
The cell biology and catalytic properties of the
nutrient-induced signaling endoprotease Ssy5
António Martins

Academic dissertation for the Degree of Doctor of Philosophy in Cell Biology at Stockholm
University to be publicly defended on Tuesday 13 November 2018 at 13.00 in sal E306,
Arrheniuslaboratorierna, Svante Arrhenius väg 20 C.

Abstract
Cells continuously sense and respond to changes in the presence, quality and quantity of external and internal nutrients.
Specific signaling proteases have been identified based on their roles in processing or destruction of distinct sets
of downstream effector proteins in response to environmental cues. The Saccharomyces cerevisiae Ssy5 signaling
endoprotease has a key role in regulating central metabolism, cellular aging, and morphological transitions important for
growth and survival. Ssy5 is a core component of the Ssy1–Ptr3-Ssy5 (SPS) sensor, which enables yeast cells to respond
to extracellular amino acids and induce their uptake. Ssy5 cleaves transcription factors Stp1 and Stp2, permitting their
translocation to the nucleus where they enhance the expression of amino acid permease genes. This thesis focuses on Ssy5,
its biogenesis and catalytic properties (paper I), the spatial determinants underlying Ssy5 function in SPS-sensor context
(paper II) and substrate cleavage (paper III).

Ssy5 is comprised of pro- and catalytic-(Cat)-domains. The Cat-domain possesses characteristic hallmarks of a serine
protease; however, serine protease-specific inhibitors have limited effect, confounding its classification. In paper I we
unambiguously show that Ssy5 is a serine protease, define the precise sites of cleavage in Stp1 and Stp2, and describe
the sequence specific requirements of their cleavage. The uniquely large prodomain (381 amino acids) has two essential
functions. Initially, it is required in cis for the maturation of the Cat-domain, helping to overcome a folding barrier that
is reflected in the high stability of the Cat-domain. Subsequent to attaining enzymatic competence, Ssy5 undergoes an
autolytic cleavage event. The domains remain associated and the prodomain functions to fetter the proteolytic activity of
the Cat-domain.

The plasma membrane (PM) localization of Ssy1 has recently been questioned in a report that postulated that Ssy1
is a component of the endoplasmic reticulum (ER) and contributes to the formation of ER-PM junctions. In paper II,
using mutational and subcellular fractionation experiments we critically examined this notion that is inconsistent with the
current understanding of Ssy5 activation, i.e., the unfettering of the Cat-domain occurs in strict association with Ssy1 at
the PM. The data show that Ssy1 is indeed a PM protein, and importantly, Ssy5-activation occurs independent of ER-
PM junctions. A di-acidic ER exit motif was identified that is critical for proper PM localization and function of Ssy1. In
paper III, we report that the Cat-domain is post-translationally modified in a manner dependent on Ptr3 and the PM casein
kinase I (Yck1/2), consistent with Ssy5 activation occurring at the PM. Strikingly, the activated Cat-domain is capable of
properly cleaving Stp1 fused to an ER membrane protein. The amino acid-induced cleavage of this artificial membrane-
bound substrate occurs in a Δtether strain (ist2Δ scs2Δ scs22Δ tcb1Δ tcb2Δ tcb3Δ) lacking ER-PM junctions. These findings
indicate that the activated Cat-domain can bind and functionally interact with substrates distant from the PM. Finally, we
show that the Cat-domain is degraded faster in amino acid-induced cells. These findings provide novel insights into the
SPS-sensing pathway and demonstrate for the first time that the resetting of the SPS-sensing system correlates with Cat-
domain degradation.
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specificity, subcellular fractionation, Saccharomyces cerevisiae.
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Summary 

All	cells	respond	and	adapt	to	changing	environmental	conditions.	To	
be	 competitive	 and	 survive,	 single	 cell	 organisms	 continuously	 sense	
changes	 in	 the	 presence,	 quality	 and	 quantity	 of	 external	 and	 internal	
nutrients.	 Nutrient-induced	 signals	 provide	 the	 basis	 for	 cells	 to	 opti-
mize	nutrient	acquisition	and	utilization.	Proteases	are	instrumental	in	
plants	and	fungi	for	the	processing,	maturation	or	destruction	of	specific	
sets	of	proteins	in	response	to	variations	in	environmental	conditions.	
The	 Saccharomyces	 cerevisiae	 Ssy5	 signaling	 endoprotease	 plays	 a	

key	 role	 in	 regulating	 central	metabolism,	 cellular	 aging,	 and	morpho-
logical	 transitions	 important	 for	 growth	and	survival.	 Ssy5	 is	 a	 central	
component	 of	 the	 plasma	 membrane	 (PM)-bound	 trimeric	 ligand-
activated	Ssy1–Ptr3-Ssy5	(SPS)	sensor,	that	enables	yeast	cells	to	detect	
the	presence	of	extracellular	amino	acids,	and	in	response	induce	their	
uptake.	Amino	acid	induction	results	in	Ssy5	activation	and	consequent	
proteolytic	activation	of	the	effector	transcription	factors	Stp1	and	Stp2.	
Processed	 Stp1	 and	 Stp2	 target	 the	 nucleus	 and	 enhance	 SPS-sensor	
regulated	gene	expression.	The	work	presented	in	this	thesis	focused	on	
Ssy5,	addressing	its	biogenesis	and	catalytic	properties.		
Ssy5	has	hallmarks	of	a	serine	protease.	Ssy5	is	expressed	as	an	inac-

tive	 zymogen	 that	 is	 autoproteolytically	 processed	 into	 a	 N-terminal	
regulatory	prodomain	and	a	C-terminal	catalytic	(Cat)-domain.	The	Cat-
domain	possesses	three	sequence-motifs	 that	are	characteristic	of	chy-
motrypsin-like	serine	proteases,	each	being	essential	for	activity.	How-
ever,	 broad-spectrum	protease	 inhibitor	cocktails	and	serine	protease-
specific	inhibitors	fail	to	inhibit	Ssy5	processing	activity,	confounding	its	
classification	as	a	serine	protease.	In	paper	I,	we	document	that	Ssy5	is	
a	serine	protease	and	define	the	precise	cleavage	sites	in	Stp1	and	Stp2.	
Also,	 we	 confirmed	 that	 the	 prodomain	 plays	 an	 essential	 role	 in	 the	
maturation	 of	 the	 proteolytically	 competent	 Cat-domain	 and	 that	 this	
activity	can	not	be	performed	 in	 trans.	Finally,	our	data	are	consistent	
with	the	unique	long-length	of	the	prodomain	being	necessary	to	over-
come	a	 folding	barrier	 that	 is	 reflected	 in	 the	high	stability	of	 the	Cat-
domain.		
The	signaling	events	leading	to	Ssy5	activation	have	been	described	

to	 occur	 at	 the	 PM.	 Despite	 evidence	 from	 several	 different	 research	
groups	supporting	the	PM	localization	of	Ssy1,	the	receptor	component	
of	 the	 SPS-sensor,	 it	 has	 recently	been	 reported	 that	 Ssy1	 is	 a	 compo-
nent	of	the	endoplasmic	reticulum	(ER).	Furthermore,	this	controversial	
report	proposed	that	Ssy1	contributes	to	the	formation	of	ER-PM	junc-
tions.	In	paper	II	we	critically	tested	these	notions.	Our	results	revealed	
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that	Ssy1	is	indeed	localized	to	the	PM	and	showed	that	SPS	sensor	func-
tion	 is	 independent	of	ER-PM	tethers.	Also,	we	showed	that	a	putative	
PM	 binding	 domain	 of	 Ssy1	 is	 not	 required	 for	 its	 PM	 localization	 or	
function.	Rather,	and	consistent	with	previous	reports,	we	 found	addi-
tional	similarities	between	Ssy1	and	other	members	of	 the	amino	acid	
permease	(AAP)	protein	family.	Specifically,	we	identified	a	putative	di-
acidic	ER-exit	motif	 in	the	hydrophilic	C-terminus	of	Ssy1,	which	is	im-
portant	for	its	incorporation	into	COPII-coated	vesicles	and	subsequent	
transport	from	the	ER	to	the	Golgi.	Deletion	of	this	motif	resulted	in	the	
inability	of	Ssy1	to	localize	at	the	PM.		
Having	 conclusively	 determined	 the	 localization	 of	 Ssy1,	 we	 re-

focused	on	Ssy5.	In	paper	III	we	investigated	the	intracellular	localiza-
tion	of	Ssy5.	Our	results	indicate	that	Ssy5	exhibits	a	disperse	distribu-
tion.	Strikingly,	Stp1	fused	to	the	C-terminal	of	Shr3,	an	ER-membrane-
localized	protein,	was	processed	by	Ssy5	independent	of	ER-PM	tethers.	
Considering	 the	 biological	 implications	 of	 a	 stable,	 widely	 distributed	
and	active	 Ssy5	protease,	we	 sought	 to	define	mechanisms	 controlling	
its	activity.	In	the	course	of	our	studies	we	found	that	the	Cat-domain	is	
a	 substrate	 for	 post-translational	modification	 in	 a	manner	 that	 is	 de-
pendent	on	Ptr3	and	the	PM-localized	casein	kinases	(Yck1/2).	Although	
the	 functional	 significance	 of	 this	 finding	 needs	 to	 be	 established,	 the	
fact	 that	 Ssy5	 is	modified	 by	 kinases	 physically	 tethered	 to	 the	 PM	 is	
consistent	with	the	current	understanding	of	the	signaling	events	asso-
ciated	with	the	SPS-sensor.	Finally,	we	found	that	the	degradation	of	the	
Cat-domain	is	accelerated	in	cells	induced	by	extracellular	amino	acids,	
suggesting	 that	 cells	 possess	 mechanisms	 to	 target	 the	 activated	 Cat-
domain	for	degradation.		
Together	the	findings	presented	in	this	thesis	provide	novel	insights	

regarding	 the	 SPS-sensing	 pathway	 and	 implicate	 amino	 acid-induced	
degradation	 of	 the	 Cat-domain	 as	 a	 requisite	 for	 resetting	 the	 SPS-
sensing	system.		
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Sammanfattning 

