity
of each other but the SNAREs are not yet in contact. b | SNARE complexes start zipping from
the amino-terminal end, which draws the two membranes further towards each other. 
c | Zipping proceeds, causing increased curvature and lateral tension of the membranes,
exposing the bilayer interior. Spontaneous hemifusion occurs as the separation is sufficiently
reduced. d | The highly unfavourable void space at the membrane junction in (c) causes the
establishment of contacts between the distal membrane leaflets. e | The lateral tension in the
transbilayer contact area induces membrane breakdown, yielding a fusion pore. f | The fusion
pore expands and the membrane relaxes. (SNARE, soluble NSF attachment protein receptor,
where NSF stands for N-ethyl-maleimide-sensitive fusion protein.)

Box 3 | Formation of cis- and trans-SNARE complexes

In recent literature, there has been some confusion over the expression ‘SNARE
complex formation’. Traditionally, SNAREs have been studied in vitro or in
detergent-containing solutions, conditions under which only fully assembled
complexes exist. However, in vivo, when the v- and t-SNARE proteins are anchored in
membrane lipids, they can be in cis (on the same membrane) or trans (on opposing
membranes) conformations. A SNARE complex in the cis conformation probably
resembles the fully assembled in vitro complex, whereas SNAREs in a trans complex
might only loosely or partially interact because of the resistance posed by the
membranes, and its structure and properties are probably very different to the in
vitro complex. For example, a trans complex is unlikely to be SDS resistant,
clostridial neurotoxin resistant57 or thermostable, and it might not require α-SNAP
and NSF for dissociation101, unlike its cis counterpart. However, this distinction was
not made experimentally until recently, so the term ‘SNARE complex formation’
might have been used ambiguously in many of the earlier functional studies. Some
authors used it to describe pre-fusion partial assembly of trans SNAREs, whereas
others used it to describe the irreversible zipping up of the complex leading to cis-
complex formation concurrent with membrane fusion. Some of the controversy in
the field is therefore only semantic.

TETANUS TOXIN

Clostridial neurotoxin that
cleaves VAMP.

MEMBRANE CAPACITANCE

MEASUREMENTS

Patch-clamp technique that
allows indirect measurements
of single exocytic events. The
technique measures the increase
in the capacitance (and
therefore surface) of the plasma
membrane that results from
fusion of exocytic vesicles with
the plasma membrane.

© 2001 Macmillan Magazines Ltd
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1.5	The	Rhomboid	family	contains	several	catalytically	 inactive	
homologs	

	 	 The	 Rhomboid	 gene	was	 first	 discovered	 in	 genetic	 screens	 in	Drosophila26.	

Subsequently,	Rhomboids	were	found	to	exist	in	almost	all	species,	and	they	are	

highly	 conserved	 throughout	 evolution	 from	 archaea	 to	 humans,	 implying	

selective	pressure	(Fig.8).	Until	now,	Rhomboids	are	discovered	to	have	diverse	

biological	functions27.	Rhomboids	are	intramembrane-cleaving	proteases,	whose	

unique	 property	 is	 that	 their	 active	 sites	 are	 buried	 in	 the	 lipid	 bilayer	 of	 cell	

membranes,	which	is	unsatisfactory	for	the	water-requiring	hydrolysis	reaction.	

Crucially,	structural	studies	revealed	the	presence	of	a	central	cavity	that	allows	

water	molecules	to	access	and	converge	near	the	critical	serine28.	Rhomboids	are	

serine	 proteases	 that	 cleave	 other	 transmembrane	 proteins	 within	 their	

transmembrane	 domains27,29.	 The	 Rhomboid-1	 protease	mentioned	 above	 is	 a	

typical	example	for	this.	

	
	

Figure	 8	 	 Evolutionary	model	 for	 inactive	 enzyme	 evolving	 from	 a	 catalytically	
active	ancestor	
Through	 gene	 duplication,	 the	 enzyme	 guarantees	 its	 original	 function	 and	 gains	 an	
extra	 copy	 to	 have	 the	 potential	 evolving	 force.	 Once	 the	 enzyme	 acquired	 novel	
pseudoenzyme	 function	 that	was	 favored	 by	 nature	 selection,	 it	 could	 be	 fixed	 in	 the	
population.	(Adapted	from	Adrain	and	Freeman	et	al.,	201230)	
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shared ancestry; gene duplication followed by diversifi-
cation is a common route to pairs of enzymes and inac-
tive cognates (FIG. 1); and the structural and functional 
legacy of enzymatic precursors is usually retained in 
their dead counterparts.

The phylogenetic relationship of an enzyme with its 
inactive cousin was further elaborated in another early 
example. The serum protein haptoglobin, which binds 
and helps remove free haemoglobin in the blood, was 
shown in a series of papers from 1974 to 1980 to have a 
common ancestor with the chymotrypsinogen family of  
serine proteases8,9. By 1980, many of the proteases  
of this large family had been sequenced, allowing a 
robust evolutionary history to be proposed. As in the 
case of lysozyme and α-lactalbumin, it was clear that 
there had been an ancestral gene duplication event, fol-
lowed by diversification and loss of essential catalytic 
residues (FIG. 1). As haptoglobin was known to be con-
served in primitive vertebrates such as the eel, it was 
apparent that this duplication was not a recent event, 
implying that there was substantial selective pressure 
to retain the new function9. Moreover, the sequence 
similarity with serine proteases extends throughout the 
length of haptoglobin, implying that the ‘new’ function 
of haptoglobin requires much of the serine protease 
structure. Indeed, simultaneous structural modelling 
concluded that the three-dimensional structure of hapto-
globin strongly resembles serine proteases10. This is an 
important point: in some cases, including that of hapto-
globin, the homology between the active and inactive 

homologues can extend throughout the full length of 
the proteins; in others, like the carboxypeptidase-like 
domain of transferrin receptor, the inactive enzyme 
cognate occurs within a larger and otherwise unrelated 
protein11. In such cases, evolution of the inactive cog-
nate must have included more complex genome reshuf-
fling or splicing events superimposed on mutagenic  
loss of enzyme activity.

The last example we wish to highlight is that of crys-
tallins, which are structural proteins that form the lens 
of animal eyes. Instead of a specific and conserved lens 
protein, different animals have independently recruited 
completely unrelated proteins to serve as lenses12. This 
apparent evolutionary lottery is only constrained by the 
need for crystallins to be highly expressed, soluble and 
transparent and to have an appropriate refractive index. 
In several instances, this has led to catalytically inac-
tive relatives of enzymes being selected for this role; for 
example, δ1-crystallin was shown in 1988 to be related 
to argininosuccinate lyase13. Furthermore, albeit of less 
direct relevance to this Review, active enzymes them-
selves have been recruited as crystallins. For example, 
ε-crystallin is in fact lactate dehydrogenase B, and 
τ-crystallin is α-enolase14. However, there is no reason 
to believe that lens function requires enzyme activ-
ity. Rather, the characterization of crystallins revealed 
another important principle of enzyme diversification: 
that enzymes can assume an additional, non-enzymatic 
role, a phenomenon termed gene sharing13.

Unlike the randomness observed for the origins of 
crystallins, these other early examples of inactive enzyme 
homologues point to the versatility of this type of evo-
lutionary parsimony. The extent to which this mode of 
gene diversification is used has since become apparent. 
No longer do inactive enzymes represent a small num-
ber of slightly off-beat cases; instead, it seems that most 
enzyme families have dead relatives. And even though 
rather few have been studied in detail, those that have 
often are found to have important functions.

The prevalence and evolution of inactive enzymes
By some estimates, at least 10% of mammalian enzyme 
domains are predicted to be dead, and the estimate is 
even higher for worms and flies at 15% (REF. 3). This abun-
dance of dead cognates is also mirrored within individual 
enzyme classes. For example, 10% of mammalian kinases 
are predicted to be inactive15,16, and this rises to 16% for 
human proteases2, and for Drosophila melanogaster 
serine proteases the percentage may be as high as 30% 
(REF. 17). There is increasing annotation of these inactive 
homologues available; for example, individual protease 
families are categorized in the MEROPS and Degradome 
databases18,19.

Some enzyme families are even more dominated 
by dead cognates: about 50% of RAS-like proteins 
and sulphotransferases have substitutions in their 
active sites3. These percentages should, however, be 
regarded as an overestimate because some of the 
predicted dead enzymes may have atypical catalytic 
mechanisms (for example, see the discussion below 
on the atypical kinases WNK1 (with no Lys 1) and 

Figure 1 | Evolution of an inactive enzyme homologue from a catalytically active 
ancestor. Two copies of a catalytically active ancestor (denoted with asterisks) are 
generated following a gene duplication event. Selective pressure maintains the original 
enzymatic function of one of the gene copies (left). By contrast, the other copy can 
mutate, leading to loss of key catalytic residues (right). The emergent ‘dead’ enzyme 
retains some of the functional characteristics of its ancestor (for example, binding 
properties) but can subsequently acquire a new function.
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	 	 Intriguingly,	 bioinformatic	 analysis	 identified	 that	 some	 members	 of	 the	

rhomboid	family	lack	the	amino	acid	residues	essential	for	proteolysis	(Fig.11A	

green	 asterisk	 position)31.	 Derlins,	 TMEM115,	 UBAC2,	 iRhoms	 and	 RHBDDs	

belong	 to	 these	 "pseudoproteases".	 However,	 they	 are	 conserved	 in	mammals	

(and	 some	 in	 yeast),	 implying	 a	 selective	 pressure	 to	 retain	 them	 during	

evolution	 (Fig.8).	 There	 are	 other	 dead	 enzymes	 that	 have	 atypical	 catalytic	

mechanisms.	For	example,	WNK1	is	a	mammalian	protein	kinase	that	 lacks	the	

catalytic	 lysine,	 which	 in	most	 cases	 functions	 to	 anchor	 and	 orient	 ATP32.	 As	

mentioned	before,	Derlin	is	heavily	implicated	in	ERAD.	Although	the	roles	of	the	

other	 rhomboid	 pseudoproteases	 are	 only	 now	 emerging,	 below	 I	 summarize	

known	functions	and	highlight	the	emerging	themes.	 	

	

1.5.1	Tmem115	

	 	 TMEM115	 predominantly	 localizes	 to	 the	 Golgi	 apparatus.	 It	 is	 shown	 to	

interact	with	the	conserved	oligomeric	Golgi	complex	(COG),	which	is	implicated	

in	 the	 tethering	 of	 retrograde	 transport	 vesicles33.	 It	 is	 experimentally	 proved	

that	 knockdown	 or	 overexpression	 of	 TMEM115	 would	 delay	 Brefeldin	 A	

induced	 Golgi-to-ER	 retrograde	 transport33.	 Thus	 it	 is	 likely	 to	 regulate	

Golgi-to-ER	 retrograde	 transport	 and	 perhaps	 other	 Golgi	 functions.	

TMEM115-deficient	cells	also	showed	a	decline	in	the	binding	of	lectins	(peanut	

agglutinin	and	Helix	pomatia	agglutinin),	which	highly	specific	 for	glycoprotein	

binding,	indicating	defects	in	the	Golgi	glycosylation	machinery33.	

	

1.5.2	iRhoms	

	 	 iRhoms	 have	 diverse	 roles	 in	 different	 species.	 They	 are	 essential	 for	

ADAM17/TACE	 maturation	 and	 trafficking	 in	 mammals34.	 Meanwhile	 in	

Drosophila,	they	bind	EGF	ligands	and	direct	them	towards	ERAD35.	
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1.5.3	UBAC2	

	 	 UBAC	has	a	ubiquitin-binding	motif	and	it	is	identified	as	a	central	element	in	

the	gp78	complex	36.	This	is	interesting	because	gp78	is	an	E3	ligase	associated	

with	 ERAD.	 This	 predicts	 an	 ERAD-like	 role	 for	 UBAC2	 similar	 to	 Derlins,	

although	this	remains	to	be	fully	investigated37.	Interestingly,	there	appears	to	be	

a	 genetic	 association	 between	 UBAC	 and	 Behçet’s	 disease,	 an	 inflammatory	

condition38.	

	

1.5.4	RHBDD1	

	 	 RHBDD1,	also	known	as	RHBDL4,	localizes	in	ER.	RHBDD1	has	been	shown	to	

cleave	 ERAD	 substrates	with	 unstable	membrane	 helices;	 it	 interacts	with	 the	

ATPase	 p97.	 This	 role	 has	 been	 proposed	 to	 assist	 in	 conventional	 ERAD	 by	

cleaving	 membrane	 ERAD	 substrates,	 thus	 making	 their	 dislocation	 via	 the	

conventional	ERAD	pathway	more	efficient39.	 	

	

1.5.5	RHBDD3	

	 	 RHBDD3	 directly	 binds	 the	 modulator	 NEMO	 via	 the	

ubiquitin-binding-association	 (UBA)	 domain.	 Afterward,	 it	 is	 modified	 by	 an	

unknown	E3	 ligase	to	recruit	 the	deubiquitinase,	A20.	Thus	RHBDD3	facilitates	

the	 interaction	 of	 A20	 with	 NEMO,	 which	 suppresses	 the	 transcription	 factor	

NF-kB	 in	 dendritic	 cells,	 whose	 overactivation	 can	 cause	 autoimmune	 and	

inflammatory	diseases40.	
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1.5.6	RHBDD2	

	 	 The	focus	of	this	thesis	is	on	RHBDD2,	which	as	the	name	suggests	is	related	to	

RHBDD3	 and	 more	 distantly,	 to	 RHBDD141.	 Little	 is	 known	 about	 RHBDD2,	

except	that	it	is	overexpressed	in	breast	cancer42	and	colorectal	cancer	patients43.	

It	is	however	not	yet	clear	whether	elevated	RHBDD2	expression	plays	a	role	in	

the	development,	maintenance	or	progression	of	tumors.	Or	even	if	it	is	rather	a	

consequence	of	tumor	development.	

	 	 Notably,	a	mutation16	in	RHBDD2	has	been	observed	in	patients	suffering	from	

Retinitis	 Pigmentosa	 (Fig.11C).	 The	 function	 of	 RHBDD2	 is	 still	 unknown.	

However,	 Ahmedli	 reported	 that	 RHBDD2	 locates	 to	 the	 cis-Golgi16,	 which	

implies	a	role	in	trafficking	or	quality	control	in	the	early	secretory	pathway.	 	

	

	 	 In	 summary,	 the	 rhomboid	 superfamily	 members	 interact	 with	 membrane	

proteins	and	control	 the	 fate	of	 these	binding	partners.	Their	diverse	 functions	

are	 implicated	 in	 Golgi-to-ER	 retrograde	 transport,	 glycosylation,	 TACE	

trafficking,	and	ERAD.	This	 is	what	we	know	so	 far	about	 the	biological	 role	of	

rhomboids.	However,	the	biological	role	of	RHBDD2	remains	obscure	and	many	

questions	remain	unanswered.	 	

	

1.6	RHBDD2	is	mutated	in	Retinitis	Pigmentosa	

	 	 As	 mentioned	 above,	 Ahmedli	 and	 colleagues	 reported	 a	 point	 mutation	 in	

human	RHBDD2,	the	G	to	A	transition	changed	arginine	to	histidine	at	codon	85	 	

at	 the	 second	exon	 (Fig.11C)	 leads	 to	Retinitis	Pigmentosa	 (RP),	 a	disease	 that	

causes	 photoreceptor	 death16.	 This	 mutation	 is	 homozygous	 in	 Retinitis	

Pigmentosa	patients,	but	not	all	patients	have	this	mutation,	meaning	RP	can	be	

caused	by	mutations	in	several	other	genes.	Consistent	with	a	role	in	the	retina,	

Ahmedli	and	colleagues	reported	the	RHBDD2	expression	pattern	in	adult	mouse	
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retina	to	support	their	view	(Fig.9).	

	

	 	
Figure	9	 	 RHBDD2	expression	pattern	in	adult	mouse	retina	
Upper	 panel	 shows	 the	 vertical	 section	 of	 ONL,	 labeled	 with	 7RC	 (anti-RHBDD2	
antibody).	 The	 arrows	 point	 to	 the	 irregularly	 shaped	 heterochromatin,	 one	 of	
hallmarks	of	mature	cone	photoreceptors.	Lower	panel	shows	the	horizontal	section	of	
mouse	retina.	Images	show	the	RHBDD2	localization	(green),	glutamine	synthetase	(GS,	
a	marker	for	Müller	glial	cells)	localization	(red),	and	their	co-localization	in	the	somas	
of	many	Müller	glial	cells	(arrows)	and	some	of	their	processes	(arrowheads).	OS,	outer	
segments;	ONL,	 the	outer	nuclear	 layer;	OPL,	outer	plexiform	 layer;	 INL,	 inner	nuclear	
layer;	 	 IPL,	 inner	plexiform	layer;	GCL,	the	ganglion	cell	 layer.	(Adapted	from	Ahmedli	
et	al.,	201316)	
	

	 	 Retinitis	 pigmentosa	 is	 a	 common	 name	 given	 to	 a	 group	 of	 genetically	 and	

clinically	 heterogeneous	 inherited	 retinal	 dystrophies	 presented	with	 a	 loss	 of	

photoreceptors	 and	 retinal	 pigment	 deposits.	 Retinitis	 pigmentosa	 first	 affects	

rod	photoreceptors	(retinal	cells	that	detect	dim	light)	and	cone	photoreceptors	

(retinal	cells	that	detect	light	and	color)	in	the	retina.	Patients	usually	begin	with	

night	blindness	 then	experience	progressive	vision	 loss	because	of	 the	 gradual	

breakdown	of	rods	and	cones44.	

	 	 More	than	45	genes	were	identified	to	be	associated	with	retinitis	pigmentosa.	

Among	 those	 genes,	 rhodopsin	 is	 the	 capital	 one	 in	 which	 more	 than	 140	 	

mutations	have	been	identified45.	Mutations	can	have	a	variety	of	effects	on	gene	immunostaining was restricted to the cytoplasm surrounding
the nuclei, but we were unable to determine whether it was or
was not on the nuclear membranes.

In addition to the photoreceptors, the staining pattern of
RHBDD2 in adult retinas showed strong RHBDD2 expression
in theGCL and inner nuclear layer. In the latter, a small number
of cells weremore intensively labeled than others. Double label-
ing with 7Rc and the Müller cell marker glutamine synthetase
antibody revealed co-localization of RHBDD2 and glutamine
synthetase in these same cells, identifying them as Müller cells
(Fig. 8D, arrows). Very weak co-localization also was present on
some radial processes of Müller cells in the ONL (arrowheads).
AMissenseMutation in RHBDD2 Co-segregates with Disease

in a Family Affected with arRP—A systematic mutational anal-
ysis was initiated to determine whether there are disease-caus-
ing mutations in the human RHBDD2 gene. We screened the
DNA of a small group of patients with different types of retinal
degeneration by direct DNA sequence analysis of all exons and
exon-intron boundaries and found variants ofRHBDD2 in arRP

FIGURE 7. RHBDD2 immunoreactivity during development of mouse ret-
ina. A, at E12.5, E15.5, and E18.5, RHBDD2 is ubiquitously expressed in all
retinoblasts, and the intensity of the signal increases with age. The right panel
is a section from an E12.5 eye stained only with the secondary antibody (Ab),
demonstrating the specificity of the primary antibody signal. The bottom pan-
els show the magnified boxed areas. B, at P1 and P5, RHBDD2 is expressed in
some cells of the ventricular zone (vz) and in the GCL. At P8 and P11, immu-
nostaining is clearly detected in the GCL, inner nuclear layer (INL), and in some
cells of the ONL. By P21, RHBDD2 is localized to all retinal nuclear layers. In the
ONL, RHBDD2 is mainly present around the nuclei of photoreceptors. Scale
bar, 20 !m.

FIGURE 8. Detection of RHBDD2 expression in young and adult mouse
retina sections. A, section of a 12-day-old mouse retina stained with 7Rc-
FITC and DAPI, which was used to stain the nuclei. The photoreceptor layer
shows strongly stained cone cell nuclei migrating toward the outer edge of
ONL and short outer segments. B, a 12-day-old mouse retinal section triple
stained with 7Rc tagged with FITC, the cone marker COS1 tagged with Alexa
Fluor 647, and DAPI. The merged image shows overlapping RHBDD2 and
COS1 staining. C, a magnified image of the ONL from an adult retinal section
immunolabeled with 7Rc. The arrows point to the larger, oval nuclei of cones
that appear to contain several clumps of irregularly shaped heterochromatin.
D, images of an adult retina showing RHBDD2 localization (green), glutamine
synthetase (GS) localization (red), and their co-localization in the somas of
many Müller glial cells (arrows) and some of their processes (arrowheads).
Scale bars, 20 !m. INL, inner nuclear layer; OPL, outer plexiform layer; IPL, inner
plexiform layer.

Retinal RHBDD2 and Its Relation to Disease

APRIL 5, 2013 • VOLUME 288 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 9751



	 17	

function,	which	 can	be	difficult	 to	predict	a	priori.	 For	 example,	mutations	 can	

partially	 reduce	 normal	 gene	 function	 (in	 the	 case	 of	 a	 hypomorph)	 or	

completely	 (in	 the	 case	 of	 a	 null).	 In	 addition	 some	 mutations	 can	 result	 in	

increased	WT	 gene	 function	 (for	 example,	 rendering	 a	molecule	 constitutively	

active),	whereas	neomorphic	mutations	can	create	a	new	function	not	encoded	

by	 the	 WT	 gene.	 This	 is	 examplified	 by	 rhodopsin,	 a	 transmembrane	

glycoprotein	with	7	TMDs,	the	T17,	P23,	G51,	T58,	V87,	G89,	G106,	C110,	L125,	

A164,	C167,	P171,	Y178,	E181,	G182,	C187,	G188,	D190,	H211,	C222,	P267,	S270,	

K296	mutants	are	all	misfolding	and	retained	in	the	ER46.	