Celler	 känner	 kontinuerligt	 av	 halterna	 och	 sammansättningen	 av	 nä-
ringsämnen	 i	 sin	 omgivning	 och	 intracellulärt	 och	 använder	 informat-
ionen	 för	 att	 optimera	 upptaget	 av	 näringsämnen	 från	 omgivningen.	
Förändringar	i	omgivningens	näringsstatus	detekteras	vid	plasmamem-
branet	och	signaler	sänds	till	cellkärnan.	Detta	sker	via	signaltransdukt-
ionsvägar	 där	 aktivering	 av	 receptorer	 i	 plasmamembranet	 påverkar	
aktiviteten	hos	nedströms	komponenter	som	slutligen	reglerar	använd-
ningen	 av	 gener	 i	 cellkärnan.	 I	modellorganismen	 jäst	 (Saccharomyces	
cerevisiae)	känner	Ssy1-Ptr3-Ssy5	(SPS)-sensorn	av	aminosyror	i	cellens	
omgivning.	När	aminosyror	binder	till	receptorn	Ssy1	i	plasmamembra-
net	sänds	signaler	som	frigör	den	katalytiska	aktiviteten	hos	proteaset	
Ssy5.	 Ssy5	 är	 ett	 signalerande	 endoproteas	 som	 klyver	 och	 aktiverar	
transkriptionsfaktorerna	 Stp1	 och	 Stp2.	 Transkriptionsfaktorerna	
transporteras	 till	 cellkärnan	 där	 de	 binder	 och	 inducerar	 gener	 som	
ökar	upptaget	av	aminosyror.	
Ssy5	är	viktig	för	tillväxt	och	överlevnad	av	celler	samt	har	en	nyck-

elroll	 i	hur	jästceller	reglerar	central	metabolism,	åldrande	och	uttryck	
av	morfologiska	egenskaper.	 I	denna	avhandling	beskrivs	Ssy5:s	funkt-
ion.	 Dess	 biogenes	 och	 katalytiska	 egenskaper	 dokumenteras	 i	delar-
bete	I.	De	cellbiologiska	och	spatiala	determinanterna	som	utgör	grun-
den	till	Ssy5-funktion	i	samband	med	SPS-sensorn	beskrivs	i	delarbete	
II.	De	mekanismer	som	reglerar	och	stänger	av	den	katalytiska	aktivite-
ten	av	Ssy5	och	som	krävs	för	att	återställa	SPS-sensorn	till	ett	vilande	
tillstånd	har	studerats	 i	delarbete	III.	Ssy5	har	en	katalytisk	(Cat)	do-
män	och	en	omfattande	prodomän.	Cat-domänen	har	sekvenskaraktärer	
typiska	för	ett	serinproteas	men	dess	biokemiska	klassificering	har	ifrå-
gasatts	eftersom	tidigare	studier	har	dokumenterat	en	högst	begränsad	
effekt	 av	 serinproteasspecifika	 inhibitorer.	 I	delarbete	 I	 visar	 vi	 enty-
digt	att	Ssy5	är	ett	serinproteas.	Vidare	har	de	exakta	peptidbindningar	
som	 klyvs	 i	 Stp1	 och	 Stp2	 identifierats	 och	 de	 sekvensspecifika	 egen-
skaper	som	fordras	för	deras	klyvning	har	karakteriserats.	Prodomänen	
är	ovanligt	stor	för	denna	typ	av	proteaser	(381	aminosyror)	och	har	två	
centrala	funktioner;	först	så	krävs	den	för	veckning	av	Cat-domänen	så	
att	 den	 kan	 nå	 katalytisk	 aktivitet	 genom	 att	 hjälpa	 Cat-domänen	 att	
komma	 över	 en	 energibarriär	 i	 veckningslandskapet.	 Efter	 autolytisk	
klyvning	mellan	 Pro-	 och	 Cat-domänen	 fungerar	den	 som	 en	 inhibito-
riskt	 subenhet	 som	 håller	 den	 katalytiska	 aktiviteten	 av	 Cat-domänen	
under	strikt	kontroll.	
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Nyligen	har	det	 föreslagits	 att	 receptorn	Ssy1,	 som	stimulerar	ned-
brytning	av	prodomänen	och	därmed	aktiverar	Ssy5,	inte	lokaliserar	till	
plasmamembranet	 utan	 istället	 vid	 punkter	 där	 det	 endoplasmatiska	
nätverket	 (ER)	möter	plasmamembranet,	 så	kallade	ER-PM	 junctions.	 I	
delarbete	II	användes	mutations-	och	subcellulära	fraktioneringsexpe-
riment	för	att	kritiskt	undersöka	detta.	Resultaten	visar	att	Ssy1	är	loka-
liserad	till	plasmamembranet.	Ett	ER-utsöndringssignal	 identifierades	i	
den	C-terminala	delen	av	Ssy1	och	denna	signal	krävs	för	korrekt	lokali-
sering	och	 funktion	av	Ssy1.	 I	delarbete	III	presenterar	vi	evidens	 för	
att	 Ssy5:s	 Cat-domän	 modifieras	 posttranslationellt	 beroende	 av	 Ptr3	
och	kinaserna	Yck1	och	Yck2	som	alla	fungerar	vid	plasmamembranet.	
Den	biologiska	funktionen	av	modifieringen	är	ännu	inte	utredd	men	ger	
stöd	 till	 tolkningen	 att	 Ssy5	 normalt	 aktiveras	 vid	 plasmamembranet.	
Lokalisering	 till	plasmamembranet	är	dock	 inte	ett	strikt	krav	 för	akti-
vering	eftersom	att	Cat-domänen	klyver	Stp1	även	när	den	är	samman-
fogad	 med	 ett	 ER-membranprotein.	 Den	 aminosyrainducerade	 klyv-
ningen	 av	 detta	 konstgjorda	membranbundna	 substrat	 uppträder	 i	 en	
stam	som	saknar	ER-PM	junctions.	Dessa	fynd	indikerar	att	den	aktive-
rade	Cat-domänen	kan	disassociera	från	PM	och	binda	substrat	som	är	
avlägsna	 från	 PM.	 Slutligen	 visar	 vi	 att	 nedbrytningstakten	 av	 Cat-
domänen	ökar	efter	att	SPS-sensorn	 induceras	med	aminosyror.	Dessa	
fynd	ger	nya	 insikter	 i	 SPS-signalvägen	och	visar	 för	 första	 gången	att	
återställningen	av	 SPS-sensorn	 är	associerad	med	nedbrytning	av	Cat-
domänen.	
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Preface 

This	thesis	is	a	direct	result	of	my	early	interest	in	finding	how	cells	are	
able	 to	 perceive	 their	 environment	 and	 respond	 adequately.	 In	 the	
Ljungdahl	 Laboratory	 I	 started	 studying	 a	 well-described	 signaling	
pathway	(SPS-	sensor	pathway)	that	in	yeast	specifically	allows	the	de-
tection	of	amino	acids	in	the	extracellular	milieu	and	facilitate	their	up-
take.	Interestingly,	a	key	event	in	this	signaling	pathway	that	transduces	
information	regarding	 the	presence	of	 extracellular	amino	acids	 to	 the	
nucleus	is	mediated	by	a	protease,	Ssy5.	Until	quite	recently,	proteases	
were	 considered	 as	 primitive	 degradation	 machines	 evolved	 to	 cope	
with	the	need	for	protein	catabolism	and	the	generation	of	amino	acids.	
To	 illustrate	 the	 universality	 of	 proteolysis,	 all	 proteins	 experience	 a	
proteolytic	processing	 event	 at	 least	 once	 in	 their	 life	 cycle.	 However,	
the	specific	and	limited	protease-dependent	processing	of	discrete	sub-
strates	 is	 now	 known	 as	 an	 essential	 control	 mechanism	 in	many	 di-
verse	fundamental	cellular	processes.	
The	aim	of	the	work	in	this	thesis	was	to	obtain	a	better	characteriza-

tion	of	Ssy5,	including	its	classification,	biogenesis,	specificity,	activation	
and	 inactivation	determinants.	The	new	 findings	were	 analyzed	 in	 the	
context	 of	 a	 highly	 stable	 protease	 functionally	 integrated	 in	 an	 intri-
cately	regulated	signaling	pathway.	The	first	chapter	includes	a	general	
description	of	proteases,	addressing	 the	different	specificities,	 catalytic	
mechanisms,	regulatory	mechanisms	and	ultimately	the	variety	of	cellu-
lar	mechanisms	that	proteolytic	activity	impacts.	This	chapter	ends	with	
a	 comprehensive	 description	 of	 the	 current	 knowledge	 regarding	 the	
biological	 roles	 associated	with	 Ssy5	and	how	 its	 activity	 is	 regulated.	
Following	the	introductory	chapter,	the	specific	objectives	of	the	thesis	
work	are	summarized,	and	in	a	Results	and	Discussion	section,	the	im-
pact	of	 the	 findings	are	analyzed	and	contextualized.	The	 final	chapter	
addresses	 some	 questions	 that	 remain	 to	 be	 elucidated	 regarding	 the	
regulation	of	Ssy5	activity,	and	suggest	possible	experimental	approach-
es	 to	 resolve	 them.	 Finally,	 the	 need	 and	 usefulness	 of	 translating	 the	
current	and	future	findings,	particularly	to	other	fungi	in	which	the	SPS	
sensing	pathway	plays	a	central	role	in	regulating	metabolism,	(e.g.,	the	
human	pathogen	Candida	albicans),	and	to	mammalian	cells	is	highlight-
ed.	
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Introduction 

1. The vast and diverse world of proteases 

Proteases,	also	known	as	proteinases	or	peptidases,	are	enzymes	that	
hydrolytically	 cleave	 peptide	 bonds	 between	 the	 amino	 acids	 of	 their	
protein	 substrates.	 Proteases	 represent	 approximately	2%	of	 the	 gene	
products	of	all	 living	organisms,	playing	vital	 roles	 in	essential	cellular	
and	extracellular	processes.	Besides	their	fundamental	role	in	digestion	
and	 catabolism	 of	 proteins,	 proteases	 have	 evolved	 to	 perform	 many	
specialized	 tasks	 in	 a	multiplicity	 of	different	processes,	 some	of	 them	
widely	 conserved	and	others	 specific	 to	 a	 limited	set	 of	 species	 (1,	 2).	
However,	not	all	proteases	catalyze	 the	cleavage	of	α-peptide	bonds	in	
the	primary	peptide	backbone	of	proteins.	For	 instance,	deubiquitylat-
ing	enzymes	(DUBs)	hydrolyze	the	isopeptide	bond(s)	between	ubiqui-
tin	or	ubiquitin-like	proteins,	and	the	ε-amino	group	of	 lysine	residues	
on	ubiquitylated	pro-proteins	or	target	proteins	(3,	4).	
	
Proteases	have	been	traditionally	classified	as	endoproteases	or	exo-

proteases.	 An	 endoprotease	 typically	 hydrolyzes	 internal	 a-peptide	
bonds	 in	 a	 polypeptide	 chain.	 Exoproteases	 require	 a	 free	 N-terminal	
amino	group,	C-terminal	 carboxyl	 group	or	both	 and	hydrolyze	 a	pep-
tide	 bond	 not	more	 than	 three	 residues	 from	 the	 terminus	 (5).	 Some	
proteases,	e.g.,	cathepsin	B,	can	act	either	as	endoproteases	or	exoprote-
ases	 depending	 on	 the	 pH	 (5).	 Exoproteases	 often	 exhibit	 broad	 sub-
strate	specificity	and	are	mainly	involved	in	degradative	processes,	such	
as	 food	digestion,	proteasome	phagocytosis	and	proteasomal	digestion	
(protein	 catabolism).	 Endoproteases	 can	 either	 be	 rather	 non-specific	
(e.g.,	calpains	and	cathepsins)	or	exhibit	high	target	sequence	specificity	
(e.g.,	caspases	and	granzyme	B)(5).			
	