	

	 	 Why	 does	 R85H	 mutation	 cause	 Retinitis	 Pigmentosa?	 What	 is	 the	 normal	

physiological	role?	Does	RHBDD2	play	an	ER	quality	control	role?	Does	it	control	

trafficking	in	the	early	secretory	pathway?	Since	it	is	not	a	protease,	what	kind	of	

molecules	 does	 it	 bind	 to	 to	 exert	 its	 function?	 Does	 this	 reveal	 any	 common	

themes	about	 the	role	of	 the	mammalian	rhomboids	 in	 the	secretory	pathway?	

This	master	thesis	is	dedicated	to	answer	these	questions.	
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2.	Material	and	Methods	

	

2.1	Mice	

	 	 C57BL/6J	mice	were	obtained	from	Instituto	Gulbenkian	de	Ciência	(IGC)	and	
maintained	at	the	IGC	animal	facility.	

	

2.2	Cell	culture	

	 	 The	HeLa-GalT-GFP	stable	cell	 line	was	a	gift	 from	Dr.	 Jack	Rohrer	(Friedrich	

Miescher	 Institut,	 Basel,	 Switzerland).	 Mouse	 RPE	 cell	 line	 was	 a	 gift	 from	

Professor	 Heping	 Xu	 (Centre	 for	 Experimental	 Medicine,	 Queen's	 University	

Belfast).	

	 	 HEK	 cells,	 Hela	 cells	 were	 cultured	 in	 Dulbecco’s	 modified	 Eagle’s	 medium	

(DMEM;	 Biowest)	 supplemented	 with	 10%	 fetal	 bovine	 serum	 (FBS)	 and	 1%	

penicillin/streptomycin	 at	 37°C	 and	 5%	 CO2.	 RPE	 cells	 were	 cultured	 in	 the	

same	conditions	with	additional	116.6	mg/ml	sodium	bicarbonate.	

	

2.3	Sequence	data	

	 	 Rhomboid	 sequences	were	 retrieved	 from	Uniprot61.	These	 sequences	of	 the	

full-length	 proteins	 were	 automatically	 aligned	 by	 online	 multiple	 sequence	
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alignment	 tools,	 including	 ClustalO58,	 Muscle59	 	 and	 Tcoffee60.	 The	 alignments	

were	then	manually	corrected	to	remove	gaps.	The	Rhomboid	topology	models	

were	constructed	by	TMD	predictions	from	Uniprot	database61.	

	

2.4	 Generation	 of	 RPE	 cell	 lines	 expressing	 empty	 vector	 (EV),	
WT	RHBDD2	and	RHBDD2	R85H	mutant.	

	 	 R85H	point	mutagenesis	was	executed	by	KOD	Hotstart	DNA	polymerase	from	

Novagen	 (using	 primers:	 GAAGTTGCCAGCAAAGTGCCAGATGATGATGGC	 and	

GCCATCATCATCTGGCACTTTGCTGGCAACTTC)	 based	 on	 the	 WT	 RHBDD2	

construct	with	a	triple	HA	tag	on	C	termini.	Both	constructs	were	cloned	into	the	

lentiviral	 expression	 vector	 pLEX	 MCS.	 After	 verification	 of	 the	 nucleotide	

sequences,	 these	 constructs,	 plus	 the	 empty	 vector,	 were	 used	 to	 produce	

lentivirus	 in	 HEK	 cells.	 The	 resultant	 virus	 was	 then	 used	 to	 infect	 RPE	 cells,	

which	were	selected	for	puromycin	resistance.	 	

	

2.5	Cell	lysis	

	 	 Cells	 were	 washed	 twice	 in	 PBS,	 pH	 7.2	 (137mM	 NaCl,	 2.7mM	 KCl,	 10mM	

Na2HPO4,	1.8mM	KH2PO4)	lysed	on	ice	for	10min	in	lysis	buffer	(1%	Triton	X-100,	

150	 mM	 NaCl,	 50	 mM	 Tris-HCl,	 pH	 7.4).	 Following	 centrifugation	 to	 remove	

insoluble	 material,	 and	 other	 manipulations	 (such	 as	 immunoprecipitations),	

samples	were	denatured	in	LDS	buffer	(LDS	from	Novex®#NP0007,	141mM	Tris	

base,	 106mM	Tris	HCl,	 2%	LDS,	 10%	Glycerol,	 0.51mM	EDTA,	 0.22mM	SERVA	

Blue	G,	0.175mM	Phenol	Red,	pH	8.5,	50mM	DTT).	 	
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2.6	Western	blot	

	 	 Samples	 were	 loaded	 in	 SDS-Page	 gels,	 which	 were	 prepared	 according	 to	

“GEL	 CASTING	 INSTRUCTIONS”	 from	 Novex®	 by	 life	 technologies	 (Pub.no.	

MAN0001660).	 Proteins	 were	 subsequently	 transferred	 to	 PVDF	 membranes.	

The	 membranes	 were	 blocked	 for	 45	 min	 in	 5%	 non	 fat	 dried	 milk	 in	 TBST	

(100mM	Tris	pH	7.4,	3.0M	NaCl,	1%	Tween).	Incubation	with	primary	antibodies	

were	done	in	5%	milk	at	4�	 overnight.	Membranes	were	then	washed	5x	for	6	

minutes	 each	 in	 TBST	 and	 incubated	 with	 secondary	 antibodies	 labeled	 with	

HRP	 for	 1	 hour	 if	 necessary.	 Enhanced	 chemiluninescence	 (ECL)	 was	 used	 to	

reveal	signals,	which	were	captured	on	photographic	film.	

	 	 Used	antibodies:	 	

	 	 	 	 anti-HA-HRP	antibody	(Roche,	12013819001)	

	 	 	 	 7RC	(a	gift	from	Ahmedli	et	al.,	201316)	

anti-β-actin	(Abcam,	Ab8227)	

anti-CHOP	(GADD153,	santa	cruz,	sc-7351)	

	

2.7	Induction	of	ER	stress	

	 	 RPE	cells	were	incubated	in	1μg/ml	thapsigargin	(Tg)	(Santa	Cruz,	#sc-24017),	

0.33μg/ml	tunicamycin	(Tm)	(Santa	Cruz,	#sc-3506)	or	1μg/ml	Brefeldin	A	(BFA)	

(Santa	Cruz,	#	sc-200861)	for	8h	to	induce	ER	stress.	

	

2.8	Golgi	fragmentation	and	Golgi	reassembly	

	 	 Hela	cells	were	treated	with	0.25μg/ml	BFA	and	fixed	with	4%	Formaldehyde	

(made	from	Bio-Connect	BV,	#PIER28908)	at	different	time	points.	After	an	one	
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hour	incubation	with	BFA,	cells	were	rinsed	twice	in	complete	medium	(DMEM,	

supplemented	with	 10%	 FBS	 and	 1%	 penicillin/streptomycin)	 to	washout	 the	

BFA	and	fixed	with	4%	Formaldehyde	at	different	time	points.	

	

2.9	Image	acquisition	and	analysis	

	 	 Fluorescent	images	were	obtained	on	Leica	DMRA2	microscopy.	In	order	to	be	

semi-quantified	by	the	colocalization	program	Imaris,	images	were	deconvoluted	

by	 Huygens	Workstation.	 The	 image	 shown	 in	 Figure	 3	 is	 one	 representative	

stack	out	 of	 the	20	Z	 stacks.	 The	brightness	 and	 contrast	 is	 adjusted	by	Fiji	 to	

visualize	the	signals.	Note	the	statistical	analysis	was	done	on	the	original	signal.	

	

2.10	CRISPR/Cas9	

	 	 CRISPR	 (Clustered	 Regularly	 Interspaced	 Short	 Palindromic	 Repeats)/Cas9	

system	 is	 a	 genome	 engineering	 machinery	 endogenous	 to	 bacteria.	 The	

discovery	of	CRISPR	originates	with	the	 identification	of	repetitive	palindromic	

elements	in	bacteria,	juxtaposed	beside	so	called	‘spacer’	sequences	which	were	

found	to	often	match	sequences	of	bacteriophages,	viruses	that	infect	bacteria.	It	

was	 subsequently	 discovered	 that	 bacteria	 incorporate	 phage	 DNA	 into	 their	

own	 genomic	 CRISPR	 loci	 (the	 spacers);	 in	 turn	 these	 are	 a	 template	 for	

transcription	 of	 RNA,	 which	 can	 destroy	 the	 foreign	 DNA	 from	 phage47.	 In	

bacterial	 immune	defense,	 these	spacers	and	palindromic	DNA	are	 transcribed,	

then	 processed	 to	 produce	 short	 spacer-derived	 RNAs,	 called	 tracrRNA,	which	

subsequently	 works	 with	 Cas9	 (an	 RNA-guided	 endonuclease	 specialized	 for	

cutting	 DNA)	 to	 produce	 the	 crRNA48,	 the	 element	 that	 confers	 the	 sequence	

specificity.	Later,	 Jinek	and	colleagues	 combined	 the	 tracrRNA	and	spacer	RNA	

into	 a	 “guide	 RNA”,	 achieving	 the	 goal	 to	 enables	 a	 nuclease	 (Cas9)	 to	 be	

programmable	by	only	editing	of	 this	 sequence	specific	guide	RNA49.	 Jinek	and	
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colleagues	also	found	that	Cas9	can	only	bind	to	the	DNA	target	if	it	is	followed	

by	 the	 PAM	 sequence	 (5'-NGG-3')	 and	 the	 cleavage	 site	 is	 at	 three	 base	 pairs	

upstream	of	the	PAM	sequence49.	 	

	
Figure	 10	 	 Overview	 of	 the	
CRISPR/Cas9	 invader	
defense	pathway	
In	 the	adaptation	phase,	 short	
fragments	 of	 foreign	 DNA	
(protospacer,	 adjacent	 to	
PAMs)	 are	 acquired.	 In	 the	
crRNA	 biogenesis	 phase,	
CRISPR	 locus	 transcripts	 are	
processed	 to	 release	
individual	 mature	 crRNAs.	 In	
the	 invader	 silencing	 phase,	
crRNA-Cas	 protein	 effector	
complexes	 recognize	 foreign	
DNA	 and	 cleave	 it.	 (Adapted	
from	 Terns	 and	 Terns	 et	 al.,	
201165)	
	

	

	

	

	

	

	 	 Taking	 advantage	 of	 the	 versatility	 of	 CRISPR/Cas9	 system,	 a	 strategy	 was	

devised	 to	 generate	 mice	 null	 for	 RHBDD2.	 A	 gRNA	 sequence	

(CGACACCAGCAGCGAGAGCA)	 was	 designed	 using	 a	 CRISPR	 prediction	

resource63	and	one	of	these	was	chosen	for	cloning	into	the	gRNA	basic	plasmid	

(a	gift	from	Dr.	Moises	Mallo,	IGC)	(Supplementary	Fig.S1).	The	200	bp	homology	

template	was	synthesized	by	IDT	DNA	Ultramer	Oligos	(Fig.17A).	 	

	 	 The	 microinjection	 was	 done	 by	 Ana	 Nóvoa	 in	 IGC	 transgenics	 facility.	 52	

occytes	 were	 injected,	 and	 34	 of	 them	 were	 survived	 and	 transferred	 into	

pseudopregnant	females	at	the	1-cell	stage.	

	

Figure 1.
Overview of the CRISPR-Cas invader defense pathway. In the adaptation phase, a short
fragment of foreign DNA (protospacer) is acquired from the invader and integrated into the
host CRISPR locus adjacent to the leader. Protospacer adjacent motifs (PAMs) are found
near invader sequences selected for CRISPR integration. The CRISPR locus consists of
short direct repeat sequences (black) that separate similarly-sized, invader-derived
sequences (multiple colors). In the biogenesis phase of the pathway, CRISPR locus
transcripts are processed to release individual mature crRNAs (each targeting a different
sequence). Mature crRNAs typically retain some of the repeat sequence, which is thought to
provide a recognizable signature of the crRNAs. In the silencing phase, crRNA-Cas protein
effector complexes recognize foreign DNA or RNA through basepairing of the crRNA. The
Cmr and Csn systems affect cleavage of target RNA and DNA, respectively. PAMs provide
important auxiliary signals for the recognition of invaders for some DNA-targeting systems.
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Curr Opin Microbiol. Author manuscript; available in PMC 2012 June 1.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



	 23	

2.11	Genotyping	of	CRISPR	mice	

	 	 Screening	 primers	 (Fig.17B	 primer	 1	 -	 AAATTGAGGAGGGAGGCGGGGAGT,	

primer	 2	 -	 ATCCCCGCCCCGCCTCTTCTCACCT,	 primer	 3	 -	

ACCGCCCTGTAATGATAGGGTACCCT,	 primer	 4	 –	

AGGGTACCCTATCATTACAGGGCGGT)	 were	 used	 to	 genotype	 the	 putative	

founder	 animals.	 PCR	products	were	 loaded	 on	 4%	 agarose	 gel.	 A	 part	 of	 PCR	

products	were	heated	to	95�	 and	slowly	cool	down	to	room	temperature,	then	

loaded	on	8%	acrylamide	gel.	

	 	 Emma	 Burbridge	 was	 using	 another	 outer	 primer	 2	

(TGAGGAAGCGCGCCATCCCCGCC)	for	the	screening	procedure.	

	

2.12	Immunoprecipitation	(IP)	 	

	 	 HEK	 cells	 transduced	 with	 pLEX	 empty	 vector	 or	 pLEX	 plasmid	 containing	

iRhom1,	 iRhom2,	 iRhom1	 N	 termini,	 RHBDD2,	 RHBDD3,	 UBAC2,	 unc93b1	 by	

lentiviral	 transduction	were	used	in	IP	experiments.	Live	cells	were	exposed	to	

the	 crosslinker	 DSP(Thermo	 #22585)	 in	 the	 first	 and	 second	 experiments	 but	

not	the	third	one.	After	making	lysates,	irrelevant	control	antibodies	conjugated	

to	 magnetic	 beads	 (Thermo	 #21354)	 were	 added	 to	 the	 lysates	 to	 pre-clear	

non-specific	binding	proteins	from	the	extract	during	a	one	hour	rotation	at	4�.	

At	this	point,	the	precipitated	beads	were	discarded,	the	supernatant	recovered	

and	 50	 ul	 supernatant	was	 saved	 as	 the	 ‘Input’	 sample.	 Then	 the	 lysates	were	

incubated	 with	 anti-HA	 resin	 (Thermo	 #88837)	 for	 1.5	 hour	 rotation	 at	 4�.	

Subsequently,	 the	 precipitated	 beads	 were	 kept	 and	 washed	 four	 times	 in	

different	 wash	 conditions	 (for	 experiments	 with	 crosslinker,	 using	 IP	 wash	

buffer;	 for	 experiment	 without	 crosslinker,	 using	 RIPA	 buffer)	 to	 remove	

contaminants	 that	 bound	 non-specifically.	 Three-quarters	 of	 the	 precipitated	

beads	were	put	 in	UREA	buffer	(8M	Urea,	4%	CHAPS,	100mM	DTT,	0.05%SDS)	
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and	 sent	 to	 Professor	 Christopher	 Gerner	 (University	 of	 Vienna)	 for	 mass	

spectrometry	analysis.	One-quarter	of	the	beads	and	the	Input	sample	were	put	

in	LDS	buffer	(Novex®#NP0007,	50mM	DTT),	then	heated	to	65�	 for	15	mins.	

This	part	of	sample	was	used	in	the	Western	blots.	

	 	 Used	buffer:	

	 	 	 	 IP	 Lysis	 buffer:	 1%	 Triton	 X-100,	 150	mM	NaCl,	 50	mM	 Tris-HCl,	 pH	 7.4,	

1,10-phenanthroline,	protease	inhibitor	from	Roche	

SDS/buffer:	5%	Sodium	Deoxycholate	and	2%	SDS	

IP	 wash	 buffer:	 1%	 Triton	 X-100,	 300mM	 NaCl,	 50mM	 Tris-HCl,	 pH	 7.4,	

1,10-phenanthroline,	protease	inhibitor	from	Roche	 	

RIPA	buffer:	1%	Triton	X-100,	0.1%	SDS,	0.25%	deoxycholate,	150mM	NaCl,	

50mM	Tris-HCl,	pH	7.4,	1,10-phenanthroline,	protease	inhibitor	from	Roche	 	

	

2.13	siRNA	knockdown	(KD)	

	 	 An	siRNA	pool	of	4	different	siRNAs	(ON-TARGETplus)	was	ordered	from	GE	

Healthcare	 to	 knock	 down	 human	 RHBDD2	 (targeting	 sequences:	

GGATATCCGTGTTCAAGTA,	 CCCCATGCCCTGAGAGAAT,	

ACGGCAGCCCTGTGGAGTA	 and	 ATGCAGAAAGCGAGACGTT).	 A	mock	 siRNA	was	

ordered	 as	 well	 to	 KD	 Unc93b1.	 5nmol	 siRNA	 was	 solubilized	 into	 250ul	 in	

RNAse-free	 water.	 Hela	 cells	 were	 plated	 one	 day	 before	 transfection	 on	

6-well-plates,	as	described	below.	

	 	 Transfection	 for	 6-well-plate	 (per	 well	 scale):	 7.5ul	 siRNA	 was	 mixed	 with	

125ul	 Opti-MEM	 (Life	 Technologies,	 #25200-072).	 15ul	 Oligofectamine	 (Life	

Technologies,	#LTI	12252-011)	was	incubated	with	60ul	Opti-MEM	for	5min	at	

room	temperature.	There	two	above	were	combined	and	incubated	for	20min	at	

room	temperature.	Add	the	solution	to	each	well.	 	

	 A	 double	 knockdown	 was	 performed	 in	 all	 experiments;	 hence	 a	 second	

transfection	was	executed	19	hours	following	the	first	transfection.	Experiments	

were	performed	post	72	hours	after	the	first	transfection.	
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2.14	Reverse	transcription	PCR	

	 	 Reverse	 transcription	PCR	was	performed	by	Transcriptor	One-Step	RT-PCR	

Kit	(Roche,	#04655877001),	using	primers	in	Figure	20	(red	primers	for	isoform	

1	 and	 2:	 AAGGAGCAGAGGACCGGCAG	 and	 AGCTTCGGGGTGGATTGAGTG;	 blue	

primers	 for	 all	 three	 isoforms:	 CTTCAGCCGAGAGGAGGGCAGCCCAGAG	 and	

GTTCACAGGCGTGGGGGGCTGGATGCC)	 PCR	 products	 were	 collected	 after	 30x	

and	35x	themocycles	and	loaded	on	2%	agarose	gel.	
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3.	Results	

	

3.1	Prediction	of	the	transmembrane	topology	of	RHBDD2	

	 RHBDD2	 is	 a	 39	 kDa	 protein	 which	 is	 highly	 conserved	 amongst	 vertebrate	

species.	However,	to	date	the	topology	of	RHBDD2	is	unclear.	Based	on	different	

transmembrane	domain	prediction	algorithms16	RHBDD2	has	been	proposed	to	

contain	 five	 or	 seven	 possible	 transmembrane	 domains(TMDs)16.	 As	 an	

understanding	 of	 the	 RHBDD2	 transmembrane	 topology	 is	 an	 important	

prerequisite	 to	understand	 function,	we	revisited	 this	 issue.	Based	on	a	careful	

comparison	 with	 residues	 conserved	 in	 other	 members	 in	 Rhomboid	

superfamily,	we	predicted	that	RHBDD2	has	six	TMDs,	with	cytoplasmic	N	and	C	

termini	(Fig.11C).	