Proteases	are	classified	according	to	their	catalytic	mechanisms	into	

six	 types:	 serine,	 cysteine,	 threonine,	 aspartic	 acid,	 glutamic	 acid	 and	
metalloproteases	 (5).	 In	 the	 first	 three	 classes	 an	 amino	 acid	 residue,	
Ser,	Cys	or	Thr,	respectively,	located	in	the	active	site	is	the	nucleophile	
that	attacks	the	peptide	bond	of	the	substrate.	In	the	aspartic	acid,	glu-
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tamic	acid,	and	metalloproteases,	the	nucleophile	critical	to	catalysis	is	
an	activated	water	molecule.	The	most	 recent	 classification	 system	 for	
proteases,	 their	substrates	and	 inhibitors	 is	structure-based	and	 is	 the	
one	used	by	 the	MEROPS	database.	This	database	 groups	homologous	
proteases	 into	 species.	 Species	 are	 grouped	 into	 families	 according	 to	
similarities	in	amino	acid	sequence,	and	predicted	homologous	families	
that	share	related	structures	are	grouped	into	clans	(6).	
	
Proteases	 can	 be	 extracellular,	 intracellular	 or	 intra-membrane	 (4)	

and	present	a	wide	range	of	structures,	from	small	single	catalytic	units	
to	 massive	 protein	 processing/degradation	 complexes,	 e.g.,	 pro-
teasomes.	Many	proteases	with	more	complex	architectures	possess	 in	
addition	 to	 their	 catalytic	 domains	 a	 variety	 of	 specialized	 functional	
modules	or	domains.	These	additional	non-catalytic	domains	can	influ-
ence	 substrate	 specificity,	 define	 cellular	 localization,	 modify	 kinetic	
properties,	 and	 change	 the	 sensitivity	 to	 endogenous	 inhibitors.	 For	
example,	the	extra	domains	can	possess	sorting	signals,	function	as	au-
to-inhibitory	prodomains	that	prevent	premature	activation,	and	facili-
tate	protein-protein	interactions	either	with	self	or	with	other	proteins,	
substrates,	receptors,	or	inhibitors	(7,	8).	In	many	cases	proteases	act	in	
the	context	of	complex	cascades,	pathways,	circuits	and	networks,	com-
prising	many	protein	partners	that	dynamically	interact.	The	huge	func-
tional	and	structural	diversity	of	proteases	suggest	that	proteolytic	pro-
cessing	provides	cells	with	an	efficient	way	to	regulate	defined	process-
es	(4,	8).		

2. Determinants of protease specificity 

Most	proteases	are	 relatively	non-specific	 for	 substrates	 and	 in	 fact	
can	be	very	promiscuous,	targeting	multiple	substrates	indiscriminately,	
e.g.,	 proteinase	 K.	 By	 contrast,	 some	 proteases	 are	 highly	 specific	 and	
target	a	defined	peptide	bond	within	a	single	protein,	e.g.,	angiotensin-
converting	 enzyme	 (8).	 To	 function	 catalytically,	 proteases	must	 bind	
substrates	 selectively	 enough	 to	 ensure	 specificity	 but	 not	 strong	
enough	 to	 prevent	 release	 of	 the	 cleavage	 products,	 which	 would	 be	
inhibitory.		
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According	 to	 the	 Schechter	 and	 Berger	 nomenclature	 (9)	 the	 active	
site	 of	 the	 protease	 is	 composed	 by	 several	 neighboring	 S	 pockets,	 or	
sub-sites	(Fig.	1).	The	S	sites	accommodate	consecutive	amino	acids	of	
the	substrate	on	either	side	of	the	scissile	bond,	which	by	definition	oc-
curs	between	the	P1	and	P1'	residues.	The	P1	residue	is	defined	as	the	
amino	 acid	 that	 is	 N-terminal	 of	 the	 scissile	 bond,	 i.e.,	 the	 P1	 residue	
becomes	 the	 C-terminal	 residue	 after	 cleavage.	 N-terminal	 of	 P1,	 are	
residues	P2,	P3,	P4	and	so	on,	that	are	accommodated	by	corresponding	
S	sites	in	the	catalytic	pocket	of	the	protease.	Similarly,	C-terminal	of	P1'	
are	residues	P’2,	P’3,	P’4,	and	so	on.	The	P’	sites	can	also	be	accommo-
dated	by	corresponding	S’	sites	in	the	substrate-binding	pocket.		

 

	
Figure	 1.	 Sub-site	 nomenclature	 of	 the	 protease-substrate	 interaction,	
according	 to	 Schechter	and	Berger.	 The	cleavage	 site	 and	 resultant	 scissile	
bond	 is	 indicated	with	scissors.	Amino	acid	 residues	 to	 the	 left	of	 the	scissile	
bond	are	numbered	P1	(for	peptide	1),	P2,	and	so	on,	with	numbering	increas-
ing	in	the	direction	of	the	N-terminal	residue	of	the	substrate.	Residues	to	the	
right	of	the	scissile	bond	are	numbered	P1’,	P2’,	and	so	on.	The	corresponding	
complementary	regions	of	the	enzyme’s	active	site	(S	sites)	are	numbered	S1,	
S2,	S1’,	S2’,	and	so	on.	Grey	dashed	lines	between	the	S	sub-sites	indicate	that	
these	 are	 composed	 of	 residues	 there	 are	 not	 necessarily	 contiguous	 in	 the	
protein	sequence.	Adapted	from	(9,	10).	
	
The	S	sites	vary	in	their	ability	to	bind	amino	acids,	ranging	from	S-

sites	that	are	restricted	to	one	or	a	few	specific	amino	acids	to	sub-sites	
that	show	no	discrimination	at	all.	Sub-site	preference	for	the	different	
amino	 acids	 is	 established	 by	 the	 size,	 shape	 and	 charge	 of	 the	 side	
chains	involved.	The	number	of	sub-sites	in	the	active	site	of	proteases	
and	the	ability	of	the	S-sites	to	coordinate	discrete	amino	acids	defines	
the	substrate	specificity	and	the	means	to	discriminate	between	poten-
tial	cleavage	sites.	Specificity	can	be	further	influenced	by	sub-site	coop-
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erativity,	 when	 the	 binding	 of	 a	 particular	 amino	 acid	 residue	 at	 one	
sub-site	positively	or	negatively	influences	the	binding	of	amino	acids	at	
other	sub-sites,	by	interactions	between	the	substrate	and	the	protease	
outside	 the	 active	 site,	 the	 so-called	 exosites,	 and	by	 the	 action	 of	 co-
factors	(1,	5,	11).	Furthermore,	 the	number	of	P	and	P’	substrate	sites	
fitting	in	the	substrate-binding	pocket	varies	from	protease	to	protease.	

3. The role of protease activity in biological processes 

The	specific	cleavage	of	proteins	rather	than	their	degradation	can	be	
used	as	a	biological	switch	 to	activate	and	deactivate	 function.	Specific	
cleavage	 events	 can	 regulate	 the	 fate,	 localization	 and	 activity	 of	 pro-
teins.	Protease	activity	can	modulate	protein-protein	 interactions,	gen-
erate	new	bioactive	molecules	as	well	as	create,	transduce	and	amplify	
molecular	 signals.	 As	 a	 result	 of	 these	multiple	 actions,	 proteases	 are	
instrumental	in	the	control	of	multiple	biological	processes	in	all	 living	
organisms,	 including	 cell	 cycle,	 cell	 growth	 and	 differentiation,	 cell	
death,	 hemostasis	and	signaling	(11,	 12).	Tightly	 controlled	 regulatory	
processes	have	been	found	to	be	dependent	on	specific	cleavage	events,	
a	 good	 example	 being	 nuclear	 factor-kB	 (NF-kB)	 activation	 (5).	 Also,	
proteases	have	been	shown	to	influence	an	array	of	processes	including	
DNA-replication	and	transcription,	 tissue	morphogenesis	and	remodel-
ing,	 heat	 shock	 and	 unfolded	 protein	 responses,	 angiogenesis,	 neuro-
genesis,	 ovulation,	 fertilization,	 wound	 repair,	 stem	 cell	 mobilization,	
blood	coagulation,	 inflammation,	immunity,	autophagy,	senescence,	ne-
crosis,	 and	 apoptosis	 (8,	 13).	 Consistently,	 inappropriate	 proteolytic	
activity	has	been	linked	to	numerous	human	diseases,	including	cancer,	
neurodegenerative	 disorders,	 and	 inflammatory	 and	 cardiovascular	
diseases	 (8,	 11,	 14,	 15).	 Finally,	 in	 plants	 and	 fungi	 proteases	 are	 in-
strumental	in	the	processing,	maturation	or	destruction	of	specific	sets	
of	proteins	in	response	to	developmental	cues,	or	to	variations	in	envi-
ronmental	conditions.	Many	infectious	microorganisms	require	proteas-
es	for	replication	or	use	proteases	as	virulence	factors	(8).	
	
Not	surprisingly,	proteases	remain	a	clear	focus	of	research	in	medi-

cine	and	biotechnology,	not	only	because	of	 the	multiplicity	of	cellular	
processes	 they	 affect,	 but	 also	 because	 their	 effector	 function	 can	 be	
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easily	 targeted	 by	 small	 peptide-based	 inhibitors	 or	 chemical	 com-
pounds.		

4.Mechanisms of protease activity regulation  

To	understand	the	role	of	a	certain	protease	in	a	given	biological	pro-
cess,	the	mechanisms	that	regulate	its	expression	and	activation	have	to	
be	 determined	 and	 placed	 in	 the	 context	 of	 the	 multiple	 components	
that	can	influence	its	activity	(8,	16).	Protease	activity	can	be	regulated	
at	multiple	levels,	and	the	complexity	of	regulation	exhibits	a	tendency	
to	increase	with	the	complexity	of	the	organism	(4)	.		

 
There	are	several	mechanisms	used	in	vivo	to	control	protease	activi-

ty	 (Fig.	 2).	 These	 include	 regulation	 of	 gene	 expression,	 activation	 of	
inactive	 zymogens,	 inactivation	 by	 endogenous	 inhibitors,	 substrate	
interaction	with	inactive	protease	homologs	that	act	as	protease	antag-
onists,	spatial	and	temporal	protease	compartmentalization,	shedding	of	
substrate-binding	domains,	oligomerization,	cellular	internalization	and	
post-translational	modifications	such	as	glycosylation,	phosphorylation,	
metal	binding,	S-S	bridging,	proteolysis	and	degradation	(8).	These	lat-
ter	 events	 influence	 protease	 activity	 by	 changing	 protease	 function	
itself	or	by	altering	their	regulatory	mechanisms.		

 
	

	
	

Figure	2.	Protease	activity	can	be	regulated	at	the	transcriptional,	transla-
tional	and	post-translational	levels.	Protease	activation	from	inactive	zymo-
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gens	can	be	achieved	in	different	ways	including	allosteric	activation,	transport	
to	 locations	with	 conducive	 conditions	 (e.g.,	 lysosome/vacuole	with	 low	 pH)	
protein-protein	 interactions	 and	 processing	 by	 upstream	 proteases.	 Endoge-
nous	 inhibitors	 and	 the	 targeted	 degradation	 of	 proteases	 form	 yet	 another	
layer	of	regulation	(17).	Reproduced	with	permission.	
	