	 	 Bioinformatic	 analysis	 focused	 on	 the	 transmembrane	 helices	 of	 several	

mouse	Rhomboid-like	proteins	suggests	that	all	rhomboid-like	proteins	contain	a	

core	of	6	TMDs,	with	less	conservation	in	the	first	TMD	(Fig.11A).	Where	present	

as	 a	 C-terminal	 addition	 in	 some	 Rhomboid-like	 proteins,	 the	 seventh	 TMD	 is	

also	poorly	conserved	(Fig.11B).	In	addition,	the	alignment	performed	using	the	

Tcoffee	 multiple	 sequence	 alignment	 tool60	 revealed	 several	 highly	 conserved	

motifs	 and	 hallmark	 amino	 acids	 that	 were	 used	 as	 a	 basis	 to	 identify	 the	

equivalent	 TMDs	 in	 RHBDD2	 (Fig.11A)	 Greenblatt	 reported	 a	 conserved	 “WR	

motif”	 and	 “GXXXG	 motif”	 in	 Derlins50;	 Lemberg	 observed	 the	 same	 in	 active	

Rhomboids51.	The	“WR	motif”	is	contained	in	the	luminal	loop	between	helices	1	

and	 2;	 the	 “GXXXG	 motif”	 appears	 in	 TMD6	 (Fig.11A	 blue	 asterisk).	 These	

features	were	used	as	 a	 guide	 to	 locate	 the	equivalent	 transmembrane	helices,	

when	 the	 RHBDD2	 sequence	 was	 aligned	 against	 a	 panel	 of	 other	 rhomboid	
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Figure	11	 	 Topology	of	RHBDD2	and	other	rhomboid	superfamily	members	 	 	
(A) Tcoffee	 alignment	 of	 the	 transmembrane	 domains	 of	 rhomboid	 superfamily	
members	 in	 mice	 (RHBDF1,Q6PIX5;	 RHBDF2,Q80WQ6;	 RHBDL1,Q8VC82;	
RHBDL2,A2AGA4;	 RHBDL3,P58873;	 RHBDL4,Q8BHC7;	 RHBDD2,Q8VEK2;	
RHBDD3,Q8BP97;	TM115,Q9WUH1;	DERL1,Q99J56).	TMDs	are	labeled	according	to	the	
RHBDL2	topology	on	UniProtKB61.	Hallmark	amino	acids	are	indicated	by	black	asterisk.	
A	green	asterisk	 indicates	 the	catalytic	 serine	site	of	Rhomboids.	Red	asterisks	denote	
the	 “WR	motif”,	 including	 the	 highly	 conserved	 arginine	 residue,	 that	 is	 found	 in	 the	
luminal	region	between	TMDs	1	&	2.	The	“GXXXG	motif”	 found	 in	TMD6	is	denoted	by	
blue	 asterisks.	 The	 alignment	 was	 corrected	 manually	 to	 remove	 gaps	 in	 predicted	
TMDs	 and	 loops.	 (B)	 Alignment	 of	 RHBDD2	 and	 rhomboid	 superfamily	members	 that	
have	7	TMDs	was	performed	by	three	different	programs	(clustalO,	muscle	and	tcoffee).	
The	7th	TMD	is	highlighted	according	to	RHBDL2	topology	on	UniprotKB.	(C)	Schematic	
of	 the	RHBDD2	with	6	TMDs	 showing	 “WR	motif”	 and	 “GXXXG	motif”	 in	 the	 first	 loop	
and	within	the	sixth	TMD	respectively.	The	red	asterisk	marked	the	position	of	the	point	
mutation,	R85H.	(D)	Prediction	data	from	TOPCONS	of	arginine	(red	frame)	of	the	R85H	
mutation.	
	
	
proteins.	Among	the	aligned	proteins	including	inactive	Rhomboids,	the	arginine	

residue	in	the	“WR	motif”	was	conserved	in	all	members	except	TMEM115	and	

was	identified	for	RHBDD2	(Fig.11	red	asterisk).	Notably,	the	tryptophan	in	the	

“WR	 motif”	 is	 substituted	 by	 tyrosine,	 an	 amino	 acid	 that	 has	 very	 close	

“WR	mo'f” 

“GXXXG	mo'f” 

R85H	
Muta'on 

* 
N C 

A

C

 
 

TCoffee Rhomboids alignment 
 
 
 
 
Aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa*a*aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa**aaaaaaaaaaaaaaaaaaaaa 
Mm_RHBDF1:MSEARRDST-SS------HR----PFFTYWLTFVHSLVTIL----AVCIYGIA--PVGFSQLLPFLNPEVP---DQFY-RLWLSLFLHAGILH---CL-VSVCFQMTVLRDLEKLAGWHRIAII--YLLSGI-TGNLASAIFLP-YRA : 119 
Mm_RHBDF2:MASADKNGS-NLP--SVSHR----PYFTYWLTFVHIIITLL----VICTYGIA--PVGFAQLLPFLNPEVP---DQFY-RIWLSLFLHAGIVH---CL-VSVVFQMTILRDLEKLAGWHRISII--FILSGI-TGNLASAIFLP-YRA : 123 
Mm_RHBDL1:MDRSSLL-Q-LI------HRTCPPPVFMASVTL----AQII----VFLCYGARL--NKWVL---VYHPGHR---ARAW-RFLTYMFMHVGLEQ---LG-FNALLQLMIGVPLEMVHGVLRISLL--YLAGVL-AGSLTVSITDM-RAP : 115 
Mm_RHBDL2:MAVAHEMEMESVN--LN-ANCLPPPLFIILISL----AELA----VFIYYAVWK--PQKQW---TYCPEKR---EEAW-RFISYMLVHAGVQH---IV-GNLLMQIVLGIPLEMVHKGLRVGLV--YLAGVL-AGSLASSIFDP-LKS : 120 
Mm_RHBDL3:MGEHPSPGP-AVA--AC-YTCCPPPWFMITITL----LEVA----LFLYNGVLL--DQFVL---VYHPQLR---AQAW-RYVTYIFMHAGVEQ---LG-LNVALQLLVGVPLEMVHGATRIGLV--YVAGVV-AGSLAVSVADM-TAP : 119 
Mm_RHBDL4:MQRRTRGIN-TGLLLLLS--------TL---AT----LAVN----VWFFLNPWKPLYHSCI---CY--Q-----QKDWQRLLLSPLHHGDDWH---LY-FNMVSMLWKGVKLERRLGSRWFAYVIVYLLLQF-TVAELLNQPDFKRNC : 113 
Mm_RHBDD2:MAAPGPASR-FWC-------------TF-FTAL----LSLLVSGPRLFLLQP--PLAPSGL---EA--LRN---WQVY-RLVTYIFVYENPVS---LL-CGAIIIWRFAGNFERTVGTVRHCFFTIYLSFES--VSSL-SKL-GEVED : 110 
Mm_RHBDD3:MHAWEAPGS-LSR--AL------SSVLMLLLSC----L--------------------WL----RLAPELLMEPWQVH-RLLTHALGHTALPG---LL-LSLLLLPTLGWWQECHLGTVRFLHN----STVLATGLLAVLLAGL-G-- :  99 
Mm_TM115 :MQRALPGAR-QH--------------SVVVKAL----CAVV----LFLYLLSF-AVDTGCL---GYLFPPN---FWIW-TLATHGLMEQHVWD---VA-ISLATVVVAGRLLEPLWGALELLIFFAYLLTYM-ASFNLVYLFTIRIHG : 112 
Mm_DERL1 :MSDIGDWFR-SIP--AIT-------------GK----LG--IISPAYFFLWP------------EAF-LYR---FQIW-RPFTATFYFPVGPGTGFYLVFNWICIVITGLAMDMQL---------LYVWAQL-NRD------------ :  87 
AaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaAaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaAaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa          
aaaaaaaaaaaaa                                   1stTMD                                                2ndTMD                           3rdTMD                                                                                                                                   
aaaaaaaaaaaa*a**aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa*a*aaa*aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa                                                                                                                                                           
Mm_RHBDF1:EVGPAGSQFGILA-CLFV-ELF--QSWQILARPW-RAFFKLLAVV------FAFG-LLPWIDN------FAHISGFVSGLFLSF-----FDLYRKR-CQIIIFQ-LG-LLAGLVVLFYFYPVR-CEKYELDAQLH : 227 
Mm_RHBDF2:EVGPAGSQFGLLA-CLFV-ELF--QSWQLLERPW-KAFFNLSAIV------FICG-LLPWIDN------IAHIFGFLSGMLLAF-----SDKYRKR-ALILVSL-AG-LFASLVLWLYIYPIN-CEKYELDQVLH : 231 
Mm_RHBDL1:VVGGSGGVYALCS-AHLA-NVV--MNWAGMRCPY-KLLRMVLAL-VCMS--SEVG-RAVWLRFSPQPSFMAHLAGAVVGVSMGLTIL--EERLRDQ-CGWWVVL----LFA-IFWNVF------DLLGADIPPPP : 227 
Mm_RHBDL2:LVGASGGVYALMG-GYFM-NVI--VNFREMIPAF-GIVRLLVII-LIVA--SDMG-FALYRRFFVPVSFAAHIAGGFAGMSIGYTVF--DKTLLKD-PRFWIAI----LFA-VFFNIF------------LSPAN : 226 
Mm_RHBDL3:VVGSSGGVYALVS-AHLA-NIV--MNWSGMKCQF-KLLRMAVAL-ICMS--MEFG-RAVWLRFHPHPSFVAHLGGVAVGITLGVVVL--EQRLQDQ-SLWWIFV----LFA-VFWNIF------TLLDLKLPPAP : 231 
Mm_RHBDL4:AVGFSGVLFALKVLNHYCPGGF--VNILGFPV-----PNRFACWAHFCTPG---------TSF------AGHLAGILVGLMYTQGPLKKLERALRA-SIWDR----------MPYGFRLPPEE-RRQRLHRFDGQ : 214 
Mm_RHBDD2:ARGFTPVAFAMLGVSVRSRMRR--ALVFGVVV-----PSVLVPWLSWLIPQ---------TSF------LSNVSGLLIGLSYGLTYCYS-----KL-ASWPP------ASAGTSQGVQ-PPSPIGSKESSKVAMP : 210 
Mm_RHBDD3:VSGAAGGC-GYMP-VHLA-MLAGHPGWPQRTLPPWLLPWLLLAL-LLLS----------------EPPFLQLLCGLLTGLAYAAGAFQWDEQMLQEQSSLWLPKAVSLLVE-GLVDTE------SPAHCTGTGAS : 207 
Mm_TM115 :ALGFLGGVLVALK-QTMG-DCV-VLRVPQVRVSV--VPMLLLALLATLLQSASYGFSWVYLRFYQ--EILQPVVGLLANLVHGLLV--KLKRVEDQ-SAWPSMDKVT-VPESSLITL------------ETAPLL : 224 
Mm_DERL1 :-------------------LIV--SFWFGTRF-----KACYLPWV-YII-G---------GSV------INELIGNLVGHLYFFLMFRY---------------------RGGVSGFGVPPASMNWGQGFRLGDQ : 158 
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa                                                                                                                                                           
                      4thTMD                          5thTMD                      6thTMD                        7thTMD 

B

7TMD ClustalO 
 
 
 

 
Mm_RHBDD2 :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :   - 
Mm_RHBDL1 :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~MDRSSLLQLIQEQQLDPENTGFIGADT---FAGLVHSHELPLDPTKLDMLVALAQSNERGQVCYQELVDLISS--KRSSSFKRAIAN-----------GQRALPRDGLLDEPG :  97 
Mm_RHBDL2 :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~MAVAHEMEMES-----------------------VNLNME--REG-------KE-----------EPEEEKMKGNGEGKD :  37 
Mm_RHBDL3 :MGEH----PSPGPAVAACAEAE-RIEELEPEAEERLPAAPEDHWKVLFEKFDPGSTGYISTGK---FRSLLESHSSKLDPHKKEVLLALADSHADGQICYQDFVNLMSN--KRSNSFRQAILQ-----------GNRRLSSKALLEEKG : 128 
Mm_RHBDF1 :IGPSSEALIHLGAKFSPCMRQDPQVHSFILAARER--------EKHSACCVRNDRSGCVQTSKEECSSTLAVWVKWPVHPSAP-DL--AGNKRQFGSVCHQDPRVCDEPSSEDPHEWPEDITKWPICTKSSAGNHTNHPHMDCVITGRP : 138 
Mm_RHBDF2 :IGPSSIDLIHLGAKFSPCIRKDQQIEQLVRRERDI--------ERTSGCCVQNDRSGCIQTLKKDCSETLATFVKWQNDTGPS-DKSDLSQKQPSAVVCHQDPRTCEEPASSGAHIWPDDITKWPICTEQAQSNHTGLLHIDCKIKGRP : 140 
Bac_AARA_P:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~MAEQQNP :   7 

 
 
 

                                                                                                                                                                         
                                                                                                                                                                         
Mm_RHBDD2 :~~~~~~~~~~~~~MAAP-GPASRFWCSCPEVPSATFFTALLSLLVSGPRLFLLQPPLAPS-----------GLSLRSEALRNWQVYRLVTYIFVYENPVSLLCGAIIIWRFAGNFERTVGTVRHCFFTLIFTVFSAI---IYLSFESV- : 120 
Mm_RHBDL1 :LSVYKRFVRYVAYEILPCEVDRRWYFYRHRTCPPPVFMASVTLA--QIIVFLCYGARLNKWVLQTYHPEYMKSPLVYHPGHRARAWRFLTYMFMHVGLEQLGFNALLQLMIGVPLEMVHGVLRISLLYLAGVLAGSLTVSITDMR---- : 240 
Mm_RHBDL2 :FPRSRKVHRIVSKWMLP-EPVRRTYLERANCLPPPLFIILISLA--ELAVFIYYAVWKPQKQWITLDTGILESPLTYCPEKREEAWRFISYMLVHAGVQHIVGNLLMQIVLGIPLEMVHKGLRVGLVYLAGVLAGSLASSIFDPL---- : 179 
Mm_RHBDL3 :LSLSQRLIRHVAYETLPREIDRKWYYDSYTCCPPPWFMITITLL--EVALFLYNGVLLDQFVLQVTHPRYLKNSLVYHPQLRAQAWRYVTYIFMHAGVEQLGLNVALQLLVGVPLEMVHGATRIGLVYVAGVVAGSLAVSVADMT---- : 271 
Mm_RHBDF1 :CCIGTKG-RCEITSREYCDFMRGYFHEEATLCSQVHCMDDV-----------------------------CGLLPFLNPEVPDQFYRLWLSLFLHAGILHCLVSVCFQMTVLRDLEKLAGWHRIAIIYLLSGITGNLASAIFLPY---- : 253 
Mm_RHBDF2 :CCIGTKG-SCEITTREYCEFMHGYFHEDATLCSQVHCLDKV-----------------------------CGLLPFLNPEVPDQFYRIWLSLFLHAGIVHCLVSVVFQMTILRDLEKLAGWHRISIIFILSGITGNLASAIFLPY---- : 255 
Bac_AARA_P:FSIKSKA-R---------------F----S-LGAIALTLTLVLL--NIAVYFYQIVFASPLDSRE-SNLILFGANIYQLSLTGDWWRYPISMMLHSNGTHLAFNCLALFVIGIGCERAYGKFKLLAIYIISGIGAALFSAYWQYYEISN : 132 

 
 
 

                                                                                                                                                                         
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA*AAAA*AAA                                                                                                                                                                         
Mm_RHBDD2 :S---------SLSKLGEVEDARGFTPVAFAMLG-V-TSVRS----RMRRA-LVFGVVVPSVLVPWLLLCASWL---------IPQTSFLSNVSGLLIGLSYGLTYCYSLDLSERVALKLDQKFPFSL-------MRRIPLFKYISGSSA : 237 
Mm_RHBDL1 :-----------APVVGGSGGVYALCSAHLANVV---MNWAG-----MRCPYKLLRMVLALVCMSSEVGRAVWLRFSPPLPASGPQPSFMAHLAGAVVGVSMGLTILRSYE----ERLRDQCGWWVVLLAYGTFLLFAIFWNVFAYDLLG : 366 
Mm_RHBDL2 :-----------KSLVGASGGVYALMGGYFMNVI---VNFRE-----MIPAFGIVRLLVIILIVASDMGFALYRRFFVP--ANGSPVSFAAHIAGGFAGMSIGYTVFSCFD----KTLLKDPRFWIAIAAYVACLLFAVFFNIFLSPAN~ : 302 
Mm_RHBDL3 :-----------APVVGSSGGVYALVSAHLANIV---MNWSG-----MKCQFKLLRMAVALICMSMEFGRAVWLRFHPSAYPPCPHPSFVAHLGGVAVGITLGVVVLRNYE----QRLQDQSLWWIFVTMYTIFVLFAVFWNIFAYTLLD : 397 
Mm_RHBDF1 :-----------RAEVGPAGSQFGILACLFVELF---QSWQI-----LARPWRAFFKLLAVVLFLFAFGLLPWID-------------NFAHISGFVSGLFLSFAFLPYISFGKFDLYRKRCQIIIFQVVFLGLLAGLVVLF-YFYPVRC : 369 
Mm_RHBDF2 :-----------RAEVGPAGSQFGLLACLFVELF---QSWQL-----LERPWKAFFNLSAIVLFLFICGLLPWID-------------NIAHIFGFLSGMLLAFAFLPYITFGTSDKYRKRALILVSLLVFAGLFASLVLWL-YIYPINW : 371 
Bac_AARA_P:SDLWTDSTVYITIGVGASGAIMGIAAASVIYLIKVVINKPNPHPVIQRRQKYQLYNLIAMIALTLINGLQSGV-------------DNAAHIGGAIIGALISIAYILVPH---KLRVANLCITVIA-----A---SLLTMMIYLYSFST : 257 
AAAAAAAAAAAAAaaaaaaaaaaaAAAAAAAAAAaaaaaaaaaaaAAAAAAAAAAaaaaaaaaaaaAAAAAAAAAAaaaaaaaaaaaAAAAAAAAAAaaaaaaaaaaaAAAAAAAAAAaaaaaaaaaaaAAAAAAAAAAaaaaaaaaaaaAAAAAAAAAAaaaa 

                                                                   7thTMD 
 

                                                                                                                                                                         
                                                          
Mm_RHBDD2 :ERRAAQSRRLNPAPGSYPTQSCHPHLTPSYPVTQMQHA : 275 
Mm_RHBDL1 :AD--------IPPP---------P~~~~~~~~~~~~~~ : 373 
Mm_RHBDL2 :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :   - 
Mm_RHBDL3 :LK--------LPPA---------P~~~~~~~~~~~~~~ : 404 
Mm_RHBDF1 :EW--CEFLTCIPFT---------DKFCEKYELDAQLH~ : 395 
Mm_RHBDF2 :PW--IEYLTCFPFT---------SRFCEKYELDQVLH~ : 397 
Bac_AARA_P:NKHLLEERE-FIYQ---------EVYTELADANQ~~~~ : 281 
                                                          
 

7TMD muscle 
 
 
 
                                                                                                                                                                         
Mm_RHBDD2 :~~~~~~~~~~~~~~~~~~~~~MAAPGPASRFWCSCPEVPSATFF---------TALLSLLVSGPRLFLLQPPLAPSGLSLRSEAL------PVSLLCGAII-------IWRFAGN-FER--------TVGTVRHCFFTLIFTVFS---- :  93 
Mm_RHBDL1 :~~~~~~~~~~~~~~~~~~~~~~~~~MDRSSLLQLIQEQQLDPEN---------TGFIGADTFAGLVHSHELPLDPTKLDMLVALAQSNE--RGQVCYQELVDLISSKRSSSFKRAIANGQRALP---RDGLLDEPGLSVYKR------- : 103 
Mm_RHBDL2 :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~MAVAHEMEMESVNLNMEREGKEE----------PEEEKMKGNGEGKDFPRSR--------------------------------- :  42 
Mm_RHBDL3 :MGEHPSPGPAVAACAEAERIEELEPEAEERLPAAPEDHWKVLFEKFDPGS---TGYISTGKFRSLLESHSSKLDPHKKEVLLALADSHA--DGQICYQDFVNLMSNKRSNSFRQAILQGNRRLS---SKALLEEKGLSLSQR------- : 134 
Mm_RHBDF1 :MSEARRDST-------SSLQRKKPPWLKLDIPAAVPPAAEEPSFLQPLRRQ--AFLRSVSMPAETARVPSPHHEPRRLVLQRQTSITQTIGPCQLGMQKIIDPLARGRAFRMADDTADGLSAPHTPVTPGAASLCSFSSSRSGFNRLPR : 140 
Mm_RHBDF2 :ASADKNGSNLPSVSGSRLQSRKPPNLSITIPPPESQAPGEQDSMLPERRKNPAYLKSVSLQEPRGRWQE--GAEKRPGFRRQASLSQSI-PCK--MPKIVDPLARGRAFRHPDE-VDRPHAAHPPLTPGVLSLTSFTSVRSGYSHLP- : 142 
Bac_AARA_P:~~~~~~~~~~~~~~~~~MAEQQNPFSIKSKARFSLGAIALTLT----------LVLLNIAVYFYQIVFAS-PLDSRESNLILFGA-------------NIYQLSLTGDWWRYPISMMLHS----------------------------- :  79 
 
                                                                                                                                                                         
 
 
                                                                                                                                                                         
Mm_RHBDD2-:-----AIIYLSFESVSSLSKLGEVEDA---------RGFTPVAFA---VPSVLVPWLLLCASWLIP-------QTSFLSNVSGLLIGLSYGLTYCYSLDLSERVALKLDQKFPFSLMRRIPLFKYISGSSAERRAAQSRRLNPAPGSYP : 218 
Mm_RHBDL1 :-----FVRYVAYEILPCEVDRRWYFYR--------HRTCPPPVFM------ASVTLAQIIVF---------------------LCYGAR---LNKWVLQTYHPEYMKSPLVYHPGHRAR------------------------------ : 179 
Mm_RHBDL2 :-----KVHRIVSKWMLPEPVRRTYLER--------ANCLPPPLFI------ILISLAELAVF---------------------IYYAVW--KPQKQWITL-DTGILESPLTYCPEKREE------------------------------ : 118 
Mm_RHBDL3 :-----LIRHVAYETLPREIDRKWYYDS--------YTCCPPPWFM------ITITLLEVALF---------------------LYNGVL---LDQFVLQVTHPRYLKNSLVYHPQLRAQ------------------------------ : 210 
Mm_RHBDF1 :RRKRESVAKMSFRAAAALVKGRSIRDGTLRRGQ--RRSFTPASFLEETFVHSLVTILAVCIYGIAPVGFSQHETVDSVLRKRGVYENVKYVQQENFWIGPSSEALIHLGAKFSPCMRQDPQVHSFILAAREREKHSACCVRNDRSGCVQ : 287 
Mm_RHBDF2 :RRKRISVAHMSFQAAAALLKGRSVLDATGQRCRHVKRSFAYPSFLEETFVHIIITLLVICTYGIAPVGFAQHVTTQLVLKNRGVYESVKYIQQENFWIGPSSIDLIHLGAKFSPCIRKDQQIEQLVRRERDIERTSGCCVQNDRSGCIQ : 291 
Bac_AARA_P:-----NGTHLAFNCLALFVIGIGCERA--------YGKFK-----------------LLAIY---------------------IISGIGAALFSAYW-------------QYYEISNSD------------------------------ : 134 
 
 
 
                                                                                                                                                                         
                                                                                                                                                                         
Mm_RHBDD2-:T--QSCHPHLT----------PS--YPVTQMQHASGQKLASWP--PGHMPSLPPYQPAS----------------------------------------GLCYVQNHFGPNPNASSVYP--ASAGTSQG------------VQPPSPIS : 297 
Mm_RHBDL1 :----------------------------------------AW-------------------RFLTYMFMHVGLEQLGFNALLQLMIGVPLEMVHGVLRISLLYLAGVLAGSLTVSITDMRAPVVGGSGGVYALCSAHLANVVMNWAGMR : 269 
Mm_RHBDL2 :----------------------------------------AW-------------------RFISYMLVHAGVQHIVGNLLMQIVLGIPLEMVHKGLRVGLVYLAGVLAGSLASSIFDPLKSLVGASGGVYALMGGYFMNVIVNFREMI : 208 
Mm_RHBDL3 :----------------------------------------AW-------------------RYVTYIFMHAGVEQLGLNVALQLLVGVPLEMVHGATRIGLVYVAGVVAGSLAVSVADMTAPVVGSSGGVYALVSAHLANIVMNWSGMK : 300 
Mm_RHBDF1 :TSKEECSSTLAVWVKWP--VHPSADEPSSEDPHEWPEDITKWPIVCGLLPFLNPEVPDQFYRLWLSLFLHAGILHCLVSVCFQMTVLRDLEKLAGWHRIAIIYLLSGITGNLASAIFLPYRAEVGPAGSQFGILACLFVELFQSWQILA : 434 
Mm_RHBDF2 :TLKKDCSETLATFVKWQNDTGPSDEEPASSGAHIWPDDITKWPIVCGLLPFLNPEVPDQFYRIWLSLFLHAGIVHCLVSVVFQMTILRDLEKLAGWHRISIIFILSGITGNLASAIFLPYRAEVGPAGSQFGLLACLFVELFQSWQLLE : 440 
Bac_AARA_P:----------------------------------------LW--------------------TDSTVYITIGVGASGA--------------IMGIAAASVIYLIKVVINKPNP-----------------------------HPVIQR : 180 
 
 
 
                                                                                                                                                                         
                                                                                                                                                          
Mm_RHBDD2 :CPGTVYSGALGT-----------------------------PGATGSKESSKVAMP~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ : 324 
Mm_RHBDL1 :CPYKLLRMVLALVCMSSEVGRAVWLRFSPPLPASGPQPSFMAHLAGAVVGVSMGLTIL--------RSYEERLRDQCGWWVVLLAYGTFLLFAIFWNVFAYDLLGADIPPPP~~~~~~~~~~~~~~ : 373 
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properties	to	tryptophan,	in	iRhoms	and	RHBDD2	(Fig.11).	The	“GXXXG	motif”	in	

the	putative	sixth	TMD	is	also	conserved	in	all	listed	members	except	TMEM115,	

but	 including	 RHBDD2	 (Fig.11).	 Similar	 results	 were	 obtained	 by	 the	 clustal	

Omega	multiple	sequence	alignment	tool	(data	not	shown).	 	