To	ensure	that	proteases	can	bind	correct	substrates	to	be	processed	

and	at	the	precise	times	in	the	correct	locations	requires	that	the	regula-
tory	 mechanisms	 controlling	 protease	 activity	 be	 tightly	 coordinated.	
The	 regulatory	mechanisms	 establish	 a	 threshold	 that	 has	 to	 be	 over-
come	 for	a	signal	to	be	 transduced.	Once	 the	 threshold	has	been	over-
come	 even	 a	 temporarily	 active	 protease	 can	 trigger	 a	 signaling	 path-
way.	This	is	also	true	for	a	substrate	activated	by	proteolytic	processing	
that	 will	 become	 inactivated/degraded	 by	 following	 proteolytic	 steps	
(4).	This	tight	coordination	is	instrumental	to	maintaining	homeostasis	
of	the	proteolytic	potential	of	a	system	and	to	avoid	deleterious	effects	
of	unwanted	protease	activity	often	affecting	development	and	progres-
sion	of	diseases	such	as	Alzheimer	disease	and	cancer	(8,	18-21).		

4.1 Transcriptional regulation 
The	first	level	of	protease	activity	regulation	is	transcriptional.	Some	

proteases,	 like	 the	 housekeeping	 proteases,	 are	 ubiquitous	 and	 ex-
pressed	 constitutively	 (e.g.,	 proteasome	 and	 lysosomal	 cathepsins)	
while	others	show	differential	spatial	and	temporal	expression	patterns	
(e.g.,	cathepsin	G	and	caspase-3)	(4).	Alternative	splicing	and	differential	
polyadenylation	of	protease	encoding	genes,	as	well	as	gene	copy	num-
ber	 variations	 or	 polymorphisms,	 add	 increased	 complexity	 to	 tran-
scriptional	regulation	of	protease	activity.	Protease	activity	can	be	 fur-
ther	 modulated	 or	 fine-tuned	 by	 epigenetic	 modifications	 in	 the	 pro-
moter	regions	of	protease	genes,	control	of	mRNA	stability,	translation	
and	 degradation	 by	 transacting	 factors	 such	 as	 RNA-binding	 proteins	
and	microRNAs.		

4.2 Activation regulation 
The	second	level	of	protease	activity	regulation	is	in	most	cases	at	the	

level	of	controlling	activation.	During	biogenesis	many	enzymes	sponta-
neously	 fold	 into	 their	 characteristic	 three-dimensional	 structures	 ac-
quiring	full	enzymatic	activity.	Others,	however,	are	synthesized	as	inac-
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tive	precursors,	or	zymogens,	that	need	subsequent	cleavage	of	one	or	a	
few	specific	peptide	bonds	to	become	active.	Some	of	the	advantages	in	
having	 proteases	 expressed	 as	 zymogens	 enable	 spatial	 and	 temporal	
regulation	of	its	activity	thereby	helping	prevent	unwanted	protein	deg-
radation.	 Activation	 of	 proteases	 from	 inactive	 precursors	 is	 usually	
achieved	by	 limited	proteolysis	 of	an	 inhibitory	 activation	segment,	 or	
prodomain,	and	typically	occurs	at	the	site	where	the	protease	exerts	its	
biological	function	(22).	Proteolytic	activation	is	often	autocatalytic	(e.g.,	
zymogens	of	 subtilisin,	 alpha-lytic	protease,	 gastric	 aspartic	proteases,	
cysteine	proteases	and	proteasome,	etc.),	or	may	be	performed	by	other	
proteases	 (22).	 In	 some	 cases,	 however,	 additional	 factors	 and	activa-
tion	 complexes	 are	needed	 for	 zymogen	activation,	 like	 in	 the	 apopto-
some,	a	platform	mediating	activation	of	pro-apoptotic	caspases	(8,	23).	
	
Activation	usually	results	 in	modifications	 to	 the	architecture	of	 the	

protease	due	to	significant	conformational	changes	in	the	regions	adja-
cent	to	the	active	site	or	within	the	prodomains	leading	to	their	subse-
quent	 displacement.	 Zymogens	 can	 either	 present	 a	 pre-formed	 and	
catalytically	competent	active	site	 that	 is	 rendered	sterically	 inaccessi-
ble	 to	 substrates	 by	 a	 competitive	 inhibitory	 prodomain	 (e.g.,	 α-lytic	
pro-protease,	papain-like	cysteine	proteases,	various	aspartic	and	met-
alloproteases),	or	require	a	conformational	rearrangement	for	the	active	
site	 to	 become	 formed	 (e.g.,	 chymotrypsin-like	 serine	 proteases	 and	
caspases)	(4,	22,	24-26).		
	
To	function	as	potent	but	regulatable	inhibitors,	prodomains	need	to	

be	strategically	positioned	to	prevent	self-cleavage	in	the	absence	of	an	
activating	signal	by	the	intrinsic	catalytic	domains	of	proteases.	They	are	
usually	located	N-terminal	to	the	primary	sequence	of	the	mature	prote-
ase	and	never	found	at	the	C-terminus	of	a	zymogen.	This	ensures	that	
the	active	site	does	not	gain	activity	before	the	synthesis	of	the	polypep-
tide	is	complete	(22).	Some	prodomains	have	additional	roles	in	protein	
folding	and/or	intracellular	sorting	(e.g.,	α-lytic	pro-protease	and	yeast	
pro-carboxypeptidase	Y)	(27,	28).		
	
Studies	 demonstrating	 the	 conversion	 of	 chymotrypsin-like	 zymo-

gens	to	their	active	corresponding	proteases	provided	the	basis	for	the	
earliest	models	showing	the	role	of	limited	proteolysis	in	zymogen	acti-
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vation.	 Compared	 with	 α-chymotrypsin,	 chymotrypsinogen	 has	 a	 pre-
formed	catalytic	triad	and	a	partially	formed	substrate-binding	cleft	(22,	
29).	 The	 lack	 of	 activity	 is	 the	 consequence	 of	 a	 disordered	 loop	
(Ser186-Asp194),	 which	 immediately	 precedes	 the	 catalytic	 Ser195,	
resulting	in	a	partially	obstructed	substrate-binding	cleft	and	an	imma-
ture	oxyanion	hole	(22,	30).		Following	activation,	this	loop	undergoes	a	
dramatic	conformational	change	that	re-orients	it	from	an	“inward”	di-
rection	in	the	zymogen	to	an	“outward”	solvent	accessible	direction.	The	
conformational	change	forms	the	mature	substrate-binding	cleft.	Simul-
taneously,	 the	 Gly193	 is	 oriented	 in	 the	 direction	 of	 the	 substrate-
binding	site,	where	it	serves	as	a	hydrogen-bond	donor	to	the	substrate	
carbonyl	 oxygen	 in	 the	 oxyanion	 hole.	 Furthermore,	 the	 side	 chain	 of	
Met192	moves	 from	a	buried	position	 in	 the	 zymogen	 to	a	 completely	
exposed	location	in	the	mature	protease	(22,	31).	

 
A	notable	exception	to	the	general	principles	of	zymogen	activation	is	

the	complement	factor	D,	which	is	synthesized	in	fat	cells	and	secreted	
into	the	blood.	Unlike	other	chymotrypsin	like	proteases,	the	N-terminal	
activation	 domain	 of	 pro-factor	 D	 is	 cleaved	 and	 removed	 within	 the	
secretory	pathway.	The	secreted	circulating	form	of	factor	D	is	inactive	
due	to	a	distorted	catalytic	triad	and	to	an	unusual	conformation	of	the	
loop	214-220.	This	results	in	a	narrow	substrate-binding	cleft.	Factor	D	
becomes	activated	upon	Mg2+	dependent	association	with	 factor	B	and	
the	major	 fragment	 of	 C3	 cleavage	 (C3b).	 This	 association	drives	 con-
formational	changes	at	the	active	site	of	factor	D	resulting	in	a	realign-
ment	of	the	catalytic	triad	and	acquisition	of	proteolytic	activity	(22,	32).	
Activated	factor	D	cleaves	its	only	known	substrate,	the	serine	protease	
factor	B,	thus	initiating	the	alternative	pathway	of	the	complement	sys-
tem.	

4.3 Activity inhibition 
The	 proteolytic	 conversion	 of	 zymogens	 to	 active	 proteases	 is	 irre-

versible.	To	block	unintentional	proteolytic	activity	and	to	turn	proteas-
es	off,	cells	have	evolved	elaborate	systems	of	protease	inhibitors.	When	
describing	 the	 physiological	 relevance	 of	 inhibition	 different	 aspects	
have	 to	be	considered,	namely	 the	 temporal	and	spatial	co-localization	
of	a	protease	and	its	inhibitor,	physiological	concentration	of	the	inhibi-
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tor(s),	 kinetics	 of	 their	 interaction,	 and	possible	 effects	 of	 other	 cofac-
tors	on	the	interaction	(4).	
	
All	 known	 endogenous	 protease	 inhibitors	 are	 proteins,	 except	 the	

small	non-protein	 inhibitors	 synthesized	by	 some	pathogenic	microor-
ganisms	that	block	the	proteolytic	activity	of	host	proteases.	Interesting-
ly,	the	number	of	known	endogenous	protein-based	inhibitors	is	lower	
than	the	number	of	cellular	proteases.	The	relatively	low	specificity	ex-
hibited	by	some	 inhibitors	means	 that	cells	could	use	 them	to	broadly	
target	multiple	proteases	to	control	their	activity.	The	activity	of	prote-
ases	that	are	not	controlled	by	endogenous	inhibitors	must	be	regulated	
by	different	means.	
	
Based	on	 their	mechanism	of	 inhibition,	 inhibitors	 can	be	 classified	

into	 four	 groups:	 i)	 canonical	 inhibitors,	 which	 bind	 the	 active	 site	 of	
their	target	proteases	in	a	substrate-like	manner,	e.g.,	serpins,	the	inhib-
itors	 of	 serine	 proteases;	 ii)	 exosite-binding	 inhibitors,	which	 bind	 re-
gions	next	 to	 the	 active	 site	 and	 function	by	preventing	access	of	 sub-
strate	to	the	active	site,	e.g.,	cystatins	and	some	thrombin	inhibitors;	iii)	
dual-action	 inhibitors	 exhibit	 features	 of	 both	 canonical	 and	 exosite-
binding	inhibitors,	e.g.,	tissue	inhibitors	of	metalloproteases-TIMPs;	and	
iv)	 allosteric	 inhibitors,	which	 bind	 regions	distantly	 located	 from	 the	
active	 site	 and	 function	 by	 preventing	 protease	 dimerization,	 e.g.,	 the	
caspase	X-linked	inhibitor	of	apoptosis	protein	(1,	33).	
	
Protease	inhibitors	can	be	further	grouped	into	two	major	categories,	

the	emergency	inhibitors	and	the	regulatory	inhibitors.	The	inhibitors	in	
these	 categories	 differ	 mainly	 in	 where	 they	 reside	 within	 cells.	 The	
emergency	 inhibitors	 normally	 localize	 to	 different	 cellular	 compart-
ments	than	their	target	proteases,	and	thereby	function	to	prevent	dele-
terious	 activity	 of	 mislocalized	 proteases.	 Emergency	 inhibitors	 also	
have	been	found	to	provide	the	first	line	of	defense	against	the	proteas-
es	 expressed	 by	 invading	microorganisms.	 By	 contrast,	 the	 regulatory	
inhibitors	co-localize	with	 their	 target	proteases,	 thus	allowing	a	more	
subtle	regulation	of	the	system.	The	regulatory	inhibitors	can	be	further	
categorized	in	four	types	dependent	upon	their	mode	of	inhibition,	i.e.,	
buffer,	threshold,	delay	and	feedback	(1,	4).	
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5. Proteases in signaling 

By	being	inherently	irreversible,	protease	regulated	signaling	events	
differ	 from	 the	 other	 types	 of	 reversible	 cellular	 signaling	 events,	 like	
receptor	 activated	 kinase	 signaling.	 Once	 active,	 signaling	 proteases	
cleave	substrates	that	trigger	the	downstream	events	required	to	prop-
agate	signals.	The	signals	are	transmitted	by	the	cleaved	effectors,	which	
either	 are	 activated	 (e.g.,	 cytokines),	 inactivated	 (e.g.,	 repair	 proteins	
during	apoptosis),	or	functionally	altered.	Altered	effector	function	can	
result	from	protease	cleavage-induced	exposure	of	cryptic	sites	(e.g.,	β-
secretase	during	amyloid	precursor	protein	processing)	or	the	removal	
of	 membrane	 anchor-domains	 of	 membrane	 attached	 proteins	 [e.g.,	
platelet	 derived	 growth	 factor	 receptor-beta	 (PDGFRβ)	 ectodomain	
shedding	 by	 ADAM10	 metalloprotease,	 and	 extracellular	 domains	 of	
CAM	 (cell	 adhesion	molecules)	 adhesion	proteins	 and	 transmembrane	
receptors	by	cysteine	proteases,	cathepsins	L	and	S]	(1,	4,	34,	35).	Fur-
thermore,	 accessory	 domains	 or	 extra	 components	 can	 contribute	 to	
governing	 the	 catalytic	 activity	 of	 signaling	 proteases.	 Several	 well-
characterized	proteases,	including	the	proteasome,	γ-secretase	and	mul-
tiple	serine	proteases,	require	complex	formation	to	process	their	phys-
iological	 substrates	 (e.g.,	 thrombin	 activation	 requires	 the	 pro-
thrombinase	complex	with	Factor	Xa	and	Factor	Va)	(4). 
	
Protease	signaling	can	occur	with	different	levels	of	complexity,	rang-

ing	 from	 single	 proteolytic	 steps	 to	 sequential	 processing	 steps	 orga-
nized	 in	 signaling	 cascades.	 Signaling	 cascades	 are	 thought	 to	 provide	
the	 basis	 for	more	 stringent	 regulation	 and	 a	 way	 to	more	 efficiently	
amplify	signals.	Interestingly,	not	all	steps	involved	in	protease	signaling	
cascades	 involve	 a	proteolytic	 event.	 In	 fact	 both	proteolytic	 and	non-
proteolytic	events	are	 intimately	 linked	and	cannot	 individually	be	ex-
perimentally	modulated	without	affecting	the	overall	signaling	process.	
For	instance,	apoptosis	signaling	is	generally	simplistically	perceived	as	
a	 typical	 proteolytic	 cascade	 regulating	 the	 controlled	 proteolysis	 of	 a	
number	of	critical	cellular	substrates,	with	initiator	caspases	proteolyti-
cally	 activating	 the	 executioner	 caspases	 that	 ultimately	 induce	 cell	
death.	However,	a	more	detailed	analysis	of	the	regulatory	events	need-
ed	to	trigger	apoptosis	has	revealed	that	most	of	the	steps	required	are	
non-proteolytic	 and	 exert	 control	 either	 by	 modulating	 complex	 for-
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mation	[e.g.	death-inducing	signaling	complex	(DISC)],	oligomerization,	
recruitment	of	adaptor	proteins	or	inducing	conformational	changes.	It	
is	the	orchestration	of	these	events	that	results	in	the	processing	of	the	
executioner	 caspases	 3/-7,	 the	 first	 regulatory	 event	 that	 actually	 is	
completely	 dependent	 on	 proteolytic	 activation	 (4,	 36,	 37).	 Likewise,	
during	autophagy,	the	major	cellular	mechanism	for	the	proteolytic	deg-
radation	of	 cytoplasmic	proteins	and	organelles,	 only	one	of	 the	more	
than	 20	 known	 proteins	 required	 for	 autophagosome	 formation	 is	 a	
protease.	In	yeast	this	protease	is	Atg4	and	its	activity	has	been	shown	
to	be	essential	for	autophagosome	membrane	elongation.	Atg4	functions	
by	 cleaving	Atg8	near	 its	C-terminus,	which	 exposes	 a	glycine	 residue.	
The	 processed	 form	 of	 Atg8	 is	 subsequently	 conjugated	 to	 phosphati-
dylethanolamine,	 a	 requisite	 for	 membrane	 elongation	 and	 the	 for-
mation	of	a	mature	autophagosome	that	can	fuse	with	lysosomes	(4,	38).	

6. Ssy5 signaling endoprotease 

The	 Saccharomyces	 cerevisiae	 SSY5	 gene	 product	 is	 a	 predicted	 hy-
drophilic	protein	with	699	amino	acids	and	a	molecular	weight	of	77.5	
kDa.	It	lacks	any	identifiable	transmembrane	segments	or	N-terminal	ER	
targeting	 sequences,	 nevertheless,	 Ssy5	 is	 able	 to	 associate	 with	 the	
plasma	membrane	(PM)	(39).		
	
Based	on	sequence	homology,	Ssy5	 is	classified	as	a	serine	protease	

(MEROPS	 accession	 MER0043119),	 the	 single	 member	 of	 family	 S64	
belonging	to	the	Clan	PA	(6).	Consistently,	Ssy5	is	expressed	in	the	form	
of	an	inactive	zymogen	that	during	biogenesis	is	subject	to	an	autocata-
lytic	event,	originating	a	N-terminal	prodomain	and	a	C-terminal	catalyt-
ic	(Cat)	domain	(40,	41).	The	C-terminal	domain	of	Ssy5	exhibits	homol-
ogy	 to	 chymotrypsin-like	 proteases	 with	 a	 readily	 recognizable	 con-
served	catalytic	triad	(H465,	D545,	and	S640)	typical	of	serine	proteases	
(Fig.	3).	Mutation	of	the	predicted	nucleophilic	Ser-640	results	in	com-
plete	loss	of	Ssy5	activity	(42,	43),	however,	Ssy5	has	been	refractory	to	
both	broad-spectrum	and	serine	protease-specific	inhibitors,	e.g.,	diiso-
propyl	fluorophosphate	(DFP)(41),	which	has	confounded	its	classifica-
tion	 as	 a	 serine	 protease.	 The	 unusually	 large	 Ssy5	N-terminal	prodo-
main	 finds	only	parallel	 in	 the	well-characterized	secreted	bacterial	α-
lytic	proteases.	 The	 large	 α-lytic	 protease	 prodomain	 acts	 as	 a	 folding	
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catalyst	essential	for	the	Cat	domain	to	achieve	a	functional	native	state	
within	a	biologically	relevant	time	scale	(44-46).	It	has	been	postulated	
as	necessary	to	overcome	the	high	folding	energy	barrier	that	results	in	
the	high	kinetic	stability	of	the	Cat	domain,	typical	of	these	remarkably	
stable	serine	proteases	(47).		
	
Mutations	affecting	the	SSY5	locus	were	originally	identified	in	sever-

al	 genetic	 screens	 aiming	 at	 understanding	 the	 mechanisms	 behind	
amino	acid	induced	gene	expression.	Mutations	in	SSY5,	similar	to	SSY1	
and	PTR3,	cause	severe	uptake	defects	of	multiple	amino	acids	and	pep-
tides	without	observable	growth	impairments	if	cells	are	able	to	synthe-
size	all	amino	acids	(48-51).	

6.1 Biological relevance of Ssy5 activity-The SPS sensor  
Nitrogen	is	an	essential	nutrient	for	all	life	forms.	Cells	capable	of	effi-

ciently	 transporting	 and	 catabolizing	 a	 wide	 variety	 of	 nitrogenous	
compounds	are	likely	to	be	favored	during	evolution.	Most	amino	acids,	
apart	 from	being	used	 for	protein	synthesis,	 can	be	used	as	sources	of	
nitrogen	and	thus	have	important	roles	in	nitrogen	homeostasis.	In	spite	
of	 the	 capacity	 to	 synthesize	 all	 amino	 acids,	 yeast	 cells	 have	 evolved	
sophisticated	systems	to	efficiently	regulate	and	facilitate	the	import	of	
amino	acids	from	their	external	environment.		
	
Yeast	cells	assess	the	availability	of	amino	acids	in	their	growth	envi-

ronment	 via	a	 trimeric	 ligand-activated	PM-associated	sensor	 complex	
comprised	of	three	core	components,	Ssy1,	Ptr3,	and	the	endoprotease	
Ssy5	(SPS)	(39).	In	response	to	the	presence	of	extracellular	amino	ac-
ids,	the	SPS	signaling	pathway	enables	yeast	cells	to	induce	their	uptake	
by	increasing	the	expression	of	genes	encoding	broad-specificity	amino	
acid	permeases	 (Fig.	 3)	 (39,	 52).	 As	 SPS	 signaling	 is	 currently	 under-
stood,	the	primary	amino	acid-induced	signal	is	initiated	at	the	PM	when	
amino	 acids	 bind	 the	 receptor	 Ssy1	 and	 stabilize	 its	 signaling	 confor-
mation.	This	leads	to	the	activation	of	the	Ssy5	endoprotease,	an	event	
that	strictly	requires	Ptr3	and	several	components	shared	by	other	sig-
naling	systems,	e.g.,	kinases,	phosphatases,	the	SCFGrr1	E3	ubiquitin	 lig-
ase,	and	the	26S	proteasome	(53-56).	The	active	Ssy5	functionally	acti-
vates	 its	 only	 known	 substrates,	 the	 latently	 expressed	 Stp1	and	 Stp2	
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transcription	 factors,	 enabling	 their	 nuclear	 accumulation	 and	 conse-
quent	induction	of	transcription	of	several	amino	acid	permease	(AAP)	
genes	(Fig.	3)(53).	
	

	
Figure	3.	Schematic	representation	of	the	events	occurring	upon	extracel-
lular	amino	acid	induction	of	the	SPS	sensing	pathway	in	S.	cerevisiae.	The	
SPS-sensor	signaling	pathway	enables	yeast	 cells	 to	 sense	and	respond	 to	 the	
presence	of	extracellular	amino	acids	by	inducing	their	uptake.	 In	the	absence	
of	stimulus,	the	SPS-sensor	pathway	is	in	its	“OFF”	state.	Stp1	and	Stp2	effector	
transcription	factors	are	kept	latent	with	a	cytoplasmic	distribution.	Mislocali-
zation	of	unprocessed	Stp1/2	to	the	nucleus	is	avoided	due	to	the	activity	of	the	
inner	nuclear	membrane	proteins,	Asi1,	Asi2	and	Asi3.	In	the	presence	of	induc-
ing	amino	acids,	the	SPS-sensor	pathway	switches	to	its	“ON”	state.	Binding	of	
amino	acids	to	the	sensor	Ssy1,	induces	a	series	of	conformational	changes	that	
culminate	 in	 Ssy5	 endoprotease	 activation	 and	 consequent	 processing	 of	
Stp1/2.	 	 Processed	 Stp1/2,	 lacking	 cytosolic	 anchoring	 domains,	 efficiently	
target	the	nucleus,	bind	to	the	UAS	of	AAP	genes	and	induce	their	transcription.	
Synthesized	AAP	depend	 on	 the	 Shr3	 chaperone	 for	 proper	 trafficking	 to	 the	
PM	where	they	mediate	amino	acid	uptake.	Adapted	from	(57).	
	