	 I	 then	 searched	 for	 the	 presence	 of	 additional	 conserved	 features,	

specifically	 a	 tyrosine	 adjacent	 to	 a	 leucine,	 conserved	 in	 the	 third	 TMD;	 two	

glycines	in	the	fourth	TMD;	and	a	defined	leucine	or	isoleucine	or	valine	at	two	

position	before	 the	 “GXXXG	motif”	 in	 the	 sixth	TMD50	 (Fig.11).	Taken	 together,	

this	analysis	enabled	me	to	locate	1st	TMD	and	2nd	TMD	with	the	arginine	in	“WR	

motif”	 in	 between;	 the	 3rd	 TMD	by	 the	 conserved	 tyrosine	 and	 leucine;	 the	 4th	

TMD	by	conserved	glycines	(indicated	with	black	asterisks)	and	the	6th	TMD	by	

the	“GXXXG	motif”	(Fig.11,	black	asterisks).	This	revealed	that	RHBDD2	contains	

the	 hallmark	 amino	 acids	 within	 the	 anticipated	 TMDs	 and	 indicates	 that	 the	

protein	has	a	topology	similar	to	Rhomboids	containing	6	or	7	TMDs.	

	 	 Having	 confidently	 assigned	 TMDs	 1	 to	 6,	 to	 investigate	 the	 presence	 or	

absence	of	the	seventh	TMD,	we	aligned	the	RHBDD2	with	the	rhomboids	known	

to	 have	 7	 TMDs52	 using	 three	 different	 programs	 (clustalO,	 muscle	 and	

tcoffee)(Fig.11B).	ClustalO	 shows	 two	consensus	amino	acids	 (i.e,	 conserved	 in	

the	7th	TMD	of	other	rhomboids)	in	the	putative	seventh	TMD	region,	however,	

crucially,	the	alignment	required	a	7	amino	acid	gap	in	the	equivalent	region	for	

RHBDD2,	making	the	presence	of	a	7th	TMD	implausible.	Meanwhile,	muscle	and	

tcoffee	 suggest	 that	 RHBDD2	 cannot	 be	 aligned	 with	 the	 7th	 TMD	 of	 other	

Rhomboids	within	 this	 specific	 region.	 Hence,	 taken	 together,	 three	 difference	

alignment	algorithms	failed	to	identify	conserved	features	of	a	7th	TMD.	To	rule	

out	 the	 possibility	 that	 a	 non-conserved	 7th	 TMD	 was	 present,	 the	 RHBDD2	

sequence	was	submitted	to	TOPCONS62,	which	also	failed	to	identify	a	7th	TMD.	

Hence,	 no	 TMD	 predictors	 nor	 aligment	 tools	 identify	 a	 7th	 TMD,	 making	 it	

unlikely	 that	RHBDD2	has	 a	 7th	 TMD.	 In	 summary,	 I	 predict	 that	RHBDD2	 is	 a	

transmembrane	protein	that	has	6	TMDs,	with	both	N-	and	C-termini	embedded	

in	the	cytoplasm.	This	prediction	will	be	tested	in	future	experiments.	 	

	 	 I	 next	 examined	 whether	 the	 6	 TMD	 core	 predicted	 above	 applied	 to	 all	

RHBDD2	 vertebrate	 orthologs.	 Among	 all	 vertebrates	 listed	 in	 Figure	 12,	

RHBDD2	is	conserved.	The	R85	residue	contained	in	the	2nd	TMD,	that	was	found	
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to	 be	 mutated	 in	 RP	 patients16,	 is	 also	 conserved	 in	 all	 species	 investigated	

(Fig.12	red	asterisk).	TOPCONS62	gave	the	prediction	that	arginine	of	 the	R85H	

mutation	 (Fig.11D	 red	 frame)	 is	 on	 the	 boundry	 of	 the	 2nd	 TMD,	 however	

whether	it	is	marginally	inside	or	outside	of	the	TMD	is	unclear.	

	
Figure	12	 	 Alignment	of	RHBDD2	in	vertebrates	
The	 red	 asterisk	 donates	 the	 R85H{Ahmedli	 et	 al.,	 2013,	 #82299}	 point	 mutation	
position.	 Tcoffee	 alignment	 of	 RHBDD2	 from	 Anolis	 carolinensis(Ac_H9GHC3),	
Ailuropoda	 melanoleuca(Am_AILME,G1LWT8),	 Bos	 taurus(Bt_G3N1D6),	 Canis	
familiaris(Cf_CANFA,F1PB04),	 Callithrix	 jacchus(Cj_U3FTR3),	 Cavia	
porcellus(Cp_H0V399),	 Chlorocebus	 sabaeus(Cs_CHLSB,A0A0D9RZY0),	 Danio	
rerio(Dr_E9QI41),	 Felis	 catus(Fl_M3X5I8),	 Gorilla	 gorilla	 gorilla(Gg_GORGO,G3RL85),	
Homo	 sapiens(Hs_RHBD2,Q6NTF9),	 Ictalurus	 punctatus(Ip_W5UJV0),	 Loxodonta	
africana(Lo_LOXAF,G3SLX9),	 Macaca	 mulatta(Macm_F7E9A,F7E9A1),	 Myotis	
lucifugus(Ml_MYOLU,G1PU74),	 Mus	 musculus(Mm_RHBD2,Q8VEK2),	 Oryctolagus	
cuniculus(Oc_RABIT,G1T655),	 Papio	 anubis(Pa_A0A096M,A0A096MVK2),	 Pongo	
abelii(Pa_H2PLV5),	 Pan	 troglodytes(Pt_H2QUS6),	 Rattus	 norvegicus(Rn_D3ZQG3),	 Sus	
scrofa(Sc_F1RKC2),	 Xenopus	 tropicalis(Xt_F6SXC6),	 Xenopus	
tropicalis(Xt_Q6DEX,Q6DEX4).	The	TMDs	are	highlighted	according	to	Fig.11.	
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Am_AILME/ :~~~MAA--------------SGTGCRSW-------SLCPEVPSATFFTALLSLLXXXXXXXXXXXP-----LAPSG--LSLRSEALRNWQVYRLVTYIFVYENPVSLLCGAIIIWRFAGNFERTVGTVRHCFFTVIFAIFSAIIFLSFE : 118 
Bt_G3N1D6 :~~~MAV--------------SEPGYRSW-------SLWPEVPSATFFTALLSLLVSGPRLFLLQQP-----LAPSG--LSLRSEALRNWQVYRLVTYIFVYENPVSLLCGAIVIWRFAGNFERTVGTVRHCFFTVVFTIICAIIFLSFE : 118 
Cf_CANFA/ :MAAMAA--------------SEPACRSW-------SLCPEVPSATFFTALLSLLVSGPRLFLLQPP-----LAPSG--LSLRSEALRNWQVYRLVTYIFVYENPISLLCGAIIIWRFAGNFERTVGTVRHCFFTVIFAIFSAIIFLSFE : 121 
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Gg_GORGO/ :~~~MAA--------------SGPGCRSW-------CLCPEVPSATFFTALLSLLVSGPRLFLLQQP-----LAPSG--LTLKSEALRNWQVYRLVTYIFVYENPISLLCGAIIIWRFAGNFERTVGTVRHCFFTVIFAIFSAIIFLSFE : 118 
Hs_RHBD2/ :~~~MAA--------------SGPGCRSW-------CLCPEVPSATFFTALLSLLVSGPRLFLLQQP-----LAPSG--LTLKSEALRNWQVYRLVTYIFVYENPISLLCGAIIIWRFAGNFERTVGTVRHCFFTVIFAIFSAIIFLSFE : 118 
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Pa_A0A096M:~~~MAA--------------SGPGCRSW-------CLCPEVPSATFFTALLSLLVSGPRLFLLQPP-----LAPSG--LTLKSEALRNWQVYRLVTYIFVYENPISLLCGAIIIWRFAGNFERTVGTVRHCFFTVIFAIFSAIIFLSFE : 118 
Pa_H2PLV5 :~~~MAA--------------SGPGCRSW-------CLCPEVPSATFFTALLSLLVSGPRLFLLQPP-----LAPSG--LTLKSEALRNWQVYRLVTYIFVYENPISLLCGAIIIWRFAGNFERTVGTVRHCFFTVIFAIFSAIIFLSFE : 118 
Pt_H2QUS6 :~~~MAA--------------SGPGCRSW-------CLCPEVPSATFFTALLSLLVSGPRLFLLQQP-----LAPSG--LTLKSEALRNWQVYRLVTYIFVYENPISLLCGAIIIWRFAGNFERTVGTVRHCFFTVIFAIFSAIIFLSFE : 118 
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Ac_H9GHC3 :P--ALANLLEAADATGFAPVAFAMLAASIARSPLRNTLLLGFNVRVALVPWVLLGV-AWFALLSPFLANLCGILIGNLYG-YGFCSRV-------DLPESAASCLDQKIPFRLLKRIPALQYVPGSLAERRASQTRKINP-VLGSYPTQ : 248 
Am_AILME/ :AVSSLSKLGEVEDARGFTPVAFAMLGVNSVRSRMRRALVFGMVVPSMLVPWLLLCA-SWLIPQTSFLSNVCGLGIGLTYG-LTYCYSI-------DLSERVALKLDQKFPFSLMRRISVFKYISGSSAERRASHSRKLNP-VPGSYPTQ : 257 
Bt_G3N1D6 :AVSSLSKLGEVEDARGFTPVAFAMLGVNCVRSRMRRALVFGVVVPSLLVPWLLLCA-SWLIPQTSFLSNVCGLGIGLAYG-LTYCFSF-------DVPEQVAVKLDQKFPFSLMRRISMFKYISGSSAERRAAQSRKPNP-VPGSYPTQ : 257 
Cf_CANFA/ :AVSSLSKLGEVEDARGFTPVAFAMLGVNSVRSRMRRALVFGMVVPSMLVPWLLLCA-SWLIPQTSFLSNVCGLGIGLAWP-HLLLFPRPLRASSTEARPEVPLQPDEE-DFSVQVHLRLFRGK-------------KSSP-RPEAEPCA : 253 
Cj_U3FTR3 :AVSSLSKLGEVEDARGFTPVAFAMLGVTSVRSRMRRALVFGMVVPSVLVPWLLLGA-SWLIPQTSFLSNVCGLCIGLSYG-LTYCYSL-------DLSERVTLKLDQTFPFSLMRRISMFKYVSGSSAERRAAQSRRLNP-VPGSYPTQ : 257 
Cp_H0V399 :CVV-AVKLGEVEDARGFTPVAFAMLGVSTVRTRMRRALVFGVVMPSVLVPWLLLGA-SRLIPQTSFLSNLCGLLIGLLYG-LTNCYNL-------DIPERVAMKLDQTFPFCLMRRIPMFKYVSGSLAERRAAQSRKLNP-VLASYPTQ : 256 
Cs_CHLSB/ :AVSSLSKLGEVEDARGFTPVAFAMLGVTTVRSRMRRALVFGMVVPSVLVPWLLLGA-SWLIPQTSFLSNVCGLSIGLAYG-LTYCYSI-------DLSERVALKLDQTFPFSLMRRISVFKYVSGSSAERRAAQSRKLNP-VPGSYPTQ : 257 
Dr_E9QI41 :SL--LISPSSRSSVNGLIPLALSVLGLMTINSGMKVAYIMGINVPTSSLPWIFLIIITLFVPNTVFMCNVLAIVTGILYG-MGWFSLL-------EMSESTASVLEKKIPFRLLKHIPGVQFIPASTEERKKPLDLSD-A-PPGSYPVQ : 256 
Fl_M3X5I8 :AVSSLSKLGEVEDARGFTPVAFAMLGVNSVRSRMRRALVFGMVVPSMLVPWLLLCA-SWLIPQTSFLSNVCGLGIGLTYG-LTYCYSI-------DLSERVALKLDQKFPFSLMRRISVFKYISGSSAERRAAHSRKLNP-VPGSYPTQ : 260 
Gg_GORGO/ :AVSSLSKLGEVEDARGFTPVAFAMLGVTTVRSRMRRALVFGMVVPSVLVPWLLLGA-SWLIPQTSFLSNVCGLSIGLAYG-LTYCYSI-------DLSERVALKLDQTFPFSLMRRISVFKYVSGSSAERRAAQSRKLNP-VPGSYPTQ : 257 
Hs_RHBD2/ :AVSSLSKLGEVEDARGFTPVAFAMLGVTTVRSRMRRALVFGMVVPSVLVPWLLLGA-SWLIPQTSFLSNVCGLSIGLAYG-LTYCYSI-------DLSERVALKLDQTFPFSLMRRISVFKYVSGSSAERRAAQSRKLNP-VPGSYPTQ : 257 
Ip_W5UJV0 :LL--LFSPSTRSSVSGLIPASLAMLGMVTISSRMRKAFLLGFTVPTAALPWLLMFIVYLFIPNTVFLCNVLAVITGQMYG-MKWFSVF-------QMSESKACVFEKMVPFRLLKKITWVHFVPASAGERKKILHTICSP-SPGSYPVQ : 259 
Lo_LOXAF/ :AVSSLTKLGEVEDARGFTPVAFAMLGVSSVRSRMRRALVFGVVVPSVLVPWLLLGI-SWLIPQTSFLSNVCGLVIGLTYG-VTYCYSI-------DLSEQVALKLDQKFPFSLMRRISMFKYISGSSAERRAAQSRKLNP-VPGSYPTQ : 257 
Macm_F7E9A:AVSSLSKLGEVEDARGFTPVAFAMLGVTTVRSRMRRALVFGMVVPSVLVPWLLLGA-SWLIPQTSFLSNVCGLSIGLAYKSLALSPRL-------ECSGMISAHCNLCLPGSSDSPASAFQFCILSRD--------GVSPLADTAEPGA : 254 
Ml_MYOLU/ :AVSSLLKLGEVEEARGFTPVAFAMLGVSVVRSRMRRALVFGMVVPSLLVPWLLLCA-SWLIPQTSFLSNVCGLGVGLAYG-LTYCYSF-------DISEKIALKLDQKFPFSLMRRISIFKYISGSSAERRAARNRKLNP-VPGSYPTQ : 257 
Mm_RHBD2/ :SVSSLSKLGEVEDARGFTPVAFAMLGVTSVRSRMRRALVFGVVVPSVLVPWLLLCA-SWLIPQTSFLSNVSGLLIGLSYG-LTYCYSL-------DLSERVALKLDQKFPFSLMRRIPLFKYISGSSAERRAAQSRRLNP-APGSYPTQ : 257 
Oc_RABIT/ :AVSSLSKLGEVEDARGFTPVAFAMLGVTSVRSRVRRALVFGVVVPSGLVPWLLLGA-SWLIPQTSFLSNVCGLAIGLAYG-LTYCYSL-------DLPERVALKLDQKFPFSLMRRISLFKYISGSSAERRAAQSRKLNP-VPGSYPTQ : 257 
Pa_A0A096M:AVSSLSKLGEVEDARGFTPVAFAMLGVTTVRSRMRRALVFGMVVPSVLVPWLLLGA-SWLIPQTSFLSNVCGLSIGLAYG-LTYCYSI-------DLSERVALKLDQTFPFSLMRRISVFKYVSGSSAERRAAQSRKLNP-VPGSYPTQ : 257 
Pa_H2PLV5 :AVSSLSKLGEVEDARGFTPVAFAMLGVTTVRSRMRRALVFGMVVPSVLVPWLLLGA-SWLIPQTSFLSNVCGLSIGLAYG-LTYCYSI-------DLSERVALKLDQTFPFSLMRRISVFKYVSGSSAERRAAQSRKLNP-VPGSYPTQ : 257 
Pt_H2QUS6 :AVSSLSKLGEVEDARGFTPVAFAMLGVTTVRSRMRRALVFGMVVPSVLVPWLLLGA-SWLIPQTSFLSNVCGLSIGLAYG-LTYCYSI-------DLSERVALKLDQTFPFSLMRRISVFKYVSGSSAERRAAQSRKLNP-VPGSYPTQ : 257 
Rn_D3ZQG3 :SVSSLSKLGEVEDARGFTPVAFAMLGVTSVRSRMRRALVFGVVVPSVLVPWLLLCA-SWLIPQTSFLSNVSGLLIGLSYG-LTYCYSL-------DLSERVALKLDQKFPFSVMRRIPLFKYISGSSAERRAAQSRRLNP-PPGSYPTQ : 257 
Sc_F1RKC2 :AVSKLSKLGEVEDARGFTPVAFAMLGVNSVRARMRRALVFGMVVPSMLVPWLLLCA-SWLIPQTSFLSNVCGLGIGLAYG-LTYCYSL-------DLPEHVALKLDQKFPFSLMRRISLFKYISGSSAERRAAHSRRLNP-VPGSYPTQ : 249 
Xt_F6SXC6 :AT-GLSFQANV-TVQGFTSVAFTMLSVFTIRSHFKRMLFFGFMVPTKMLPLFFLIL-ALFLPHAPVLSNVCGILVGIAYG-MSGFFCL-------DLPESIMSRIDQIFLCRLLKRIPIWTYVPGSSAERNAAQSRKVLA--------- : 269 
Xt_Q6DEX4 :AT-GLSFQANV-TVQGFTSVAFTMLSVFTIRSHFKRMLFFGFMVPTKMLPLFFLIL-ALFLPHAPVLSNVCGILVGIAYG-MSGFFCL-------DLPESIMSRIDQIFLCRLLKRIPIWTYVPGSSAERNAAQSRKINP-PPGSYPTQ : 263 
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Ac_H9GHC3 :SYQAPPP-SAFFAV----PPQHPNTHPLTSRF----P-VPA-----------GPSQLPTA--SAFGVPGAQNHFHAPPGSFSSTPHLGGSDS-------WASAGRDGSNAHQ-TPE---LTDSC--QVHVG : 343 
Am_AILME/ :SGHPHLS-PNHPVA----QMQHASGQKLAAWP----ACAPGH----------MPSLPPYQ--PASGLCYVQNHFGTTPNSSGIYPASAGASLGVQPPAPLNCPGTVYSGALA-TPMAAGSKECS--RVLIP : 364 
Bt_G3N1D6 :SGHPHLT-PNHPAA----QMQHASSQKLAAWP----SCAPGH----------MPSLPPYQ--PASGLCYVQNHFGTTPNSSGVYPASAGASLGVQPPAPLNCPGTVYSGALA-TPAAAGSKECS--RVLMS : 364 
Cf_CANFA/ :RLLPHTEWPPSPVPEPPCRPDAAHQRPETSLL----ACAPGH----------MPSLPPYQ--PASGLCYVQNHFGTTPNS-GVYPASAGASLGVQPPAPLNCPGTVYSGA--------------------L : 347 
Cj_U3FTR3 :SCHPHLS-PSHPVS----QTQHSGGQKLASWP----SCTPGH----------MPTLPPYQ--PASGLCYVQNHFGPNPNSSSVYPASAGTSLGVQPPTPVNCPGTVYSGALG-TPGAAGPKESS--RVPMP : 364 
Cp_H0V399 :SCHLHPP-PSYPVI----QMQHTSGQQPAAWP----TCTTGH----------TPSLPLYQ--PTSGLCYVQNHCGPTPGSSSVYPAPTGTSLVIPSTAPISCPGIVNSAAQG-TPAPASSHEAC--TVRML : 363 
Cs_CHLSB/ :SCHPHLS-PNHPVS----QTQHASGQKLASWP----SCTPGH----------MPTLPPYQ--PASGLCYVQNHFGPNPTSSSVYPASAGTSLGVQPPTPVNSPGTVYSGALG-TPGAAGSKESS--RVPMP : 364 
Dr_E9QI41 :TYSLVNA-TNSPVV----GNLPN---TFNGWPVSGHHHGHSH----------HNTGSPFM--PMSP--YGLSQFRPPVNMTGQ-DFSK-----------LPQPGVPFTPHIPPTAFPTATPGAS--ESLSS : 351 
Fl_M3X5I8 :SGHPHLS-PSHPVA----QMQHASGQKLAPWP----ACAPGH----------MPSLPPYQ--PASGLCYVQNHFGTTPNSSGVYPATAGASLGVQPPTPLNCPGTVYSGTLA-APAAAGSKECS--RVLIP : 367 
Gg_GORGO/ :SCHPHLS-PSHPVS----QMQHASGQKLASWP----SCTPGH----------MPTLPPYQ--PASGLCYVQNHFGPNPTSSSVYPASAGTSLGVQPPTPVNSPGTLYSGALG-TPGAAGSKESS--RVPMP : 364 
Hs_RHBD2/ :SCHPHLS-PSHPVS----QTQHASGQKLASWP----SCTPGH----------MPTLPPYQ--PASGLCYVQNHFGPNPTSSSVYPASAGTSLGIQPPTPVNSPGTVYSGALG-TPGAAGSKESS--RVPMP : 364 
Ip_W5UJV0 :SYAPAS----MFAS----QAKGNALSSVDGWSHSGHDCGHGHSHQYQASDFWMPKFP-----------YAHSHFSPHMNMVVQ-SFGN-----------PSH-----------TTVQGDSVASV--PVLST : 346 
Lo_LOXAF/ :SCHPHLS-PGYPVT----QMQDTNGQKLSPWP----TCSPGH----------MPTLPPYQ--PASGLCYVQNHFGPTPNSSGVYPASAGASLGVQHPTPLSCPGTAYSGSLS-TPVSAGTKECS--RVPIP : 364 
Macm_F7E9A:RLLPHTELPPSSVPKPPCVPDAARQWSEAGLL----SCTPGH----------MPTLPPYQ--PASGLCYVQNHFGPNPTSSSVYPASAGTSLGVQPPTPVNSPGTVYSGALG-RGLQA-PRSPPGLKKLFI : 367 
Ml_MYOLU/ :SSYPHLS-PSPLVA----QMQHASGQKLASWP----ACAPGH----------MPSLPPYQ--PASGLCYVQNHFGTAPNSC-AYPGSVAVSLGVQPLIPLNCPATECSRALP-TPETTDSKECS--RVLIP : 363 
Mm_RHBD2/ :SCHPHLT-PSYPVT----QMQHASGQKLASWP-------PGH----------MPSLPPYQ--PASGLCYVQNHFGPNPNASSVYPASAGTSQGVQPPSPISCPGTVYSGALG-TPGATGSKESS--KVAMP : 361 
Oc_RABIT/ :SCHPHLS-PSHPVT----QMQHAGSQKPASWP----ACAPGH----------TPSPPPYQ--PASGLCYVQNHFGPSPSSSAVYPASVGASLGVQSPAPGSCPGSVHSGALG-TPGAAGAKESS--RVPVP : 364 
Pa_A0A096M:SCHPHLS-PNHPVS----QTQHASGQKLASWP----SCTPGH----------MPTLPPYQ--PASGLCYVQNHFGPNPTSSSVYPASAGTSLGVQPPIPVNSPGTVYSGALG-TPGAAGSKESS--RVPIP : 364 
Pa_H2PLV5 :SCHPHLS-PSHPVS----QTQHASGQKLASWP----SCTPGH----------MPTLPPYQ--PASGLCYVQNHFGPNPTSSSVYPASAGTSLGIQPPTPVNSPGTVYSGVLG-TPGAAGSKESS--RVPMP : 364 
Pt_H2QUS6 :SCHPHLS-PSHPVS----QTQHASGQKLASWP----SCTPGH----------MPTLPPYQ--PASGLCYVQNHFGPNPTSSSVYPASAGTSLGIQPPTPVNSPGTVYSGALG-TPGAAGSKESS--RVPMP : 364 
Rn_D3ZQG3 :GCHTHLT-PSHPVT----QMQHASGQKLASWP-------PGH----------LPSLPPYQ--PASGLCYVQNHFGPNPNASSVYPASAGTSQGLQPPSPISCPGSVYSGVLG-TPGATGSKESS--KVAMP : 361 
Sc_F1RKC2 :SGHPHLP-PNHPVA----QMQHASGQKLASWP----ACAPGH----------MPSLPPYQ--PASGLCYVQNHFGTTPNSSGVYPASX---------------GTVYSGALA-TPAAAGSKECS--RVLIP : 341 
Xt_F6SXC6 :--------------------------------------------------------------------------------------------------------------------------LS--RINIS : 276 
Xt_Q6DEX4 :QFYTTPQ-GLHEAY----SPYHNPKASGLVSP----AMAPV-----------GPSPYSMT--SPPGAFYQTHHMCSGG-HSHL-DAST--------------STT--VGGVG-VPP---GNDLQ--QVRTQ : 348 
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3.2	Disease	Mutation	R85H	in	RHBDD2	