The	 activity	 of	 Ssy5	 within	 the	 context	 of	 SPS-sensor	 signaling	 is	

strictly	dependent	on	 the	other	 SPS-sensor-complex	 components,	 Ssy1	
and	Ptr3.		Ssy1,	the	amino	acid	receptor,	is	an	integral	component	of	the	
PM	and	a	unique	member	of	the	AAP	family	of	proteins	(58).	Ssy1	shares	
significant	sequence	homology	with	AAPs,	however,	it	does	not	catalyze	
measurable	 amino	 acid	 uptake	 (59,	 60).	 Similarly	 to	 other	 AAP	 family	
members,	 Ssy1	 requires	 Shr3,	 an	 endoplasmic-reticulum-membrane-
localized	 chaperone,	 for	 transport	 to	 the	 PM,	 after	 its	 co-translational	
insertion	 into	 the	 endoplasmic	 reticulum	 (ER)	 (49,	 61,	 62).	 Ssy1	 is	
able	 to	 sense	 extracellular	amino	acids	presumably	by	undergoing	 lig-

“OFF” “ON”
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and-dependent	 conformational	 shifts	 between	 an	 outward-facing	 (sig-
naling)	 and	 an	 inward-facing	 (non-signaling)	 conformation	 (63).	 Ssy1	
has	a	unique	and	extended	cytoplasmically	oriented	N-terminal	domain	
absent	from	other	AAP	family	members.	The	N-terminal	domain	of	Ssy1	
is	 able	 to	 physically	 interact	with	 the	 two	 other	 principal	 SPS	 sensor	
components,	Ptr3	and	Ssy5	(39).	
	
Ptr3	is	a	tightly	associated	peripheral	membrane	protein	(58)	playing	

a	 key	 role	 in	 SPS	 sensor-dependent	 signaling	 as	 a	 dedicated	 adaptor.	
Ptr3	is	able	to	interact	with	Ssy1,	Ssy5,	and	itself	(50,	64).	Furthermore,	
Ssy5	 and	 Ptr3	 constitutively	 interact,	 independently	 of	 the	 upstream	
component	 Ssy1	 and	 it	 has	 been	 proposed	 that	 these	 proteins	 form	 a	
constitutive	sub-complex	within	 the	SPS	sensor	(50,	64,	65).	Ptr3	con-
tains	 C-terminal	 sequences	 homologous	 to	 WD40 repeats	 that	 are	
known	to	fold	into	a	propeller-like	structure	capable	of	mediating	pro-
tein–protein	interactions	(66-68).	The	C-terminal	WD40-like	domain	of	
Ptr3	 is	 necessary	 for	 Ptr3	 oligomerization	 while	 a	 N-terminal	 LFA-
domain	was	shown	central	to	the	constitutive	interaction	between	Ptr3	
and	Ssy5	(65).	These	properties	enable	Ptr3	to	 function	as	an	adapter,	
linking	the	conformational	changes	of	the	Ssy1	receptor	to	the	colloca-
tion	of	the	PM-bound	casein	kinases	Yck1/2	and	Ssy5,	thereby	enabling	
Ssy5	activation	(65).	
	
There	are	three	critical	proteolytic	processing	steps	required	to	initi-

ate	 and	 transduce	 amino	 acid-induced	 SPS	 sensor-mediated	 signaling.	
All	three	steps	impinge	on	the	core	SPS-sensor	component	Ssy5.	Two	of	
the	proteolytic	steps	directly	control	Ssy5	activation	(further	discussed	
in	 section	 6.2)	 and	 the	 third	 is	 the	 Ssy5-dependent	 activation	 of	 two	
downstream	effector	 factors	 Stp1	 and	Stp2.	 Stp1	 and	Stp2	 are	 synthe-
sized	as	latent	cytoplasmic	 factors	that	are	excluded	 from	entering	 the	
nucleus	due	 to	an	approximately	10-kDa	N-terminal	 fragment	contain-
ing	negative	regulatory	domains	 that	 function	as	a	cytoplasmic	anchor	
(Fig.	3)(53,	54).	The	Ssy5-dependent	endoproteolytic	activation	of	Stp1	
and	Stp2	 liberates	 the	DNA-binding	 and	 transactivation	domains	 from	
the	N-terminal	cytoplasmic	retention	motifs,	enabling	the	shorter	active	
forms	of	Stp1	and	Stp2	to	efficiently	target	the	nucleus.	In	the	nucleus,	
they	bind	to	specific	upstream	activating	sequences	(UAS)	present	with-
in	 SPS	 sensor-regulated	 promoters,	 and	 induce	 SPS	 sensor-regulated	
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genes	 transcription,	 including	 multiple	 broad-specificity	 amino	 acid	
permease	 genes,	 thereby	 enhancing	 the	 amino	acid	uptake	 capacity	of	
cells	 (Fig.	 3)	 (53,	 54).	 Specifically,	 the	 AAP	 genes	 AGP1,	 BAP2,	 BAP3,	
DIP5,	GNP1,	MUP1,	TAT1	 and	TAT2,	 and	 the	 peptide	 transporter	 gene	
PTR2	are	genes	targeted	by	Stp1	and	Stp2	(57).		
	
Controlling	the	movement	of	transcription	factors	across	the	nuclear	

envelope	provides	an	excellent	way	 to	regulate	gene	expression	 in	eu-
karyotic	cells.	The	SPS-sensing	pathway	was	the	first	signal	transduction	
pathway	described	in	eukaryotic	cells	utilizing	direct	activation	of	a	pro-
tease	 to	mobilize	 latent	 transcription	 factors	by	proteolytic	processing	
(41).	Other	signaling	pathways	controlled	by	regulated	proteolysis	rely	
on	mediating	 substrate	 availability	 rather	 than	 by	 direct	 regulation	 of	
protease	activity	(69-72).	
	
Two	 sequence	 motifs	 within	 the	 N-terminal	 regulatory	 region	 of	

Stp1/2,	Region	 I	(RI)	and	Region	 II	 (RII),	place	 these	 transcription	 fac-
tors	under	SPS-sensing	pathway	control	(54).	Stp1	is	excluded	from	the	
nucleus	due	 to	 the	presence	of	RI,	and	 the	Ssy5-mediated	endoproteo-
lytic	processing	of	Stp1	 is	dependent	on	RII	 (54).	These	2	motifs	were	
shown	to	be	modular	and	transferrable	(54,	73).	The	N-terminus	of	Stp1	
fused	with	the	synthetic	transcription	factor	LexA-AD	(74)	converts	this	
constitutively	 nucleus-localized	 trans-activator	 into	 a	 latent,	 fully	 SPS	
sensor-regulated,	 factor	 (54,	 74).	 Furthermore,	 the	 localization	 of	 his-
tone	Htb2,	a	protein	that	normally	efficiently	targets	to	the	nucleus,	can	
be	controlled	by	fusing	the	Stp1	N-terminal	region,	placing	it	under	SPS-
sensor	control	(73).	It	was	recently	shown	that	Stp1	RI	serves	as	an	in-
teraction	 motif	 for	 a	 cytoplasmic	 component	 associated	 with	 the	 PM	
(73).	However,	cytoplasmic	retention	 is	not	absolute,	and	low	levels	of	
the	full-length	forms	of	Stp1	and	Stp2	that	enter	the	nucleus	can	activate	
SPS	sensor-regulated	promoters.	The	inner	nuclear	membrane	proteins	
Asi1,	 Asi2	 and	 Asi3,	 act	 in	 concert	 to	 restrict	 promoter	 access	 of	 un-
processed	forms	of	Stp1	and	Stp2	that	escape	cytoplasmic	retention	and	
inappropriately	 enter	 the	 nucleus	 (Fig.	 3)(75,	 76).	 It	 was	 recently	
demonstrated	that	Stp1	and	Stp2	that	escape	cytoplasmic	retention	are	
ubiquitylated	by	the	Asi1/3	E3	Ub-ligase	complex	co-operating	with	the	
E2	Ub-conjugating	enzyme,	Ubc7.	The	ubiquitylation	of	the	mislocalized	
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transcription	 factors	 targets	 them	 for	 proteasome-mediated	 degrada-
tion	(77).	
	
The	activity	of	Ssy5	and	SPS	sensor-dependent	signaling	has	been	ad-

ditionally	coupled	to	other	biological	 functions.	Besides	the	key	role	 in	
sensing	 and	 responding	 to	 extracellular	 amino	 acids,	 SPS	 sensor	 func-
tion	 in	 the	human	pathogen	Candida	albicans,	 impacts	 its	 virulence.	 C.	
albicans	cells	seem	to	make	use	of	the	SPS	sensor	pathway	to	sense	and	
respond	to	extracellular	amino	acids	in	a	manner	that	is	extremely	simi-
lar	to	that	of	yeast	cells.	Orthologs	of	the	known	S.	cerevisiae	SPS	sensor	
pathway	components	are	present	 in	 the	C.	albicans	genome.	 It	 is	 likely	
that	CaPtr3	and	CaSsy5	function	together	with	Csy1	at	the	PM	forming	a	
ligand	activated	receptor	complex	(Ca-SPS	sensor)	(78,	79).	Extracellu-
lar	amino	acids	induce	the	proteolytic	processing	of	C.	albicans	Stp1	and	
Stp2,	 however,	Stp1	and	Stp2	 transactivate	distinct	 sets	 of	genes	 (78).	
Processed	 Stp1	 activates	 the	 expression	 of	 proteins	 required	 for	 the	
catabolic	utilization	 of	 extracellular	 proteins	 SAP2	 and	OPT1,	 whereas	
processed	 Stp2	 induces	 the	 expression	 of	 AAP	 genes,	 including	 GAP1,	
GAP2	 and	CAN1	 (78)	Mutations	 affecting	 CaSsy1	and	CaSsy5,	 result	 in	
reduced	virulence.	Using	 a	Drosophila	melanogaster	 infection	model,	 it	
was	shown	that	a	 functional	SPS-sensor	and	Stp1	controlled	genes	are	
required	 by	 C.	 albicans	 cells	 to	 establish	 virulent	 infections	 (80).	 The	
virulence	properties	were	traced	to	the	capacity	to	degrade	and	use	host	
protein,	 which	 required	 the	 Stp1	 controlled	 SAP2	 gene,	 encoding	 the	
major	 secreted	 aspartyl	 protease.	 In	 contrast,	 Stp2,	 which	 activates	
genes	required	for	amino	acid	uptake,	was	shown	dispensable	for	viru-
lence.		
	
Moreover,	SPS	sensor	activity	was	recently	associated	with	longevity.	

Impaired	SPS-sensor	activity	resulted	in	extended	replicative	life	span,	a	
phenomenon	 not	 directly	 linked	with	 the	 reduced	 capacity	 to	 take	 up	
amino	 acids.	 A	 long-lived	 ssy5Δ	 mutant	 exhibited	 increased	 oxidized	
nicotinamide	 adenine	 dinucleotide	 (NAD+)	 homeostasis	 resulting	 from	
increased	 expression	 of	 reduced	 nicotinamide	 adenine	 dinucleotide	
(NADH)	 shuttle	 components	 and	 increased	 vacuolar	 nicotinamide	 ri-
boside	(NR)	salvaging	(81).	Stp1	was	shown	to	directly	bind	to	the	pro-
moter	of	MAE1	and	OAC1,	genes	coding	malate-pyruvate	NADH	shuttle	
components,	and	regulate	their	expression.	NR	is	a	NAD+	precursor,	and	
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the	 increased	 NR	 levels	 exhibited	 by	 the	 ssy5Δ	 mutant	 were	 partially	
attributed	 to	 the	 increased	activity	 of	 the	 vacuolar	 phosphatase	 Pho8.	
Pho8	produces	NR	from	nicotinamide	mononucleotide	as	a	major	source	
of	intracellular	NR.	Stp1	does	not	seem	to	bind	PHO8	promoter	suggest-
ing	that	the	SPS	sensor	regulates	PHO8	via	other	unknown	factors	(81).	
Maintenance	of	NAD+	homeostasis	is	indispensable	for	cellular	function	
and	numerous	metabolic	and	age-associated	diseases	have	been	linked	
to	anomalous	NAD+	metabolism	(82).		

6.2 Ssy5 Biogenesis and Activation 
Ssy5	is	expressed	as	an	inactive	zymogen	and	during	biogenesis	un-

dergoes	 an	 auto-proteolytic	 processing	 event	 that	 cleaves	 the	 N-
terminal	regulatory	prodomain	from	the	C-terminal	Cat-domain	(40,	41,	
83).	The	prodomain	plays	an	essential	role	in	the	maturation	of	the	cata-
lytically	competent	Cat-domain	(41).	This	is	common	to	other	proteases,	
where	prodomains	mediate	the	folding	of	the	catalytic	domains,	includ-
ing	the	paradigmatic	α-lytic	protease	(28,	84,	85).	In	contrast	to	 the	α-
lytic	protease	and	other	serine	proteases,	for	which	the independent	in	
vivo	 expression	 of	 the	 pro-	 and	 catalytic	 domains	 results	 in	 an	 active	
protease	(44),	co-expression	of	SSY5	pro-	and	Cat-domains,	individually	
placed	under	control	of	the	endogenous	SSY5	promoter	(PSSY5),	does	not	
reconstitute	a	 functional	protease	(41).	This	 finding	suggested	that	the	
functional	association	between	the	pro-	and	Cat-domains	is	established	
in	a	co-translational	manner and	indicate	that	prodomain	function	can-
not	be	executed	in	trans	(41).		
	
Ssy5	activation,	in	contrast	to	most	proteases,	is	not	a	direct	result	of	

its	autolytic	processing.	Instead,	the	prodomain	remains	non-covalently	
associated	with	the	Cat-domain	inhibiting	its	proteolytic	activity.	At	this	
step,	the	primed	Ssy5	is	able	to	bind	its	substrates	Stp1	and	Stp2.	There-
fore,	the	prodomain	functions	as	the	major	inhibitory	subunit	of	the	SPS	
sensor.	Similar	inhibition	mechanisms	can	be	found	in	secreted	bacterial	
proteases	including	the	α-lytic	protease.	Similar	to	Ssy5,	α-lytic	protease	
is	 expressed	 with	 an	 N-terminal	 prodomain	 essential	 for	 the	 catalytic	
domain	to	reach	a	correctly	folded	and	active	state	(44,	45,	86).	Follow-
ing	autolysis	the	α-lytic	protease	prodomain	remains	strongly	associat-
ed	with	the	catalytic	domain,	sterically	blocking	the	active	site	until	se-
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creted,	at	which	point	the	inhibitory	prodomain	is	degraded	by	extracel-
lular	proteases	 (87).	 The	mechanisms	 regulating	 Ssy5	 activation	were	
shown	 to	be,	 however,	more	 intricate.	Activation	only	occurs	when,	 in	
response	to	amino	acids,	the	prodomain	is	targeted	for	degradation	by	
the	 26S	 proteasome,	 unfettering	 the	 catalytic	 activity	 of	 the	 Ssy5	 Cat-
domain.	The	amino	acid-induced	degradation	of	the	prodomain	relies	on	
intrinsic	 sequence	 determinants	 residing	 near	 the	 N-terminus,	 amino	
acid	residues	60–130,	that	function	as	an	inducible	phosphodegron	(88,	
89)	(Fig.	4).		
	

	
	
Figure	 4.	 Schematic	 diagram	 of	 the	 Ssy5	 protease.	 Scissors	 indicates	 the	
described	autolysis	site.	The	prodomain	(residues	1–381)	encloses	a	phospho-
degron	(residues	60–130)	containing	the	phosphoacceptor	motif	(amino	acids	
60–90	with	conserved	serine	residues,	(S)	and	the	ubiquitylation	sites	(K)(88).	
The	 Cat-domain	 (residues	 382-699)	 possesses	 a	 chymotrypsin-like	 catalytic	
triad	comprised	of	residues	H465,	D545	and	the	nucleophilic	S640.	Mutation	of	
the	nucleophilic	S640	blocks	autolytic	cleavage	and	results	in	the	complete	loss	
of	SPS	sensor	signaling	(42).	 
	
The	induced	degradation	of	the	prodomain	has	been	studied	in	detail	

and	is	thought	to	occur	in	four	steps	(Fig.	5).	In	the	absence	of	inducing	
amino	acids,	the	catalytic	activity	of	the	Ssy5	protease	is	inhibited	by	the	
non-covalently	 associated	 inhibitory	 state	of	 the	prodomain	 (I).	 In	 the	
presence	of	inducing	amino	acids,	the	prodomain	receives	signals	from	
upstream	SPS	sensor	components	Ssy1	and	Ptr3,	and	switches	to	a	sig-
naling	conformation	(II).	The	signaling	conformation	exposes	the	phos-
phodegron,	 and	 the	 prodomain	 is	 phosphorylated	 (III),	 an	 event	 cata-
lyzed	by	the	PM-bound	casein	kinases	Yck1	and	Yck2.	Phosphorylation	
serves	as	a	switch-like	trigger	to	recruit	the	ubiquitin	E3	ligase	complex	
SCFGrr1,	 which	 leads	 to	 the	 ubiquitylation	 of	 the	 hyperphosphorylated	
phosphodegron	(IV).	The	polyubiquitylated	prodomain	is	subsequently	
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degraded	by	the	26S	proteasome	(V),	unfettering	the	catalytic	activity	of	
Ssy5	Cat-domain	(88).		
	
A	 common	way	 to	 regulate	 the	 activity	 of	 a	 protease	 is	 through	 its	

post-translational	modification	(8).	One	of	the	most	common	posttrans-
lational	modifications	 is	 phosphorylation,	 i.e.,	 the	 attachment	 of	 phos-
pho-groups	to	amino	acid	side	chains,	mediated	by	protein	kinases.	Pro-
tein	 kinases	 often	 exhibit	 high	 substrate	 specificity	 and	 catalyze	 the	
formation	of	 covalent	bonds	of	phospho-groups	with	 serine,	 threonine	
or	tyrosine	residues	within	consensus	sites. Protein	phosphorylation	is	
in	principle	reversible	and	the	removal	of	phospho-groups	is	catalyzed	
by	protein	phosphatases. 

	

	
	
Figure	5.	Model	for	the	amino	acid-induced	SPS-sensor	dependent	activa-
tion	of	the	endoproteolytic	activity	of	the	Ssy5	Cat-domain.	The	five	(I–V)	
Ssy5	 prodomain	 states	 leading	 to	 Stp1/2-processing	 are	 illustrated.	 Adapted	
from	(88).	 
	
The	 mechanisms	 governing	 the	 phosphorylation	 status	 of	 the	 Ssy5	

prodomain	 were	 recently	 dissected	 (65).	 The	 studies	 indicated	 that	
Rts1,	 a	 regulatory	 subunit	 of	 the	 general	protein	phosphatase	2A,	 and	
Ptr3	 have	 opposing	 roles	 in	 controlling	 Ssy5	prodomain	 phosphoryla-
tion	(Fig.	6).	Rts1,	associates	with	Ssy5	and	directs	phosphatase	PP2A	
towards	the	phosphodegron	of	the	prodomain,	thereby	helping	to	main-
tain	 the	hypo-phosphorylated	 inhibitory	 state	of	 the	prodomain	 in	 the	
absence	of	amino	acid	induction	(65).	Ptr3	works	as	an	adapter,	which	
in	 response	 to	 Ssy1	 signaling	presents	 the	phosphodegron	of	 the	 Ssy5	
prodomain	to	the	PM–localized	Yck1/2	kinases.	The	ability	of	Ptr3	to	act	
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as	an	adaptor	 is	dependent	on	 two	discrete	 functional	domains:	an	N-
terminal	 LFA-domain	 that	 provides	 the	 basis	 for	 constitutive	 interac-
tions	with	Ssy5,	and	a	C-terminal	WD40-like	domain	required	 for	Ptr3	
oligomerization.	 Oligomerization	 of	 Ptr3	 is	 a	 requisite	 for	 Yck1/Yck2	
phosphorylation.	Based	on	these	findings	it	was	proposed	that	the	con-
stitutive	 association	 of	 Rts1-PP2A	with	 Ssy5	 sets	 a	 threshold	 for	 SPS-
sensor	 signaling,	 and	 that	 the	 amino	 acid-induced	 conformational	
change	 in	 Ssy1	 facilitates	 prodomain	 phosphorylation	 in	 a	 Ptr3-
dependent	manner,	overriding	the	antagonizing	phosphatase	activity	of	
Rts1-PP2A	(65)	(Fig.	6).	

 

	
 

	
Figure	 6.	 The	 constitutive	 activity	 of	 Rts1-PP2A	 establishes	 a	 signaling	
threshold	 by	 maintaining	 the	 prodomain	 in	 its	 stable	 hypo-
phosphorylated	state	in	the	absence	of	extracellular	amino	acids.	The	sig-
naling	 conformation	 of	 Ssy1	 is	 stabilized	 by	 the	 binding	 extracellular	 amino	
acids.	Ptr3	subsequently	facilitates	the	juxtaposition	of	Ssy5	and	Yck1/2	kinas-
es,	 which	 favors	 prodomain	 phosphorylation.	 Prodomain	 phosphorylation	 is	
critical	for	the	subsequent	signaling	events,	prodomain	degradation	and	endo-
proteolytic	processing	of	Stp1/Stp2.	Obtained	from	(65).	
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Objectives 

Regulation	of	Ssy5	activation	has	been	subject	of	considerable	study	
in	the	Ljungdahl	laboratory,	and	many	of	the	activating	regulatory	steps	
have	been	defined	and	mechanistically	dissected.	However,	prior	to	the	
work	 documented	 in	 this	 thesis,	 deeper	 knowledge	 of	 Ssy5’s	 catalytic	
properties	and	substrate	specificities	remained	to	be	elucidated.	 Infor-
mation	was	 lacking	regarding	 the	 intracellular	 localization	of	Ssy5	and	
whether	its	proteolytic	activity	was	restricted	to	the	PM,	and	important-
ly,	little	was	known	about	how	cells	deal	with	and	restrict	the	proteolyt-
ic	potential	of	the	unfettered	Cat-domain,	a	requisite	to	reset	the	signal-
ing	capacity	of	the	SPS-sensor.	
	