	 	 	
	
Figure	 13	 	 Generation	 of	 RHBDD2-expressing	 cell	 lines	 and	 determining	 the	
effect	of	RHBDD2	overexpression	on	induction	of	ER	stress	 	
(A) WT	RHBDD2	 and	 R85H	mutant	 RHBDD2	with	 a	 triple	 HA	 tag	 on	 their	 C	 termini	
were	inserted	into	pLEX	MCS	plasmid.	The	point	mutagenesis	was	performed	using	KOD	
Hotstart	 Polymerase.	 (B)	 Cell	 lines	were	 generated	 by	 lentiviral	 transduction.	 Viruses	
were	made	in	HEK	cells	with	packaging	plasmid	psPAX2,	envelope	plasmid	VSVG	and	4	
different	 types	 of	 long	 terminal	 repeat	 (LTR)	 plasmids:	 pLEX	 MCS	 plasmid	 (empty	
vector),	 pLEX	MCS	plasmid	 inserted	with	WT	RHBDD2	plus	 triple	HA	 tag	 (WT),	 pLEX	
MCS	plasmid	inserted	with	R85H	RHBDD2	mutation	plus	triple	HA	tag	(R85H)	and	pSin	
plasmid	 inserted	with	GFP	 linked	TGFα.	One	 set	of	mock	experiment	without	 the	LTR	
plasmid	was	 fulfilled	 as	well.	 Five	 sets	 of	 lentivirus	were	 transfected	 into	mouse	RPE	
cells	 and	HEK	cells.	The	efficiency	of	 transfection	was	 first	 visualized	by	GFP.	Then	 to	
select	 for	 the	 pLEX	 MCS-based	 plasmids,	 the	 positive	 cells	 were	 selected	 by	 adding	
Puromycin	 to	 the	 growth	 medium.	 In	 the	 end,	 three	 cell	 lines	 were	 generated,	
harbouring	pLEX	MCS,	WT	RHBDD2	and	R85H	mutation	in	RPE	cells.	(C)	Western	blots	
of	cell	line	lysates	mentioned	in	(B).	(D)	Western	blots	of	three	RPE	cell	line	lysates	after	
8h	 drug	 treatment	 (thapsigargin(Tg),	 tunicamycin(Tm)	 and	 Brefeldin-A(BreA))	 to	
induce	 ER	 stress.	 	 The	 blots	 were	 probed	 with	 antibodies	 specific	 to	 CHOP,	
transcriptional	 targets	 of	 the	 UPR.	 The	 blots	 were	 probed	 with	 actin	 antibody	 as	 a	
loading	control.	
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As	 described	 in	 the	 Introduction,	 Almedli	 and	 colleagues	 identified	 a	mutation	

within	RHBDD2,	R85H,	that	is	associated	with	retinitis	pigmentosa16.	I	reasoned	

that	 understanding	 the	 phenotype	 elicited	 by	 mutant	 RHBDD2	 may	 help	 to	

elucidate	the	basis	of	its	contribution	to	disease,	as	well	as	potentially	help	reveal	

the	normal	function	of	WT	RHBDD2.	

	 	 To	 examine	 how	 the	 R85H	 mutation	 affects	 RHBDD2	 function,	 I	 generated	

overexpression	constructs	for	WT	and	Mutant	RHBDD2	incorporating	a	triple	HA	

tag	at	the	C	terminus.	These	were	cloned	into	a	lentiviral	expression	vector	pLEX	

MCS	(Fig.13A	and	Fig.13B).	These	constructs,	plus	the	empty	vector	(EV),	were	

used	 to	 produce	 lentivirus	 in	 HEK	 cells;	 the	 resultant	 virus	 was	 then	 used	 to	

infect	both	mouse	RPE	 (retinal	pigment	 epithelium)	 cells,	which	were	 selected	

for	 puromycin	 resistance.	 RPE	 cells	 were	 selected	 because	 Almedli	 and	

colleagues	 showed	 that	 RHBDD2	 is	 highly	 expressed	 in	 retina16.	 This	 is	

consistent	with	mRNA	expression	data	from	bioGPS64,	a	public	gene	expression	

database	 (Fig.14).	 Using	 these	 cell	 lines,	 I	 could	 determine	whether	 the	 R85H	

mutant	 is	mislocalized,	degraded	within	 the	ER,	and	 if	 this	results	 in	 triggering	

the	 UPR.	 The	 implication	 of	 this	 hypothesis	 would	 be	 that	 the	 pathology	 in	

patients	harboring	the	R85H	mutation	is	caused	by	photoreceptor	loss	triggered	

by	unscheduled	ER	Stress.	 	

	 	 Comparing	 the	 lysates	 from	 RPE	 cells	 expressing	 vector,	 RHBDD2	 WT	 and	

RHBD2	mutant,	probed	with	α-ΗΑ	antibody	and	an	α-RHBDD2	antibody	7RC16,	

the	expression	of	WT	RHBDD2	and	R85H	were	equivalent	in	RPE	cells	(Fig.13C).	

	 	 As	one	possibility	is	that	the	R85H	mutation	may	render	RHBDD2	misfolded,	

thereby	triggering	the	UPR(unfolded	protein	response).	To	assess	the	sensitivity	

to	the	UPR,	I	used	three	different	drugs	to	induce	ER	stress	in	the	RPE	cell	lines	

(Fig.13D).	 Thapsigargin	 (Tg)	 triggers	 ER	 stress	 by	 interfering	 with	 calcium	

homeostasis	(it	blocks	the	SERCA	calcium	pump)	in	the	ER	thereby	inducing	the	

UPR;	 tunicamycin	 (Tm)	 inhibits	 N-glycosylation	 thereby	 induces	 the	 UPR;	

Brefeldin	 A	 (BFA)	 blocks	 ER-to-Golgi	 transport	 hence	 induces	 ER	 stress	 and	

Golgi	fragmentation.	The	RPE	cell	lysates	were	made	from	cells	treated	with	Tg,	

Tm	or	BFA	 for	8h.	The	blots	were	probed	 for	 transcriptional	 target	of	 the	UPR	

(CHOP)	 and	 the	 protein	 level	 were	 normalized	 by	 actin.	 As	 shown	 in	 Fig.13D,	

there	is	no	evidence	of	constitutive	induction	of	the	UPR	in	cells	expressing	the	
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Figure	14	RHBDD2	expression	level	in	different	mouse	tissues	
The	data	was	obtained	from	bioGPS64	in	mouse	tissues.	
	

R85H	(without	drug	treatment)	compared	to	vector	or	WT	RHBDD2-expressing	

cells.	CHOP	expression	 levels	among	these	cell	 lines	shows	minimal	differences	
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in	three	drug	treatments.	A	slight	difference	of	CHOP	induction	was	observed	in	

Tm	treatment.	

	 	 All	 above,	 there	 is	 no	 degradation	 of	 R85H	mutated	 protein	 or	 constitutive	

induction	of	 the	UPR	 in	 the	mutant	cell	 line	could	cause	 the	disease.	The	slight	

difference	of	CHOP	induction	needs	to	be	further	confirmed	by	examining	other	

UPR	 transcriptional	 target	 (Park,	 ATF6,	 ATF4,	 etc.).	 However,	 as	 there	was	 no	

evidence	 that	 constitutive	 expression	 of	 the	 R85H	mutant	 triggered	 ER	 stress,	

this	argues	against	substantial	misfolding	of	the	mutant.	 	

	

3.3	Localization	of	WT	and	R85H	RHBDD2	

	 	 I	 next	 examined	 the	 localization	 of	 WT	 vs	 mutant	 RHBDD2	 by	

immunofluorescence.	 Notably,	 both	 WT	 and	 mutant	 protein	 was	 detected	

expressing	in	virtually	100%	of	the	stably	expressing	cells	(data	not	shown).	EV,	

WT	 and	 R85H	 RPE	 cells	 were	 fixed	 and	 labelled	 with	 anti-HA	 antibodies	 (to	

detect	RHBDD2	WT	or	R85H),	the	ER	marker	Calreticulin	or	the	cis-Golgi	marker	

GM130.	 Compared	 to	 the	 Hela	 cells	 used	 below,	 RPE	 cells	 are	 very	 flat	 and	

extended	cells,	thus	the	organelle	structures	are	easier	to	identify.	Twenty	stacks	

were	captured	in	each	field,	which	is	enough	to	cover	the	depth	of	the	whole	cell.	

Eight	 decentralized	 fields	 on	 each	 coverslip	 were	 captured	 to	 assess	 the	

localization	 of	 RHBDD2	 WT	 or	 R85H.	 Cells	 were	 deconvoluted	 and	

semi-quantified	by	 colocalization.	 Images	were	adjusted	by	Fiji	 to	visualize	 the	

signals.	Note	that	all	the	statistical	analysis	was	done	on	the	original	data.	

	 Imunofluorescence	 analysis	 of	 the	 localization	 of	 WT	 RHBDD2	 and	 R85H	

suggested	 a	 Golgi-like	 localization	 (Fig.15A).	 In	 the	 merge	 channel,	 the	 green	

signal	of	GM130	overlapped	substantially	with	the	red	signal	of	WT	RHBDD2	or	

R85H;	by	contrast,	there	appeared	almost	no	colocalization	with	calreticulin.	To	

quantitate	 this	 observation,	 I	 next	 used	 Pearson’s	 coefficient	 (r)	 to	 assess	 the	

colocalization	level	(Fig.15B).	Compared	with	the	EV	cell	line	and	the	calreticulin	

marked	cells,	 it	 is	obvious	that	WT	and	R85H	RHBDD2	colocalized	with	GM130	

with	a	high	Pearson’s	coefficient	(Fig.15B).	These	data	confirmed	that	RHBDD2	 	
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Figure	 15	 	 RHBDD2	
localization	
(A)	 Immunofluorescent	
detection	 of	 HA-tagged	
(RHBDD2	 WT	 or	 R85H	 -	
red)	and	calreticulin	(green)	
(top	 panel)	 or	 HA	 and	
GM130	 (green)	 (bottom	
panel)	in	EV,	WT	and	R85H	
RPE	cell	lines.	Images	were	
taken	 by	 Leica	 DMRA2	
microscopy	 and	
deconvoluted	 by	 Huygens	
Workstation.	 (B)	
Histogram	of	colocalization	
semi-quantified	 by	
Pearson’s	 coefficient	 (r).	
Ten	 cells	 were	 valued	
individually	 by	 Fiji	 JACop	
plugin	 in	 each	 detection.	
The	 histogram	 shows	 the	
average	 of	 Pearson’s	
coefficient	(r)	and	the	error	
bar	 gives	 standard	
deviation.	
	

	

	

	

	

	

	

	

	

WT	and	R85H	are	colocalized	much	more	substantially	with	GM130	and	hence	

localize	 to	 the	Golgi	 apparatus.	Because	 I	was	unable	 to	 obtain	 reliable	medial	

and	trans-Golgi	marker	antibodies,	I	was	unable	to	ascertain	whether	RHBDD2	is	

preferentially	enriched	in	a	specific	sub-compartment	of	the	Golgi	apparatus,	for	

example,	the	cis-Golgi,	as	reported.	Nonetheless,	these	data	suggest	that	WT	and	

mutant	RHBDD2	both	localize	to	the	Golgi.	Moreover,	it	implies	that	the	disease	

phenotype	 caused	 by	 R85H	 is	 not	 the	 result	 of	 retention/degradation	 of	 the	
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mutant	in	the	ER.	It	also	suggests	that	RHBDD2	R85H	mutant	does	not	cause	ER	

stress,	implying	that	ER	stress	is	unlikely	to	be	the	cause	of	photoreceptor	loss	in	

the	RP	patients.	

	

3.4	Generation	of	Knockout	Mice	

	 	 One	approach	to	define	the	function	of	RHBDD2	is	to	generate	knockout	(KO)	

mice	harbouring	 a	null	mutation	 for	RHBDD2	and	assess	 the	phenotype	of	 the	

resulting	mutant	animals.	Although	much	of	this	lies	outside	of	the	timescale	of	

this	thesis,	contemporary	gene	editing	techniques	based	on	CRISPR/Cas9	make	

the	 initial	 design	 and	 gene	 targeting	 approaches	 feasible.	 Considering	 the	

expression	levels	of	RHBDD2	in	different	tissues	in	mice	(Fig.14),	as	RHBDD2	is	

highly	expressed	in	the	retina	and	brain,	phenotypic	defects	may	be	anticipated	

in	those	tissues	in	KO	mice.	

	 A	 knockout	 strategy	 was	 designed	 based	 on	 CRISPR	 to	 generate	 mice	

harboring	 a	 null	 mutation	 for	 RHBDD2.	 As	 shown	 in	 Figure	 16A,	 the	 mouse	

RHBDD2	 gene	 has	 4	 coding	 exons.	 To	 prematurely	 terminate	 synthesis	 of	

RHBDD2	 protein	 as	 early	 in	 the	 coding	 sequence	 as	 possible,	 we	 designed	 a	

homology	 directed	 repair	 based	 strategy	 to	 insert	 three	 stop	 codons,	 plus	 a	

restriction	 site	 (KpnI,	 to	 aid	 in	 genotyping	 the	 founder	 animals),	 into	 the	 first	

exon.	The	introduction	of	premature	stop	codons	more	than	50	bp	upstream	of	

the	last	exon-exon	boundary	is	predicted	to	trigger	degradation	of	the	mRNA	via	

non	 sense	 mediated	 decay53.	 However,	 as	 an	 additional	 failsafe,	 to	 avoid	 the	

possibility	that	a	stable	mutant	mRNA	may	result,	a	26	amino	acid	region	was	left	

intact	 before	 insertion	 of	 the	 premature	 stop	 codons.	 During	 translation	 of	 a	

resultant	 stable	mutant	mRNA,	 the	presence	of	 this	 small	 encoded	polypeptide	

should	prevent	 the	ribosome	reinitiating	at	a	 subsequent	downstream	 initiator	

methionine54.	Hence	the	prediction	is	that	even	if	the	mutant	mRNA	is	stable,	a	

small	 polypeptide	 (Figs.16B,	 16C)	 comprising	only	 the	 cytoplasmic	N-terminus	

of	RHBDD2	and	a	small	fragment	of	the	first	TMD	will	be	produced.	Hence,	this	

fragment	completely	lacks	the	core	rhomboid	domain,	is	highly	unlikely	to	enter	
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the	 sec61	 translocon	 (hence	 translocate	 into	 the	membrane),	 and	 is	 therefore	

highly	unlikely	to	retain	significant	function.	

	

	
Figure	16	 	 Design	of	CRISPR	KO	mice	
(A) Schematic	 of	 RHBDD2	 gene	 that	 shows	 4	 coding	 exons.	 Three	 stop	 codons	 and	 a	
KpnI	 restriction	 site	 were	 inserted	 into	 the	 first	 exon	with	 26	 amino	 acid	 region	 left	
intact	 before	 insertion.	 (B)	Amino	 acid	 sequences	 for	WT	RHBDD2	and	 the	 remaining	
sequence	 after	 RHBDD2	 KO.	 (C)	 Schematic	 of	WT	 RHBDD2	 protein	 structure	 and	 the	
remaining	structure	after	RHBDD2	targeting.	
	

	 Guide	 RNA	 (gRNA)	 sequences	 were	 designed	 using	 a	 CRISPR	 prediction	

resource63	and	one	of	these	was	chosen	for	cloning	into	the	gRNA	basic	plasmid	

(a	 gift	 from	 Dr.	 Moises	 Mallo)	 (Supplementary	 Fig.S1).	 To	 achieve	

homology-directed	 repair,	 three	 components	 were	 required:	 the	 gRNA,	 which	

was	 in	vitro	transcribed	from	the	gRNA	basic	plasmid,	an	mRNA	encoding	Cas9	

protein,	 plus	 the	 200	 bp	 homology	 directed	 repair	 template	mentioned	 above,	

synthesized	as	a	single	stranded	DNA	oligo	(Fig.17A).	 	

	 As	 described	 above,	 the	 combination	 of	 Cas9	 and	 gRNA	 trigger	 a	 double	

stranded	DNA	break	at	a	site	3-4	base	pair	upstream	of	the	PAM	sequence49.	The	

200	bp	homology	template	incorporating	5’	and	3’	homology	arms	on	either	side	

of	 the	 triple	 stop	 codon	 and	 KpnI	 restriction	 site	 (Fig.17A).	 Afterward,	 the	

plasmid	and	homology	 template	were	 injected	 into	a	 fertilized	egg	 in	 the	 IGC’s	

N 

Remaining	  sequence 

WT RHBDD2 sequence 
MAAPGPASRFWCSCPEVPSATFFTALLSLLVSGPRLFLLQPPLAPSGLSLRSEALRN
WQVYRLVTYIFVYENPVSLLCGAIIIWRFAGNFERTVGTVRHCFFTLIFTVFSAIIY
LSFESVSSLSKLGEVEDARGFTPVAFAMLGVTSVRSRMRRALVFGVVVPSVLVPWLL
LCASWLIPQTSFLSNVSGLLIGLSYGLTYCYSLDLSERVALKLDQKFPFSLMRRIPL
FKYISGSSAERRAAQSRRLNPAPGSYPTQSCHPHLTPSYPVTQMQHASGQKLASWPP
GHMPSLPPYQPASGLCYVQNHFGPNPNASSVYPASAGTSQGVQPPSPISCPGTVYSG
ALGTPGATGSKESSKVAMP 
 
 
KO RHBDD2 remaining sequence 
MAAPGPASRFWCSCPEVPSATFF 

	  

N C 

WT	  RHBDD2 

exon1 exon2 exon3 exon4 

…	  26	  aa 3	  stop	  codon KpnI 

… … 

… 

A

B C
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transgenics	facility.	

	 	

	 	 	

	

	

	

	

	

	

	

	

	

	

	

	
	

Figure	17	 	 Generation	of	RHBDD2	
KO	mice	
(A) Guide	 RNA	 sequences	 were	

designed	 using	 online	 prediction	
tool63	 and	 the	 most	 proper	 one	 was	
cloned	 into	 gRNA	 basic	 plasmid	
(Supplementary	 Fig.S1).	 The	 200	 bp	
homology	 template	 with	 three	 stop	
codons	and	KpnI	restriction	site	in	the	
middle	 was	 synthesized	 by	 IDT	 DNA	
Ultramer	 Oligos.	 These	 constructs	
were	 microinjected	 into	 fertilized	
oocytes	 by	 Ana	 Nóvoa	 in	 IGC	
transgenics	 facility	 and	 transferred	
into	 pseudopregnant	 mice	 at	 1-cell	
stage.	(B)	Four	screening	primers	were	
designed	to	genotype	the	CRISPR	mice.	

Two	 outer	 primers	 (red)	would	 amplify	 244	 bp	 PCR	 products	 from	WT	RHBDD2	 and	
259	 bp	 PCR	 products	 from	 the	 mutant	 RHBDD2	 with	 the	 specific	 insertion.	 Another	
genotype	strategy	is	to	use	the	inner	primers	(blue)	–	primer	1	+	primer	4	and	primer	3	
+	primer	2.	These	two	pairs	of	primer	would	only	amplify	the	mutant	RHBDD2,	namely	
no	 PCR	 products	 from	 WT	 RHBDD2.	 (C)	 PCR	 products	 of	 DNA	 extracted	 from	 five	
putative	founder	mice	were	loaded	in	4%	agarose	gel.	The	arrow	heads	indicate	bands	
of	higher	molecular	weight	in	addition	to	WT	bands.	(D)	The	same	PCR	products	in	(C)	
were	 heated	 to	 95�	 and	 slowly	 cool	 down	 to	 room	 temperature	 then	 loaded	 in	 8%	
acrylamide	 gel.	 (E)	 Agarose	 gel	 shows	 the	 PCR	 products	 of	 DNA	 extracted	 from	 nine	
pups	of	the	second	targeting	experiment,	using	primer	3	and	primer	2.	
	

Guide sequence: 

AGGGCGACACCAGCAGCGAGAGCA 
XxxxGCTGTGGTCGTCGCTCTCGTCAAA 

Homology template: 

5’	arm	 3’	arm	 3	stop	codon	+	KpnI 

200bp 
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CRISPR	Procedure 
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Primer	  1 
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	 	 Five	 animals	 were	 born	 and	 died	 on	 the	 first	 day	 of	 birth.	 Five	 tails	 were	

collected	 to	 extract	 DNA	 for	 the	 screening	 test	 (Fig.17B).	 The	 ‘outer’	 pair	 of	

screening	primers	(primer	1	and	primer	2)	were	designed	to	anneal	to	an	area	

on	 either	 side,	 outside	 of	 the	 homology	 template.	 If	 targeting	were	 successful,	

PCR	should	amplify	a	244	bp	DNA	product	in	WT	mice	and	a	259	bp	product	in	

KO	 mice	 (Fig.17B).	 The	 inner	 primer	 pairs,	 identical	 forward	 and	 reverse	

primers	identifying	the	mutant	insertion	sequences,	primer	1	and	4,	detect	a	151	

bp	 product	 in	 KO	mice,	 while	 primer	 3	 and	 primer	 2	 produce	 a	 147	 product.	

These	two	pairs	of	primers	should	not	produce	PCR	products	from	DNA	from	WT	

animals.	Using	the	combination	of	primer	pair	1	and	2‘outer’,	on	4%	agarose	gel,	

all	 five	 founders	 had	 a	 WT	 allele	 band	 whereas	 two	 of	 them	 (founder	 1	 and	

founder	3)	had	an	additional	band	of	higher	molecular	weight	(Fig.17C).	 It	was	

not	 possible	 to	 detect	 the	 product	 encoded	 by	 the	 homology	 template	 using	

either	 combination	 of	 the	 ‘inner’	 and	 ‘outer’	 primers	 (data	 not	 shown).	 This	

suggested	 that	 the	 presence	 of	 INDELs	 accounts	 for	 the	 molecular	 weight	

difference.	To	 investigate	 this	possibility	 further,	PCR	products	were	heated	 to	

95�for	5	mins	to	denature	double	stranded	DNA,	then	they	were	slowly	cooled	

down	to	room	temperature	to	randomly	anneal	with	each	other.	Hence,	products	

containing	 a	 wild	 type	 strand	 annealed	 to	 a	 strand	 harbouring	 indels	 can	 be	

created	 under	 these	 conditions.	 Subsequently,	 the	 products	 were	

electrophoresed	on	an	8%	acrylamide	gel,	which	has	a	very	high	resolving	power	

for	small	fragments	of	DNA	(Fig.17D).	Consistent	with	the	results	above	obtained	

with	 standard	 agarose	 electrophoresis,	 all	 five	 founders	 had	 banding	 patterns	

identical	 to	the	WT	products.	However,	 the	DNA	from	founder	1	and	founder	3	

exhibited	different	additional	bands,	indicating	they	harboured	INDELs	and	were	

hence	heterozygous	at	the	RHBDD2	locus.	 	

	 	 The	experiment	was	repeated	and	17	putative	founders	were	obtained.	These	

founders	were	screened	by	Emma	Burbridge	(IGC,	membrane	traffic	group).	This	

analysis	 revealed	 that	 two	 founder	 animals	 (Nº2,	 Nº8)	 harboured	 the	 desired	

mutation,	 as	 indicated	by	 the	 ability	 of	 primers	2	&	3	 to	 recognize	 the	mutant	

product	 (Fig	 17.E).	 This	 was	 further	 confirmed	 by	 DNA	 sequencing,	 which	

indicated	that	indeed	the	correct	targeting	event	had	occurred.	 	

	 	 Notably,	 screening	 genomic	 DNA	 from	 these	 two	 founder	 animals	 using	 the	
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outer	primers	 (Fig.17B,	primers	1&2)	 revealed	only	 a	WT	band.	This	 indicates	

firstly	that	the	animals	are	certainly	heterozygous	at	 the	RHBDD2	locus.	As	the	

mutant	allele	cannot	be	easily	amplified	with	the	outside	primers	1&2	(Fig.	17B)	

that	can	also	recognize	the	WT	allele,	this	could	suggest	that	the	mutant	animals	

are	chimeric	and	that	only	a	minority	of	 the	tissue	contributing	to	the	genomic	

DNA	sample	harbours	the	mutant	allele.	Nonetheless,	 these	 founders	have	now	

been	 setup	 to	 breed	with	WT	mice	 to	 screen	 for	 germline	 transmission	 of	 the	

mutant	allele,	in	order	to	ultimately	generate	RHBDD2	null	animals.	

	

3.5	Identification	of	RHBDD2	interactors	

	 	 RHBDD2	 is	a	pseudoprotease,	 therefore	 it	must	 function	by	binding	 to	other	

proteins.	However,	 to	date	no	RHBDD2	interactors	have	been	reported.	As	 it	 is	

possible	 to	 detect	 stable	 binding	 of	 iRhoms—also	 rhomboid-like	

pseudoproteases—	 to	 their	 client	 protein	 TACE30	 by	 immunoprecipitation(IP),	

we	 should	 be	 able	 to	 detect	 physical	 interactors	 of	 RHBDD2	 in	 the	 same	way.	

Hence,	I	reasoned	that	this	approach,	in	identifying	RHDD2	interaction	partners,	

could	help	reveal	the	physiological	function	of	RHBDD2.	

	 	 HEK	cell	lines	harbouring	either	the	pLEX.MCS	empty	vector	plasmid,	RHBDD2	

WT,	RHBDD2	R85H,	iRhom1,	iRhom2,	iRhom1	NT(N-terminus),	RHBDD3,	UBAC2,	

Unc93b1	 were	 used	 in	 three	 Immunoprecipitation	 experiments.	 All	 proteins	

were	tagged	with	a	triple	HA	tag.	 	

	 	 Cells	were	exposed	to	the	crosslinker	DSP	(dithiobis[succinimidyl	propionate])	

in	the	first	two	experiments.	The	challenge	of	IPs	is	to	provide	buffer	conditions	

sufficiently	 stringent	 to	 minimize	 non-specific	 binding.	 At	 the	 same	 time,	 the	

buffer	 must	 be	 gentle	 enough	 to	 permit	 specific	 interactions,	 which	 is	 often	

fulfilled	by	many	weak	non-covalent	bonds.	Hence,	 cross-linking	with	DSP	was	

used,	 a	 reversible	 homo-bifunctional	 chemical	 crosslinker,	 that	 promotes	

inter-molecular	crosslinkeages	via	primary	amines.	When	DSP	is	used,	following	

crosslinking,	the	wash	buffer	used	can	be	more	stringent	since	the	bait	and	prey	

are	 covalently	 attached,	 allowing	 non-specific	 interactors	 to	 be	 washed	 away.	
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Figure	18	 	 Immunoprecipitation	(IP)	
(A) The	IP	procedure	(details	in	material	and	methods	section)	(B)	Western	blots	of	IP	
with	 crosslinker.	 The	 input	 and	Co-IP	 samples	were	 loaded	 in	 6%	acrylamide	 gel	 and	
probed	with	anti-HA	and	anti-TACE	antibodies.	The	right	panel	 is	 the	same	membrane	
with	a	longer	exposure	time.	(C)	Western	blots	of	IP	without	crosslinker.	
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Subsequently,	the	crosslinks	can	be	reversed	by	treatment	with	reducing	agents.	

An	alternative	approach	was	adopted	in	a	third	experiment:	this	time,	cells	were	

not	exposed	to	a	crosslinker	and	hence	the	resultant	IPs	were	exposed	to	much	

milder	 wash	 conditions.	 This	 dual	 approach	 was	 rationalized	 by	 a	 desire	 to	

balance	the	 fact	 that	chemical	cross-linking	 is	 limited	by	the	availability	of	 free	

primary	 amines	 within	 a	 defined	 chemical	 space	 of	 12Å,	 which	 may	 not	 be	

fulfilled	 by	 all	 genuine	 interactions.	 Hence,	 such	 interactions	 may	 instead	 be	

captured	under	the	milder	conditions	of	the	non-crosslinking	IPs.	As	described	in	

methods,	one-quarter	of	 the	co-IP	 samples	were	used	 in	 the	 following	western	

blot	 experiments	 (Fig.18A).	 Three-quarters	 of	 the	 co-IP	 samples	 were	 sent	 to	

Professor	 Christopher	 Gerner,	 University	 of	 Vienna	 for	 mass	 spectrometry	

experiment.	

	 	 With	 or	 without	 crosslinker,	 the	 western	 blots	 results	 are	 similar:	 they	

demonstrate	expression	of	all	overexpressed	proteins	with	triple	HA	tag	and	no	

expression	 in	EV	cell	 lines	 in	Co-IP	samples.	Although	 the	 iRhom1	and	 iRhom2	

expression	in	Input	samples	are	not	visible	in	Figure	18B	and	18C	left	panel,	the	

expression	can	be	seen	with	a	longer	exposure	time	(Fig.18B	and	17C	right	panel)	

Detection	of	TACE	indicates	that	existed	in	all	lysates,	but	only	been	pulled	down	

by	IP	in	iRhom1	and	iRhom2	sample,	was	as	a	positive	control.	

	 	 The	 compositions	 of	 all	 the	 hits	 that	 uniquely	 co-precipitated	with	 RHBDD2	

and/or	R85H	were	 classified	based	on	 the	 subcellular	 localization.	Most	 of	 the	

RHBDD2	unique	hits	localize	to	Golgi	apparatus	in	IPs	with	crosslinker	(Fig.19)	

Note	 that	 the	 “other”	 section	 includes	 proteins	 from	 several	 organelles	 and	

cytoplasm).	 These	 hits	 were	 further	 classified	 by	 their	 function.	 Details	 in	

Supplementary	Table	1~10.	 	

	 	 Comparing	 the	 unique	 hits	 between	 first	 and	 second	 IP	 (both	 done	 under	

cross-linking	 conditions;	 Fig.19),	 the	 total	 number	 of	 hits	 in	 second	 IP	 is	

increased,	which	may	due	to	an	enriched	protein	sample	(the	second	experiment	

was	scaled	up	by	3	folds).	The	rough	composition	however	did	not	change.	Two	

groups	of	conserved	hits	(Supplementary	Table	6)	caught	my	attention:	golgins	

that	are	involved	in	Golgi	organization	(golgin-160,	golgin-84	and	golgin-45)	and	

Sec	 proteins	 (Sec24A,	 Sec24B	 and	 Sec24D)	 that	 are	 responsible	 for	 the	 COPII	

vesicle	 formation.	 These	 findings	 imply	 that	 RHBDD2	may	 play	 a	 role	 in	 Golgi	
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organization	and	COPII	dependent	ER-to-Golgi	anterograde	transport.	

	

	
Figure	19	 	 Pie	charts	of	IPs	
The	hits	that	uniquely	co-precipitated	with	RHBDD2	or	R85H	were	first	classified	by	the	
subcellular	 localization.	 The	 Golgi	 localized	 hits	were	 subsequently	 classified	 by	 their	
function.	(Details	see	Supplementary	Table	1~5)	
	

	 	 Several	 inferences	 can	 be	made	 concerning	 the	WT	 versus	 RHBDD2	mutant	

immunoprecipitates.	 First,	 as	 shown	 in	 Supplementary	 Table	 2~5,	 there	 is	 a	

large	 core	 cohort	 of	 proteins	 that	 bind	 mutually	 to	 RHBDD2	 WT	 and	 to	 the	

mutant	 protein.	 Second,	 both	 proteins	 exhibit	 a	 unique	 binding	 profile	 to	

different	 sets	 of	 proteins	 found	 in	 the	WT	 but	 not	 the	mutant,	 and	 vice	 versa.	

Third,	the	total	number	of	these	hits	is	greater	for	the	WT	than	the	mutant,	both	

in	 experiments	 with	 and	 without	 crosslinker.	 This	 allows	 me	 to	 make	 the	

tentative	observation	that	the	point	mutation	alters	the	binding	specificity	for	a	

cohort	 of	 interactors;	 understanding	 the	 difference	 between	 these	 two	

interactors	may	help	reveal	the	pathological	basis	of	the	R85H	disease	mutation.	

	 	 Comparing	the	experiments	with	and	without	crosslinker	(Fig.19),	the	number	
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of	 Golgi	 localized	 hits	 are	 reduced	 in	 non-crosslinking	 IPs.	 Proteins	 from	 the	

nucleus	 and	 cytoplasm	 (and	 other	 organelles)	 are	 increased	 in	 these	 IPs.	 This	

may	be	attributable	due	to	a	milder	wash	conditions	which	could	have	facilitated	

more	 non-specific	 binding	 of	 these	 molecules.	 	 However,	 the	 Sec16A,	 Sec23A	

and	 Sec24C	 were	 captured	 by	 this	 IP,	 although	 they	 are	 not	 the	 same	 in	 the	

crosslinked	 IPs,	 they	 belong	 to	 the	 same	 family	 and	 are	 components	 of	 COPII	

dependent	 ER-to-Golgi	 anterograde	 transport.	 Hence,	 the	 presence	 of	 these	

COPII	components	is	a	common	theme.	

	

3.6	Role	of	RHBDD2	in	homeostasis	of	the	Golgi	apparatus	

	 	 Several	golgin	proteins	were	 identified	as	specific	putative	 interactors	of	WT	

RHBDD2	 in	 both	 the	 first	 and	 second	 PI/mass	 spectrometry	 experiments:	

Golgin-160,	 Golgin-84,	 Golgin-45	 (Supplementary	 Table	 6).	 As	 described	 in	

introduction,	 golgins	 generally	 function	 as	 membrane	 tethers	 that	 form	 Golgi	

cisternae,	 but	 also	 play	 various	 respective	 additional	 roles.	 Golgin-160	 plays	 a	

role	 in	 Golgi	 positioning	 during	 cell	migration	 in	wound	 response55.	 Golgin-84	

captures	 cis-	 and	 trans-Golgi	 resident	 proteins	 to	 maintain	 the	 Golgi	

homeostasis22.	 Golgin-45	 is	 a	 interactor	 of	 GRASP55,	 a	 medial-Golgi	 matrix	

protein,	which	functions	in	the	stacking	of	Golgi	cisternae56.	As	RHBDD2	binds	to	

several	Golgins,	we	hypothesized	that	RHBDD2	plays	a	role	 in	the	maintenance	

of	Golgi	structure	or	Golgi	homeostasis.	

	 	 A	common	way	in	which	the	contribution	of	Golgin	proteins	to	Golgi	integrity	

is	assessed,	involves	triggering	the	disassembly	of	the	Golgi	apparatus	using	the	

drug	BFA	then	examining	 the	kinetics	of	Golgi	disassembly	or	reassembly.	BFA	

blocks	 anterograde	 trafficking,	 leading	 to	 the	 eventual	 collapse	 of	 the	 Golgi	

apparatus	 and	 its	 coalescence	 with	 ER	 membranes.	 There	 are	 several	

physiological	 contexts	 where	 Golgi	 fragmentation	 is	 physiologically	 relevant:	

during	 mitosis,	 when	 the	 Golgi	 apparatus	 must	 be	 partitioned	 equally	 into	

mother	 and	 daughter	 cells;	 the	 Golgi	 also	 undergoes	 fragmentation	 during	

apoptosis.	
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Figure	20	 	 siRNA	mediated	human	RHBDD2	knockdown	 	
(A) Sequences	and	schematic	of	three	isoforms	of	human	RHBDD2.	(B)	Schematic	gene	
structure	 of	 three	 human	 RHBDD2	 isoforms	 shows	 four	 siRNA	 targeting	 site	 with	
shadowing	area.	This	pool	of	 four	siRNAs	were	transfected	 into	Hela-GalT-GFP	cells	 to	
KD	RHBDD2.	DNA	was	extracted	 from	 these	 cells	 and	 tested	by	 rtPCR	using	 following	
primers.	One	pair	of	primers	(blue)	was	used	to	amplify	all	three	isoforms	at	the	same	
size	(308	bp).	Another	pair	of	primers	(red)	was	used	to	amplify	isoform	1	with	373	bp	
products	 and	 isoform	 2	 with	 495	 bp	 products.	 The	 PCR	 products	 from	 30x	 and	 35x	
thermocycles	of	rtPCR	using	primers	mentioned	above	were	loaded	in	2%	agarose	gel.	
Primers	 for	amplifying	GAPDH	was	used	as	a	 loading	control.	The	arrow	 indicates	 the	
isoform	 2	 band	 and	 the	 arrow	 head	 indicates	 the	 isoform	 1	 band.	 siRNAs	 for	 KD	
Unc93b1	were	transfected	to	the	same	cells	as	a	control.	
	

	 Golgi	 fragmentation	 experiments	 were	 carried	 out	 in	 Hela-GalT-GFP	 cells,	

which	 stably	 express	 GalT,	 a	 trans	 Golgi	 marker,	 fused	 to	 GFP,	 enabling	 Golgi	

disassembly	and	assembly	to	be	tracked	(a	gift	from	Dr.	Jack	Rohrer).	Limited	by	

timescale,	instead	of	using	the	CRISPR/CAS9-based	knockout	strategy	(described	

in	methods	above),	siRNA-mediated	knockdown	of	RHBDD2	was	performed	in	 	

Isoform	  3	  

Isoform	  2	  

Isoform	  1	   MAASGPGCRSWCLCPEVPSATFFTALLSLLVSGPRLFLLQQPLAPSGLTLKSEALRNWQVY
RLVTYIFVYENPISLLCGAIIIWRFAGNFERTVGTVRHCFFTVIFAIFSAIIFLSFEAVSS
LSKLGEVEDARGFTPVAFAMLGVTTVRSRMRRALVFGMVVPSVLVPWLLLGASWLIPQTSF
LSNVCGLSIGLAYGLTYCYSIDLSERVALKLDQTFPFSLMRRISVFKYVSGSSAERRAAQS
RKLNPVPGSYPTQSCHPHLSPSHPVSQTQHASGQKLASWPSCTPGHMPTLPPYQPASGLCY
VQNHFGPNPTSSSVYPASAGTSLGIQPPTPVNSPGTVYSGALGTPGAAGSKESSRVPMP
 
MGRGLWEAWPPAGSSAVAKGNCREEAEGAEDRQPASRRGAGTTAAMAASGPGCRSWCLCPE
VPSATFFTALLSLLVSGPRLFLLQQPLAPSGLTLKSEALRNWQVYRLVTYIFVYENPISLL
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Figure	 21	 	 BFA	 induced	 Golgi	
fragmentation	
After	 72h	 of	 siRNA	 transfection,	
RHBDD2	 KD	 Hela-GalT-GFP	 cells	
(mentioned	 in	 Fig.18B)	 were	 treated	
with	BFA	 (0.25μg/ml)	 and	 fixed	with	
4%	 formaldehyde	 at	 different	 time	
points.	 Unc93b1	 KD	 hela-GalT-GFP	
cells	were	used	as	a	control.	
	

	

human	 Hela	 GalT-GFP	 cells.	

Human	 RHBDD2	 has	 three	

isoforms.	 Their	 amino	 acid	

sequences,	 schematic	 structure	

and	 genomic	 locus	 are	 shown	 in	

Figure	 20A	 and	 19B.	 All	 three	

isoforms	have	the	same	sequences	

near	 C	 terminus	 (Fig.20A	 black	

sequences).	Both	isoforms	1	and	2	

have	 the	 Rhomboid	 domain	 core	

(Fig.20A	black	sequences).	Isoform	

2	has	an	additional	45	amino	acids	

at	 the	 N	 terminus	 (Fig.20A	 black	

sequences).	 	

	 	 Two	 pairs	 of	 primers	 were	

designed	 to	 detect	 mRNA	

expression	 level	 of	 remaining	

RHBDD2	after	siRNA-mediated	knockdown	(a	pool	of	 four	siRNA	oligos,	whose	

targeting	sites	are	in	the	common	area	of	all	three	isoforms,	was	delivered	to	the	

cells),	via	reverse	 transcriptase	PCR	(RT-PCR)	reactions	(Fig.20B).	The	primers	

indicated	with	red	arrows	can	simultaneously	detect	isoforms	1	and	2	(each	has	

a	distinct	product	length).	The	primers	denoted	with	blue	arrows	can	detect	all	

three	 isoforms,	 with	 the	 same	 product	 length.	 72	 hours	 following	 siRNA	

transfection,	 RNA	 was	 isolated	 and	 subjected	 to	 RT-PCR.	 The	 mRNA	 levels	 of	
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GAPDH	were	used	as	a	 loading	control.	RT-PCR	results	revealed	that	 isoform	2	

(white	 arrow)	normally	has	much	 lower	abundance	 than	 isoform	1	expression	

(arrow	 head)	 in	 control	 cells.	 Isoform	 1	 expression	 was	 evidently	 reduced	 by	

approximately	 50%	 after	 72h	 post	 siRNA	 transfection.	 The	 total	 amount	 of	

RHBDD2	was	reduced	by	approximately	70%	after	72h	post	siRNA	transfection.	

However	the	isoform	2	band	following	35x	thermocycle	steps	is	even	brighter	in	

the	 knockdown	 lane.	 This	 can	 be	 a	 result	 that	 less	 primers	 were	 occupied	 by	

isoform	 1,	 so	 isoform	 2	 got	 more	

primers	 to	 amplify.	 There	

appeared	 to	 be	 a	 reasonable	

knockdown	 at	 the	 RNA	 level.	

Hence,	 this	 knockdown	 approach	

was	 used	 in	 the	 subsequent	

functional	experiments.	 	

	 	 RHBDD2	 KD	 and	 unc93b1	 KD	

Hela-GalT-GFP	 cells	 were	

incubated	with	BFA	(0.25μg/ml)	to	

induce	 Golgi	 fragmentation.	 Cells	

were	 fixed	at	different	 time	points	

to	 assess	 the	 extent	 of	 Golgi	

disassembly	 (Fig.21).	 There	 is	 no	

observable	difference	between	 the	

Golgi	 fragmentation	 of	 RHBDD2	

KD	 versus	 unc93b1	KD	 cells	 in	 all	

time	points.	 	

	
Figure	 22	 	 BFA	washout	 following	
Golgi	fragmentation	
This	 experiment	 followed	 the	
procedures	 described	 for	 Figure	 19.	
The	 first	 two	 images	 on	 the	 top	 are	
the	 same	 images	 of	 the	 last	 two	 in	
Figure	 19.	 Cells	 were	 rinsed	 twice	 in	
complete	 medium	 for	 BFA	 washout	
and	fixed	at	different	time	points	with	
4%	formaldehyde.	 	
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	 	 Because	BFA	induced	blocking	of	ER-to-Golgi	transport	is	reversible,	the	assay	

was	adapted	to	examine	the	ability	of	Golgi	reassembly	 in	 these	cells;	BFA	was	

washed	 out	 b	 y	 normal	medium	 after	 a	 one	 hour	 incubation.	 Then	 cells	 were	

fixed	 at	 different	 time	points.	Again	 there	 is	 no	 observable	difference	between	

RHBDD2	KD	and	mock	cells	in	all	time	points	(Fig.22).	 	

	

	
Figure	23	 	 Immunofluorescent	images	for	Golgi	fragmentation	cells	
Cells	 mentioned	 in	 Figure	 19	 and	 20	 were	 co-labeled	 with	 Calreticulin	 antibody	 (ER	
marker,	red)	after	fixation.	 	
	

	 	 In	order	to	examine	the	Golgi	fragmentation	and	reassembly	more	detail,	cells	

were	 labeled	 by	 Calreticulin	 (ER	 marker)	 (Fig.23A).	 During	 disassembly,	 the	

Golgi	marker	assumed	an	ER-like	staining	pattern	over	time,	consistent	with	the	

collapse	of	the	Golgi	and	its	coalescence	with	the	ER,	as	reported57.	Using	the	ER	

marker	as	a	reference,	this	was	assessed	based	on	a	scoring	system	in	which	the	

status	Golgi	 fragmentation	was	assigned	 to	 three	 categories:	no	 fragmentation,	

partial	 fragmentation	 (remaining	 a	 little	 Golgi	 apparatus	 structure;	 having	 a	

perinuclear	 ER	 like	 shape)	 or	 total	 fragmentation,	 where	 the	 Golgi	 and	 ER	
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staining	 coalesced	 (Fig.24A).	Five	 randomly	 selected	 fields	 from	each	 coverslip	

were	 captured	 by	 40x	 lens.	 Cells	 in	 these	 fields	 were	 counted	 manually	 and	

classified	 into	 the	 three	 Golgi	morphology	 types	 (Fig.24B).	 This	more	 detailed	

assessment	 also	 indicated	 no	 obvious	 difference	 in	 the	 level	 of	 Golgi	

fragmentation	or	Golgi	reassembly	between	RHBDD2	KD	and	unc93b1	KD	cells.	

	 	 In	conclusion,	RHBDD2	appeared	dispensable	in	controlling	BFA	induced	Golgi	

fragmentation	and	Golgi	 reassembly.	However,	 it	 is	 important	 to	note	 that	 this	

result	 was	 based	 on	 an	 incomplete	 knockdown	 of	 RHBDD2.	 Ideally,	 cells	

genetically	 null	 for	RHBDD2	 (for	 example,	 obtained	 from	RHBDD2	KO	mice	 or	

from	 cells	 targeted	 via	 CRISPR/Cas9)	will	 be	 used	 in	 the	 future	 to	 re-examine	

this	within	the	context	of	a	complete	absence	of	RHBDD2	protein.	 	 	

	
Figure	24	
semi-quantification	 of	
Golgi	 fragmentation	
and	reassembly	
(A) A	 scoring	 system	
was	 set	 based	 on	 the	
Golgi	 morphology:	 no	
fragmentation	 –	 the	
Golgi	 structure	 is	
complete	and	showing	a	
strong	 signal;	 partial	
fragmentation	 –	 the	
signal	 shows	 both	 Golgi	
like	 and	 ER	 like	
morphology;	 full	
fragmentation	 –	 the	
signal	 shows	 only	 a	 ER	
like	 morphology.	 (B)	
Five	decentralized	fields	
of	 each	 coverslip	 were	
captured	by	40x	 lens	on	
Leica	 DMRA2	
microscopy.	 Cells	 were	
manually	 classified	 and	
quantified	 to	 make	 the	
histogram.	
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4.	Discussion	

	
	 	 In	 this	 project,	 I	 focused	 on	 elucidating	 the	 function	 of	 RHBDD2.	 My	 work	

began	 though	 by	 revisiting	 the	 membrane	 topology	 of	 RHBDD2.	 A	 thorough	

comparison	with	the	sequences	of	other	Rhomboid	superfamily	proteins	enabled	

me	to	predict	that	RHBDD2	contains	six	putative	transmembrane	domains,	with	

cytoplasmic	N	 and	 C	 termini	 (Fig.11C).	 This	 prediction	 is	 at	 odds	with	 several	

prior	 studies	 that	 argue	 that	 Derlins	 have	 six	 TMDs	 50,	 iRhoms	 and	 active	

Rhomboids	 have	 seven	TMDs51	 52.	 Time-permitting,	my	 prediction	would	 have	

been	 tested	 experimentally.	 The	 presence	 of	 five	 versus	 six	 TMDs	 can	 be	

distinguished	by	determining	 the	accessibility	of	 the	C	 terminus	of	 the	protein;	

by	 permeabilizing	 cells	 expressing	 RHBDD2	 with	 Triton-X100	 (which	

permeabilizes	the	plasma	membrane	and	internal	membranes)	versus	Digitonin,	

which	can	only	permeabilize	 the	plasma	membrane.	 If	Digitonin	permeabilized	

cells	 are	 accessible	 to	 staining	 with	 anti-HA	 antibodies,	 it	 implies	 that	 the	 C	

terminus	 localizes	 to	 the	 cytoplasm,	 meaning	 that	 RHBDD2	 has	 six	 TMDs.	 	

Conversely,	 if	 staining	 is	 only	 achieved	 following	 TX-100	 permeabilization	 the	

RHBDD2	C-terminus	is	should	localize	to	the	Golgi	lumen	implying	that	RHBDD2	

has	five	TMDs.	

	 	 Two	major	 foci	of	 this	 thesis	were	(1)	 to	 investigate	how	the	RHBDD2	R85H	

mutant	 found	in	some	retinitis	pigmentosa	patients	causes	disease	at	a	cellular	

level;	 (2)	 to	 investigate	 the	 wild	 type	 role	 of	 RHBDD2	 at	 the	 cellular	 and	

physiological	levels.	Dealing	firstly	with	how	the	R85H	mutation	causes	retinitis	

pigmentosa,	 I	 can	 conclude	 that	 the	 mutant	 protein,	 when	 overexpressed	 in	

mouse	retinal	pigment	epithelial	cells,	does	not	 trigger	a	constitutive	 induction	

of	 ER	 stress.	 Furthermore,	 I	 observed	minimal	 differences	 in	 drug	 induced	 ER	

stress	 in	 cells	 expressing	WT	 versus	mutant	RHBDD2.	 Clearly,	 the	 effects	 on	 a	

number	of	ER	 stress-induced	pathways	 and	 their	 transcriptional	 targets	 of	 the	
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UPR	 (Perk,	 ATF6,	 ATF4,	 etc.)	 would	 be	 needed	 to	 assemble	 a	 fuller	 picture.	

Nonetheless,	this	allows	one	to	tentatively	speculate	that	the	defect	observed	in	

the	 patients	 may	 not	 be	 caused	 by	 cell	 death	 of	 photoreceptors,	 caused	 by	

misfolded	 mutant	 RHBDD2	 R85H.	 Immunoflurescence	 analysis	 and	

colocalization	 experiments	 demonstrated	 that	 the	 R85H	 mutatant	 protein	

exhibited	 the	 same	 localization—the	 Golgi	 apparatus—as	 the	 WT	 RHBDD2	

(Fig.15A)	Ideally,	these	comparisons	would	have	been	based	on	the	endogenous	

WT	 versus	 RHBDD2	 R85H	 mutated	 proteins	 (for	 example,	 generated	 at	 the	

endogenous	 locus,	 using	 CRISPR/Cas9)	 rather	 than	 the	 overexpression	 model	

used	 here.	 Nonetheless,	 these	 data	 add	 further	 weight	 to	 the	 notion	 that	 the	

disease	in	RP	patients	may	not	be	due	to	the	ER	retention	of	the	mutated	protein,	

again	suggesting	that	ER	stress	may	not	explain	the	disease	phenotype.	 	

	 	 The	second	goal	of	the	thesis	was	to	attempt	to	define	the	physiological	role	of	

RHBDD2.	One	way	in	which	this	was	approached	was	at	the	organismal	level,	by	

attempting	to	make	RHBDD2	null	mice.	As	described,	a	strategy	was	adopted	to	

make	RHBDD2	KO	mice	via	CRISPR.	In	the	initial	experiment,	only	five	putative	

founder	 animals	 were	 born,	 an	 abnormally	 small	 yield	 of	 pups	 from	 this	

experimental	 procedure;	 unfortunately	 all	 pups	 died.	 Two	 of	 these	 mice	

genotyped	 as	 heterozygous	 and	 three	 of	 them	as	wild	 type	 (Fig.17C	 and	17D).	

Thus,	the	death	of	animals	probably	cannot	be	attributed	to	mutation	in	RHBDD2,	

but	 possibly	 other	 sporadic	 reasons.	 As	 discussed	 above,	 a	 second	 targeting	

attempt	 identified	 two	 chimeric	 founder	 animals	 harbouring	 the	 desired	

mutation;	these	will	be	used	to	establish	an	RHBDD2-null	colony.	Further	work	

will	involve	characterization	of	the	phenotype	of	these	mutant	mice.	

	 	 In	 an	 alternative	 approach	 to	 define	 the	 function	 of	 RHBDD2,	 IP/mass	

spectrometry	 were	 performed.	 The	 rationale	 was	 to	 immunoprecipitate	 the	

binding	partners	of	RHBDD2,	subsequently	 identify	 those	proteins	and	use	this	

information	 to	 hypothesize	 about	 the	 possible	 function	 of	 RHBDD2.	 These	

experiments	 revealed	 that	 the	 Golgins	 (GM160,	 Golgin-84,	 Golgin-45)	

co-immunoprecipitated	 with	 RHBDD2	 under	 crosslinker	 condition	

(Supplementary	Table	 6).	 As	Golgins	 play	 a	 key	 role	 as	membrane	 tethers,	we	

hypothesized	 that	 RHBDD2	 may	 be	 involved	 in	 the	 maintenance	 of	 Golgi	

structure	or	Golgi	homeostasis.	Components	of	COPII	 vesicles	 (Sec24A,	 Sec24B	
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and	 Sec24D	 in	 the	 crosslinking	 IPs;	 Sec16A,	 Sec23A	 and	 Sec24C	 in	 the	

non-crosslinking	 IPs)	 were	 captured	 under	 both	 with	 or	 without	 crosslinker	

conditions,	 thus	 indicating	 RHBDD2	 may	 paly	 a	 role	 in	 COPII	 dependent	

ER-to-Golgi	 anterograde	 transport	 (Supplementary	 Table	 7).	 Both	 golgins	 and	

Sec	 proteins	 didn’t	 show	 difference	 between	 RHBDD2	WT	 and	 R85H	 samples.	

However,	the	total	hits	number	is	reduced	(Supplementary	Table	2,3	and	4,5)	in	

mutant	samples,	indicating	a	change	in	its	binding	properties,	possibly	caused	by	

a	conformational	change	in	the	mutant	protein.	

	 	 To	address	the	role	of	RHBDD2	in	the	maintenance	of	the	structure	of	the	Golgi	

apparatus	and	in	Golgi	fragmentation	and	reassembly	experiments,	RNAi-based	

knockdown	(KD)	experiments	were	performed.	The	choice	of	RNAi	as	the	loss	of	

function	 approach	 was	 dictated	 by	 the	 limited	 time	 constraints	 of	 the	 master	

thesis.	 The	 results	 showed	 no	 detectable	 difference	 in	 the	 kinetics	 of	 Golgi	

disassembly,	 or	 assembly,	 between	 KD	 cells	 and	 cells	 treated	 with	 a	 control	

siRNA.	 However,	 considering	 the	 modest	 knockdown	 efficiency	 of	 RHBDD2	

(Fig.20B),	 the	 lack	 of	 phenotype	 could	 be	 explained	 by	 incomplete	 ablation	 of	

RHBDD2	at	 the	protein	 level.	 Further	 experiments	would	 ideally	 be	 conducted	

using	 cells	 in	which	RHBDD2	was	 ablated	CRISPR,	 or	 using	 cells	 isolated	 from	

RHBDD2	KO	mice.	

	 	 For	more	precise	 experiments,	 addressing	 the	 pathological	 role	 of	 the	R85H	

mutation,	it	is	needed	to	generate	endogenous	R85H	mutant	cell	line	in	order	to	

assess	the	phathology	under	endogenous	expression	conditions.	

	 	 The	 physiological	 role	 of	 RHBDD2	 remains	 unknown.	 Considering	 the	

components	 of	 COPII	 vesicles	 in	 IP	 samples	 (Supplementory	 Table	 1-10),	 it	 is	

worth	 to	 test	 the	 cargo	 trafficking	 in	 the	 early	 secretory	 pathway.	 In	 addition,	

because	TMEM115	has	an	impact	on	glycolsylation	in	Golgi	apparatus,	 it	 is	also	

worth	to	further	test	the	lectin	binding	in	KO	cells.	
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5.	Abbreviation	

	

	 	 ER,	endoplasmic	reticulum	

	 	 COPII,	coat	protein	complex	II	

	 	 COPI,	coat	protein	complex	I	

	 	 ERAD,	ER-associated	degradation	

	 	 UPR,	unfolded	protein	response	

	 	 RP,	Retinitis	Pigmentosa	

	 	 WT,	wild	type	

	 	 EV,	empty	vector	

	 	 Tg,	thapsigargin	

	 	 Tm,	tunicamycin	

	 	 BFA,	Brefeldin	A	

	 	 CRISPR,	clustered	regularly	interspaced	short	palindromic	repeats	

	 	 IP,	immunoprecipitation	

	 	 KD,	knockdown	

	 	 TMD,	transmembrane	domain	

	 	 REP,	retinal	pigment	epithelium	
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7.	Supplemantary	Information	

Figure	S1	 	 Map	of	gRNA	basic	plasmid	
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Abbreviation	for	following	tables:	

G,	Golgi	apparatus;	N,	nucleus;	C,	cytoplasm;	Ex,	extracellular;	M,	membrane;	Mi,	

mitochondria;	 IC,	 intermediate	 compartment	 between	 ER	 and	 Golgi;	 CM,	 cell	

membrane;	 NM,	 nucleus	 membrane;	 A,	 autophagosome;	 E,	 endosome;	 L,	

lysosome;	Ph,	phagosome;	SP,	spindle	pole;	P,	peroxisome;	Me,	melanosome	
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E+(-)1 =W_W ajkYW SeW ) ) :G U WShWe fZW ZW_W d[ Y Sf fZW S bZS _WfZW W Td[VYW fa Xad_ T[ [hWdV[

E++) ) Aa Y UZS[ XSffk SU[V 8a6 [YSeW ) ) B[3 :G SUf[hSfWe a Y UZS[ XSffk SU[Ve Xad UW g Sd [b[Ve ek fZWe[e S V VWYdSVSf[a
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F1J7F- :g]Sdkaf[U fdS e Sf[a [ [f[Sf[a XSUfad + egTg [f ( 83 C dWcg[dWV Xad eWhWdS efWbe [ fZW [ [f[Sf[a aX bdafW[ ek fZWe[e
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F.0:() fWYdSfad Ua_b Wj egTg [f + ) ( C [ ha hWV [ fZW e GC6 J) S V J fdS eUd[bf[a S V [ fZW[d + Taj VWbW VW f bdaUWee[ Y
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E+((,, EWdaj[dWVaj[ - _[faUZa Vd[S ) ( B[3 83 E [ ha hWV [ [ fdSUW g Sd dWVaj e[Y S [ Y

F),,(1 EgfSf[hW Y kUWda ][ SeW + ) B[3 8 dWYg Sf[a aX Y kUWda gbfS]W S V _WfSTa [e_

E,-1-, HZadf'TdS UZWV UZS[ ebWU[X[U SUk 8a6 VWZkVdaYW SeW _[faUZa Vd[S ) ( B[ b Ske S da W [ Ua fda [ Y fZW _WfSTa [U X gj aX hS bda[U SU[V [ fZW VWhW ab_W f aX faj[U[fk

F0C,, IdS e Sf[a XSUfad J;) _[faUZa Vd[S ) ( B[ bda_afWe _[faUZa Vd[S bdafW[ ek fZWe[e

E. /+ ,(H d[Taea_S bdafW[ H 1 ) ( 83 :j l[ U T[ V[ Y3 efdgUfgdS Ua ef[fgW f aX d[Taea_W

E(-+0/ .(H SU[V[U d[Taea_S bdafW[ E ) ( 83 B3 :j b Ske S da W [ W a YSf[a efWb aX bdafW[ ek fZWe[e

F).0// . bZaebZaXdgUfa ][ SeW'XdgUfaeW . T[ebZaebZSfSeW , ) ( 8 ek fZWe[e S V VWYdSVSf[a aX XdgUfaeW . T[ebZaebZSfW

F)+(0- 6UWfk 8a6 USdTajk SeW ) ) ( 8 USfS klWe fZW dSfW [_[f[ Y dWSUf[a [ fZW T[aYW We[e aX a Y UZS[ XSffk SU[Ve

E-1110 6Uf[ dW SfWV bdafW[ '+ Ua_b Wj egTg [f , ) ( 8 dWYg Sf[a aX SUf[ ba k_Wd[lSf[a 3 Xad_Sf[a aX TdS UZWV SUf[ Wfiad]e

E(//,) 6VW [ W bZaebZad[Taek fdS eXWdSeW ( 8 USfS klWe S eS hSYW dWSUf[a dWeg f[ Y [ fZW Xad_Sf[a aX 6BE

F()-)0 6VW k k UkU SeW SeeaU[SfWV bdafW[ ) ) ( 83 B dWYg SfWe X[ S_W f Vk S_[Ue3 _GC6 aUS [lSf[a 3 WefST [eZ_W f aX UW ba Sd[fk

D(()/( 6= dWUWbfad [ fWdSUf[ Y bdafW[ ) ( 8 S bae[f[hW da W [ 6=G _WV[SfWV Sda_Sf[U ZkVdaUSdTa dWUWbfad e[Y S [ Y

F1E G+ 6 ]kd[ dWbWSf S V ;NK: Va_S[ Ua fS[ [ Y bdafW[ ) ) ( :3 8 bdabaeWV WXXWUfad aX GST-

E.+()( 6E Ua_b Wj egTg [f TWfS ) ( 8B3 B Xg Uf[a e [ bdafW[ fdS ebadf h[S fdS ebadf hWe[U We [ V[XXWdW f _W_TdS W fdSXX[U bSfZiSke

E+-.)+ 7Se[Y[ ) 8B fSdYWfe fZW _a aUSdTajk SfW fdS ebadfWde HA8).6) HA8).6+ S V HA8).60 fa fZW b Se_S _W_TdS W
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F1J9I. 86E k Va_S[ Ua fS[ [ Y [ ]Wd bdafW[ ) ( 8 [ ]e _[UdafgTg We fa 9A73 abWdSfWe TdS[ ebWU[X[U adYS W W fdS e aUSf[a e

D/--+, 8a V eZaU] Va_S[ Ua fS[ [ Y bdafW[ :) ) ( 8 [ fWd S [ [f[Sf[a aX fdS e Sf[a aX Zg_S dZ[ ah[dge GC63 [ ha hWV [ _GC6 fgd ahWd

F),((0 8kfae]W Wfa SeeaU[SfWV bdafW[ - ) ( HE3 8 7[ Ve fa fZW b ge W V aX _[UdafgTg We S V dWYg SfWe _[UdafgTg W Vk S_[Ue S V adYS [lSf[a

F1. E, 8kfaea [U a ebWU[X[U V[bWbf[VSeW ) ( 8 ZkVda klWe S hSd[Wfk aX V[bWbf[VWe3 fg_ad egbbdWeead

F C M0 9C6 WjU[e[a dWbS[d bdafW[ :G88 . []W ) ( UW fda_WdW SUfe Se S WeeW f[S Ua_ba W f aX fZW eb[ V W SeeW_T k UZWU]ba[ f

E ,-+, : a YSf[a XSUfad ) TWfS ( 8 fdS e Sf[a W a YSf[a XSUfad SUf[h[fk

F),)- :g]Sdkaf[U fdS e Sf[a [ [f[Sf[a XSUfad + egTg [f 6 ) ( 8 dWcg[dWV Xad eWhWdS efWbe [ fZW [ [f[Sf[a aX bdafW[ ek fZWe[e

F11.)+ :g]Sdkaf[U fdS e Sf[a [ [f[Sf[a XSUfad + egTg [f 8 ) ( 8 dWcg[dWV Xad eWhWdS efWbe [ fZW [ [f[Sf[a aX bdafW[ ek fZWe[e

D((+(+ :g]Sdkaf[U fdS e Sf[a [ [f[Sf[a XSUfad + egTg [f ; ) ( 8 dWcg[dWV Xad eWhWdS efWbe [ fZW [ [f[Sf[a aX bdafW[ ek fZWe[e

F(,.+/ :g]Sdkaf[U fdS e Sf[a [ [f[Sf[a XSUfad , YS__S ) ) ( 83 B [ ha hWV [ fZW dWUaY [f[a aX fZW _GC6 USb

F1JEI- :jaUkef Ua_b Wj Ua_ba W f / ) ( 83 8B [ ha hWV [ fZW VaU][ Y aX WjaUkf[U hWe[U We i[fZ Xge[a e[fWe a fZW b Se_S _W_TdS W

F1.EN- ;ad_[ []W bdafW[ ) ( 8 b Ske S da W [ fZW dWYg Sf[a aX UW _adbZa aYk S V Ukfae]W WfS adYS [lSf[a

F1.F6- SeVWd_[ 6 ) ( 8 [ VgUWe Sbabfae[e

F(. )( gfS_[ W XdgUfaeW . bZaebZSfW S_[ afdS eXWdSeW P[ea_Wd[l[ YQ ) ) ( 83 :j Ua fda e fZW X gj aX Y gUaeW [ fa fZW ZWjaeS_[ W bSfZiSk3 dWYg SfW bdWUgdeade Xad Y kUaek Sf[a

E,/01/ gfS_[ W fGC6 [YSeW ( 8 TdS[ VWhW ab_W f

E+,1+ =WSf eZaU] /( ]9S bdafW[ , ) ( 8 6IE T[ V[ Y3 UZSbWda W _WV[SfWV bdafW[ Ua_b Wj SeeW_T k3 dWeba eW fa JEG

F1COA, =eb/( T[ V[ Y bdafW[ ) ) ( 8 [ fWdXWdWe i[fZ gT[cg[f[ Sf[a S V [ Z[T[fe UZSbWda W See[efWV VWYdSVSf[a aX [__SfgdW 8;IG

E,1,,) ae[fa ba kbZaebZSfW ) bZaebZSfSeW ) ( 8 [ ha hWV [ fZW bSfZiSk bZaebZSf[Vk [ ae[fa e[Y S [ Y bSfZiSk

D/-,,1 SfS [ b.( 6IESeW Ua fS[ [ Y egTg [f 6) ) ( 83 HE eWhWde _[UdafgTg We [ S 6IE VWbW VW f _S Wd

F(,/.( ASUfak Y gfSfZ[a W kSeW ( 83 :j [ ha hWV [ dWYg SfWe IC; [ VgUWV fdS eUd[bf[a S SUf[h[fk aX C; ]SbbS 73 aefWaU SefaYW We[e

F11-+0 AWYg_S[ ) A ZkVda ke[e aX SebSdSY[ k Ta Ve

F0 KK A[bajkYW SeW Za_a aYk Va_S[ Ua fS[ [ Y bdafW[ ) ) ( 83 B [ ha hWV [ ZWSd[ Y

E)+,/+ Akeaea_W SeeaU[SfWV _W_TdS W Y kUabdafW[ ) ) 8B3 :3 A [_b [USfWV [ fg_ad UW _WfSefSe[e

E),)/, BSUdabZSYW _[YdSf[a [ Z[T[fadk XSUfad ) ( :j3 8 [ ha hWV [ fZW [ SfW [__g W dWeba eW fa TSUfWd[S bSfZaYW e

D/-+- BS aeW E Va [UZa gf[ [lSf[a VWXWUf ) bdafW[ . B dWcg[dWV Xad ad_S gf[ [lSf[a aX _S aeW Va [UZa bZaebZSfW 9a E BS

F)-.1) B[UdafgTg W SeeaU[SfWV bdafW[ GE':7 XS_[ k _W_TWd ) ) ( 8 bda_afWe Ukfab Se_[U _[UdafgTg W gU WSf[a S V W a YSf[a 3 [ ha hWV [ eb[ V W Xg Uf[a

E 11.. Bkd[efak SfWV S S [ W d[UZ 8 ][ SeW egTefdSfW ) ( 83 B fZW _aef bda_[ W f UW g Sd egTefdSfW Xad bdafW[ ][ SeW 8

F()0(, DIJ Va_S[ Ua fS[ [ Y bdafW[ , ) ( 5 VWgT[cg[f[ Sf[ Y W lk_W fZSf ebWU[X[US k ZkVda klWe  Ake ,0 [ ]WV ba kgT[cg[f[

F1CK:/ ES fafZW SfW ][ SeW , ) ( 8 bZke[a aY[US dWYg Sf[a aX fZW [ fdSUW g Sd 8a6 Ua UW fdSf[a

F+ CH) ESfUZWV Va_S[ Ua fS[ [ Y bdafW[ + ) / B ebWd_ VWhW ab_W f ad ebWd_ Xg Uf[a

F1J7K0 EWX [ ) ( 83 B US U[g_ T[ V[ Y

E)0..1 EZaebZaY kUWdSfW _gfSeW ) ( 83 :j3 B + T[ebZaebZaY kUWdSfW VWbW VW f bZaebZaY kUWdSfW _gfSeW SUf[h[fk

E,.( ( EZaebZadk SeW T ][ SeW dWYg Sfadk egTg [f S bZS e]W WfS _geU W [eaXad_ ) ( 8B USfS klWe fZW bZaebZadk Sf[a aX eWd[ W [ UWdfS[ egTefdSfWe [ U gV[ Y fdaba [

6 GIM- EdaTST W fZdWa [ W fGC6 [YSeW Ukfab Se_[U ( 8 6IE T[ V[ Y3 fZdWa [ W fGC6 [YSeW SUf[h[fk

E(//+/ EdaX[ [ ) ( 8 T[ Ve fa SUf[ S V SXXWUfe fZW efdgUfgdW aX fZW Ukfae]W Wfa

F)-)0- EdaefSY S V[ : ek fZSeW + ) ( 8 USfS klWe fZW aj[VadWVgUf[a aX bdaefSY S V[ W VabWdaj[VW = E = fa bdaefSY S V[ : E :

D.(./0 EdafW[ SdY[ [ W C _WfZk fdS eXWdSeW + ) ( 8 _WfZk SfWe fZW YgS [V[ a [fdaYW e aX SdY[ k dWe[VgWe [ ea_W bdafW[ e

F0C1F EdafW[ HG: ) E) ) ( 5 [ ha hWV [ fZW Ua fda aX UW g Sd egdh[hS

E(8/E, EgfSf[hW UkfaUZda_W T U) Ua_b Wj egTg [f G[We]W []W bdafW[ ) ( B _WfS [a T[ V[ Y

F0 OE EgfSf[hW bdafW[ ;6B)(6, ( 8 5

F1J:I. EgfSf[hW fGC6 Ukf[V[ W + 'YgS ae[ W +,  D _WfZk fdS eXWdSeW ( 8 _WfZk SfWe fZW  D d[TaeW aX gU Waf[VWe Sf bae[f[a e + S V +, aX fZW fGC6 S f[UaVa aab

F1.8+. Ekdda [ W - USdTajk SfW dWVgUfSeW ( 8 ZageW]WWb[ Y W lk_W fZSf USfS klWe fZW Sef efWb [ bda [ W T[aek fZWe[e

F. 660 GSYg Sfad Ua_b Wj bdafW[ A6BIDG) ) ( :3 A3 8B [ ha hWV [ S_[ a SU[V eW e[ Y S V SUf[hSf[a aX _IDG8)

F1N F- GSYg Sfad Ua_b Wj bdafW[ A6BIDG ) ( :3 A [ ha hWV [ S_[ a SU[V eW e[ Y S V SUf[hSf[a aX _IDG8)

F(K A) GSYg Sfad Ua_b Wj bdafW[ A6BIDG, ) ( A [ ha hWV [ S_[ a SU[V eW e[ Y S V SUf[hSf[a aX _IDG8)

E. ,1) GSe dW SfWV bdafW[ GST ))6 ( 8B3 A ]Wk dWYg Sfade aX [ fdSUW g Sd _W_TdS W fdSXX[U][ Y

E (++1 GSe dW SfWV bdafW[ GST -6 ) (
8B3 :3 83
B3 BW

]Wk dWYg Sfade aX [ fdSUW g Sd _W_TdS W fdSXX[U][ Y

E-)),0 GSe dW SfWV bdafW[ GST -8 ( 8B3 :3 BW [ ha hWV [ hWe[Ug Sd fdSXX[U

6.C O) GSe dW SfWV bdafW[ GSb )T []W bdafW[ ) ( 83 8B 6Uf[hSfWV Tk :; :E68 [ S U6BE VWbW VW f _S Wd

E)+,01 G[Ta gU WSeW [ Z[T[fad ( 8 [ Z[T[fe GC6H:) GC6H: S V 6C 3 b Ske S da W [ dWVaj Za_WaefSe[e

F)-()1 HWbf[ + ( 83 Hb[ V W X[ S_W f Xad_[ Y Ukfae]W WfS IESeW

F1. +/ Ha gfW USdd[Wd XS_[ k +- _W_TWd :) ) )( B bgfSf[hW fdS ebadfWd

F()(0 HbWUfd[ TWfS UZS[ a WdkfZdaUkf[U ) ( 8 [ ha hWV [ eWUdWf[a [ fWdSUfe i[fZ US _aVg [ [ S US U[g_ VWbW VW f _S Wd

E).1,1 HfSfZ_[ DH4=a_a eSb[W e C4HIBC) E:4) HK4+ PHIBC)R=JB6CQ ) ( 8 [ ha hWV [ fZW dWYg Sf[a aX fZW _[UdafgTg W BI X[ S_W f ekefW_ Tk VWefST[ [l[ Y _[UdafgTg We

E ..+1 IZdWa [ W fGC6 [YSeW Ukfab Se_[U ( 8 6IE T[ V[ Y3 bdafW[ Za_aV[_Wd[lSf[a SUf[h[fk3 fZdWa [ W fGC6 [YSeW SUf[h[fk

D),-,- IG6; fkbW l[ U X[ YWd Va_S[ Ua fS[ [ Y bdafW[ ) ) ( 5 WYSf[hW XWWVTSU] dWYg Sfad fZSf Ua fda e WjUWee[hW [ SfW [__g W dWeba eWe

E+/0+/ IdS eS Va SeW ( 8 TS S UW aX _WfSTa [fWe [ fZW bW faeW bZaebZSfW bSfZiSk

E-,-// Ikdae[ W fGC6 [YSeW Ukfab Se_[U ( 8 USfS klWe fZW SffSUZ_W f aX fkdae[ W fa fGC6 Ikd

E,-1/, JT[cg[f[ USdTajk fWd_[ S ZkVda SeW - ) ( A U WShWe _g f[gT[cg[f[ ba k_Wde i[fZ S _Sd]WV bdWXWdW UW Xad TdS UZWV ba k_Wde

F1=6,/ Jd[V[ W Ukf[V[ W ][ SeW ) ) ( 8 bZaebZadk SfWe gd[V[ W S V Ukf[V[ W fa gd[V[ W _a abZaebZSfW S V Ukf[V[ W _a abZaebZSfW
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D)-,+. Ca cTX] caP]b ac a cTX] FTR +4 ( 8E2 6BC ST T]ST]c P]cTa VaPST caP]b ac

C-+11 Ca cTX] caP]b ac a cTX] FTR ,6 ) ( 2 8E2 6 6BC ST T]ST]c P]cTa VaPST caP]b ac

B1-)1/ ETcXRd[ ] + ) + 2 8E X]e [eTS X] T QaP]T caPUUXRZX]V2 8E bcaTbb PcWfPh

D),.1/ ATdcaP[ P[ WP V[dR bXSPbT 45 ) ) 2 8E V[hR bh[PcX ]2 S[TPeTb V[dR bT aTbXSdTb Ua [XV bPRRWPaXST aTRdab a U X PcdaT V[hR a cTX]b

D)(,/) C [h T cXST A PRTch[VP[PRc bP X]h[caP]bUTaPbT ) ) 2 8g V[hR bh[PcX ]2 RPcP[hiTb cWT X]XcXP[ aTPRcX ] X] B [X]ZTS [XV bPRRWPaXST QX bh]cWTbXb

D.C11. ChaXS gP[ ST T]ST]c STRPaQ gh[PbT S PX] R ]cPX]X]V a cTX] ) ) ( V[hR bh[PcX ]2 RPaQ gh [hPbT PRcXeXch

D) 1(, 4 X] PRh[ cEA4 bh]cWPbT R [Tg X]cTaPRcX]V d[cXUd]RcX ]P[ a cTX] ) (
A2 62 8E2

QX]Sb cEA42 X]U[P Pc ah Rhc ZX]T PRcXeXch2 aTVd[PcTb G 9 QTcP bXV]P[X]V2 V[dR bT W T bcPbXb2

D.AG91 EW Q XS S PX] R ]cPX]X]V a cTX] ) . E;577

C--(.) 5Pg X]WXQXc a ) ) / 8E Sd[PcTb HCE bXV]P[X]V2 8E RP[RXd W T bcPbXb2 bd aTbb a U P c bXb

D111, 8+ dQX dXcX] a cTX] [XVPbT EA9- ) + 8E2 2 X 8 ST T]ST]c 8+ dQX dXcX] a cTX] [XVPbT PRcXeXch

D1.1A C caP]bP XSPbT R ]T]c C G ) ) 8E TbbT]cXP[ U a caP]bUTa U C c a cTX]b2 U a PcX ] U RPaQ ]h[ X]cTa TSXPcTb

D1.1I+ AXRP[X] ) ) 8E P]cPV ]XiTb A SP[ bXV]P[X]V P]S bdQbT dT]c aVP]XiPcX ] U PgXP[ bcadRcdaTb

D1. / Ca cTX] SXbd[UXST Xb TaPbT G K+ ) ) 8E PacXRX PcTb X] cWT U [SX]V U a cTX]b R ]cPX]X]V SXbd[UXST Q ]Sb

D1;6A0 Fca P[ RT[[ STaXeTS UPRc a [XZT a cTX] ) ) ( 8E 8E Pbb RXPcTS XbU [STS a cTX] RPcPQ [XR a RTbb2 aTVd[PcX ] U P c bXb a RTbb

D0A9D0 G abX] )4 X]cTaPRcX]V a cTX] ) 8E2 A 8E aVP]XiPcX ]2 GBE)4 caP]b ac QTcfTT] ]dR[Tdb P]S 8E2 4GCPbT PRcXeXch

C--(0, GaXUd]RcX ]P[ T]ih T bdQd]Xc QTcP Xc RW ]SaXP[ ) ( X2 8E [X XS TcPQ [Xb 2 UPcch PRXS QTcP gXSPcX ] PcWfPh

D1C((+ Ca cTX] R a]XRW ] W [ V , ) + 8E2 62 6BC ST T]ST]c P]cTa VaPST caP]b ac

C )1-+ g Xb eP[TaPcT STWhSa VT]PbT bdQd]Xc QTcP Xc RW ]SaXP[ ) ( X RPcP[hiTb cWT eTaP[[ R ]eTabX ] U P[ WP ZTc PRXSb c PRh[ 6 4 P]S 6B

C+(-.. 4ST]h[ bdRRX]PcT [hPbT ) ( 62 X RPcP[hiTb cf ] ] bT dT]cXP[ bcT b X] ST ] e 4 C bh]cWTbXb

D.C ,0 4b PacPcT cEA4 [XVPbT Xc RW ]SaXP[ ) ( X Pb PacPcT cEA4 4b] [XVPbT PRcXeXch

C+((,1 4GC bh]cWPbT bdQd]Xc ST[cP Xc RW ]SaXP[ ) ( X a SdRTb 4GC Ua 47C X] cWT aTbT]RT U P a c ] VaPSXT]c PRa bb cWT T QaP]T

B/.(+) 4GC ST T]ST]c 6[ a cTPbT 4GC QX]SX]V bdQd]Xc R[ K [XZT Xc RW ]SaXP[ + ( X WhSa [hiTb 4GC2 cPaVTcb b TRXUXR bdQbcaPcTb U a STVaPSPcX ] Qh cWT 6[ R [Tg

D0A80. 6P[RXd d]X acTa a cTX] Xc RW ]SaXP[ X RP[RXd d]X acTa cWPc TSXPcTb RP[RXd d cPZT X]c Xc RW ]SaXP

C+)+ / 6PaQP h[ W b WPcT bh]cWPbT NP ]XPO Xc RW ]SaXP[ ) ( X2 A X]e [eTS X] cWT daTP RhR[T U daT cT[XR P]X P[b

C-(,). 6Pa]XcX]T B P[ Xc h[caP]bUTaPbT ) [XeTa Xb U a X Xc RW ]SaXP[ d cPZT U [ ]V RWPX] UPcch PRXSb P]S QTcP gXSPcX ] X] cWT Xc RW ]SaX ]

B,+).1 6hc RWa T Q- ch T 5 ) ) X Ud]RcX ]b Pb P] T[TRca ] RPaaXTa U a bTeTaP[ T QaP]T Q d]S ghVT]PbTb

D0A99- 947 bh]cWPbT ) ( X2 6 6PcP[hiTb cWT PST]h[PcX ] U U[PeX] ] ]dR[T cXST

D1 1,/ [dcPah[ 6 4 STWhSa VT]PbT Xc RW ]SaXP[ ( X RPcP[hiTb cWT gXSPcXeT STRPaQ gh[PcX ] U V[dcPah[ 6 4 c Ra c ]h[ 6 4 P]S 6B

C .,,( b eP[Tah[ 6 4 STWhSa VT]PbT Xc RW ]SaXP[ ) ( X bh]cWTbXiTb F + WhSa gh + TcWh[V[dcPah[ 6 4 Ua + Xb eP[Tah[ 6 4

D0 K Xc RW ]SaXP[ EW GCPbT ) ) ) X X]e [eTS X] Xc RW ]SaXP[ caPUUXRZX]V

D.H5+- ] Ud]RcX ]P[ 6) cTcaPWhSa U [PcT bh]cWPbT Xc RW ]SaXP[ ) ( X a eXSTb cWT XbbX]V TcPQ [XR aTPRcX ] aT dXaTS c [X]Z Xc RW ]SaXP P]S Rhc [Pb

D)./)0 A47; STWhSa VT]PbT NdQX dX] ]TO ) P[ WP bdQR [Tg bdQd]Xc - ) ( X PRRTbb ah bdQd]Xc U cWT Xc RW ]SaXP[ T QaP]T aTb XaPc ah RWPX] A47; STWhSa VT]PbT

D),+)0 CT cXSh[ a [h[ RXb caP]b Xb TaPbT 9 5C0 ) X X]PRcXeT C XPbT2 QTR Tb PRcXeT fWT] Q d]S c RP[ Sd[X] P]S RP[RXd

D1 MG+ FE4 bcT [ X]cTaPRcX]V EA4 QX]SX]V a cTX] Xc RW ]SaXP[ ) ( X2 A PRcb Pb P ]dR[TPa aTRT c a R aT aTbb a

B(( +) .F a cTPb T ] ] 4GCPbT aTVd[Pc ah bdQd]Xc )) ) ( A2 6 X]e [eTS X] cWT 4GC ST T]ST]c STVaPSPcX ] U dQX dXcX]PcTS a cTX]b

D)++.+ 6 cTa X]P[ QX]SX]V a cTX] ) ) ( 62 A R aT aTbb a cPaVTcX]V SXeTabT caP]bRaX cX ] aTVd[Pc ab bdRW Pb ? F a 56?.

D).- / 6hbcTX]T P]S V[hRX]T aXRW a cTX] ) ( A SaPbcXRP[[h S f] aTVd[PcTS X] aTb ]bT c C7 9 55 a RT[[ X]Ydah
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Table	6		Conserved	RHBDD2	WT	hits	between	first	IP	and	second	IP	(both	with	crosslinker)

Table	7		Conserved	RHBDD2	WT	hits	between	second	IP	and	third	IP	(with	and	without	crosslinker)

Table	8		Conserved	R85H	mutation	hits	between	second	IP	and	third	IP	(with	and	without	crosslinker)
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Table	9		Conserved	RHBDD2	WT	and	R85H	hits	in	second	IP	(with	crosslinker)

Table	10		Conserved	RHBDD2	WT	and	R85H	hits	in	third	IP	(without	crosslinker)