The	 research	 work	 documented	 here	 aimed	 to	 increase	 the	 under-

standing	 of	 Ssy5	 proteolytic	 activity	determinants	 and	 its	 cell	 biology.	
The	main	objectives	were:	
	
1. Define	the	Ssy5	catalytic	properties	and	obtain	a	full	description	

of	 its	 biogenesis,	 i.e.,	 the	 sequence	 requirements	 for	 autolytic	
processing,	 the	 chymotrypsin–like	 determinants	 of	 the	 Cat-
domain,	 and	 the	 role	 of	 prodomain	 in	 Cat-domain	maturation.	
(Paper	I)	

2. Define	 the	 cleavage	 site	 in	 Stp1	 and	Stp2,	 the	 two	known	 sub-
strates	of	Ssy5,	determine	 its	substrate	specificity	and	describe	
specificity	determinants.	(Paper	I)	

3. Critically	assess	the	PM	 localization	of	Ssy1,	 the	sensor	compo-
nent	of	the	SPS-sensor	complex,	and	clarify	a	controversial	find-
ing	 regarding	 the	 intracellular	 location	of	 SPS	 sensor-mediated	
signaling	events.	(Paper	II)	

4. Define	 the	 intracellular	 localization	 of	 Ssy5,	 and	 localize	 and	
characterize	its	processing	activity.	(Paper	III)	

5. Identify	 mechanisms	 controlling	 the	 enzymatic	 activity	 of	 the	
Ssy5	 Cat-domain	 allowing	 its	 inactivation	 and	 the	 resetting	 of	
the	SPS	sensor.	(Paper	III)	
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Summary of the papers: results and discussion 

Ssy5 is a signaling serine protease that exhibits atypical 
biogenesis and marked S1 specificity (Paper I)  

In	 this	paper	we	 investigated	and	unveiled	 some	of	 the	missing	de-
terminants	of	Ssy5	biogenesis	and	proteolytic	activity.	

Ssy5	is	a	serine	protease	

Based	on	sequence	homology,	Ssy5	 is	classified	as	a	serine	protease	
(MEROPS	accession	MER0043119)	(6).	The	Ssy5	Cat-domain	contains	3	
residues,	H465,	D545,	and	S640	that	resemble	the	catalytic	triad	of	well-
characterized	 serine	 proteases,	 and	 the	 putative	 nucleophilic	 serine	 is	
essential	for	Cat-domain	activity	(42,	43).	However,	the	report	of	serine	
protease-specific	inhibitors	failing	to	inhibit	Ssy5	activity	(41)	challeng-
es	 its	 classification	 as	 a	 serine	 protease.	 Here,	 by	 analyzing	 Ssy5	 pro-
cessing	activity	in	cell-free	lysates,	previously	demonstrated	to	faithfully	
reproduce	SPS-sensor	signaling	(41),	we	show	for	the	first	time	that	pre-
incubation	of	Ssy5	expressing	 lysates	with	 the	serine	protease-specific	
inhibitor	 phenylmethylsulfonyl	 fluoride	 (PMSF),	 impairs	 its	 Stp1	 pro-
cessing	activity	(Paper	I,	Fig	1E).	Together	with	the	mutational	analysis	
confirming	the	essential	role	of	the	putative	catalytic	triad	for	Ssy5	ac-
tivity	 (Paper	 I,	Fig.	1B-D),	 these	 results	 conclusively	demonstrate	Ssy5	
as	a	serine	protease.	

The	prodomain	is	required	as	a	translational	fusion	for	Cat-domain	
folding	and	substrate	recognition	

Ssy5	is	expressed	as	an	inactive	zymogen	and	during	biogenesis	un-
dergoes	 an	 auto-proteolytic	 processing	 event	 that	 cleaves	 the	 N-
terminal	 regulatory	 prodomain	 from	 the	 C-terminal	 catalytic	 (Cat)-
domain	 (40,	 41,	 83).	 The	 function	 of	 protease	 prodomains	 is	 often	 to	
assist	the	folding	and	catalytic	maturation	of	the	protease	domains.	Ssy5	
has	a	uniquely	long	prodomain	that	was	previously	suggested	to	play	a	
role	in	Cat-domain	maturation.	However,	unlike	observed	for	other	ser-
ine	proteases	co-expression	of	pro-	and	Cat-domains	does	not	reconsti-
tute	a	functional	protease	(41).	Here	we	show	that	increasing	the	levels	
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of	Cat-domain	through	overexpression	cannot	circumvent	this	limitation	
(Paper	I,	fig.	2A),	albeit	co-expressed	pro-and	Cat-	domains	being	able	to	
interact	(Paper	I,	fig.	2B).	The	interaction	is	however	not	fruitful	and	the	
Cat-domain	 is	 not	 able	 to	 attain	 a	 folding	 status	 capable	 of	 substrate	
interaction	 (Paper	 I,	 fig.	 2C).	 Together	with	 the	 observation	 that	 Ssy5	
autolytic	 cleavage	occurs	 via	 an	 intra-molecular	 event	 and	 that	 cannot	
be	 catalyzed	 in	 trans	 (Paper	1,	 Fig.	 1C),	 these	 results	 suggest	 that	 the	
functional	association	between	the	pro-	and	Cat-domains	is	established	
in	a	co-translational	manner.	The	pro-	and	Cat-domains	of	Ssy5	must	be	
expressed	 as	 a	 single	 peptide	 to	 enable	 the	 Cat-domain	 to	 fold	 into	 a	
catalytically	active	protease	capable	of	substrate	recognition.	

Ssy5	cleaves	its	substrates	between	a	cysteine	and	a	serine	or	ala-
nine	

One	of	the	aims	of	this	work	was	to	achieve	a	better	understanding	of	
the	catalytic	properties	and	mechanism	of	 the	Ssy5	signaling	protease.	
To	achieve	this,	as	a	first	step,	we	determined	the	precise	cleavage	site	
in	its	known	substrates,	the	transcription	factors	Stp1	and	Stp2.	Cleav-
age	is	known	to	occur	within	the	conserved	RII	of	Stp1	and	Stp2	(Fig.	7).	
Consistent	with	 this	notion,	 a	 fragment	of	Stp1	 comprising	amino	acid	
residues	70	to	99	was	shown	to	be	cleaved	in	SPS-sensor	depend	man-
ner	(Paper	I,	Figure	3A).	

	

	
	
Figure	7.	The	 conserved	RII	 of	 Stp1	and	 Stp2	encloses	 the	 sequence	 re-
quired	 for	cleavage	by	Ssy5.	Amino	acid	sequences	of	RII	 from	S.	 cerevisiae	
Stp1	and	Stp2,	containing	the	predicted	processing	site	(scissors),	were	aligned	
using	 sequence	 alignment	 algorithm	 AlignX	 (Vector	 NTI)	 and	 are	 shown	 ex-
panded	below.	Identical	(yellow),	conservative	(blue),	and	similar	(green)	resi-
dues	are	highlighted;	residues	with	weak	(green	text)	or	no	similarity	(black)	
are	indicated.	
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Based	on	 this	 information	we	used	a	cysteine	scanning	approach	by	
placing	 a	 single	 cysteine	 residue	 at	 different	positions	within	RII.	Ma-
leimide-polyethylene	 glycol	 (PEG)	 treatment	of	 extracts	 obtained	 from	
cells	expressing	the	cysteine	scanning	constructs	 led	 to	diagnostic	mo-
bility	 shifts	 observable	 by	 immunoblot	 analysis	 (Paper	 I,	 Fig.	 3B).	We	
established	that	cleavage	in	Stp1	occurs	between	amino	acid	residues	85	
and	86	that	correspond	to	a	cysteine	and	a	serine,	respectively	(Fig.	8).	
Using	the	same	methodology	we	continued	to	identify	the	Ssy5	cleavage	
site	 in	Stp2.	Sequence	alignment	of	Stp1	orthologues	predicts	cleavage	
to	occur	between	cysteine	93	and	alanine	94	in	Stp2.	We	confirmed	that	
cleavage	 occurs	 in	 the	 predicted	 site	 suggesting	 that	 Ssy5	 cleavage	
recognition	site	is	conserved	(Fig.	8).		
	

	
	
Figure	 8.	 Ssy5	 cleaves	 its	 substrates	 between	 a	 cysteine	 and	 a	 serine	
(Stp1)	or	alanine	(Stp2).	The	Stp1	and	Stp2	transcription	factors	are	schemat-
ically	represented.	The	location	of	regulatory	regions	I	(RI)	and	II	(RII)	and	the	
DNA-binding	domains	(DBD)	are	indicated.	Scissors	indicate	the	Ssy5	cleavage	
site	within	RII.	Sequence	alignment	of	RII	 from	Stp1	and	Stp2	 (AlignX,	Vector	
NTI);	 identical	 (yellow),	 conservative	 (blue),	 and	similar	 (green)	 residues	are	
highlighted;	 residues	with	weak	 (green	 text)	or	no	similarity	 (black)	are	 indi-
cated.	Adapted	from	(90).	

Ssy5	requires	substrates	with	small	residues	at	the	P1	position	

In	 the	next	step	we	set	out	 to	determine	 the	substrate	specificity	of	
Ssy5.	According	to	the	Schechter	and	Berger	nomenclature	(9)	the	active	
site	 of	 a	protease	 is	 composed	 by	 several	 subsites,	 S	 pockets,	 that	 ac-
commodate	 consecutive	 amino	 acids	 of	 the	 substrate	 (called	 P	 sites)	
(Fig.	1).	The	substrate	specificity	of	chymotrypsin-like	serine	proteases	
is	usually	determined	by	the	architecture	of	the	S1	sub-site	that	accom-

Stp2

Stp1
65

72

97

105

85 86

93 94

✂
Ssy5

DBD

Stp1/Stp2

RI RII

LFPESNNIDRSLNGGCSVIPC SMDVSDLNTPIS
ALNLDNLETPFSLFPKQNNKQLSLTSKSSVVPC

Oconservation



 30 

modates	the	substrate	residue	N-terminal	to	the	cleavage	site	(P1)(84).	
We	analyzed	the	effect	of	substituting	the	cysteine	at	P1	position	in	wild	
type	 (WT)	 Stp1,	 with	 amino	 acids	 fitting	 different	 categories,	 charged	
(aspartate	 and	 lysine),	 large	 hydrophobic	 (leucine	 and	 phenylalanine)	
and	 small	 (serine,	 alanine	 and	 glycine).	We	 classified	 the	 Stp1	mutant	
variants	 as	being,	 or	not,	 substrates	of	 Ssy5	based	on	 the	 ability	 to	be	
cleaved	 by	 Ssy5	 and	 to	 complement	 the	 2-{[({[(4-methoxy-6-methyl)-
1,3,5-triazin-2-yl]-amino}carbonyl)amino-]-sulfonyl}-benzoic	acid	(MM;	
100	μg/ml)	sensitive	growth	phenotype	of	a	stp1D	stp2D	strain	(Paper	I,	
Fig.	4B-C).	MM	inhibits	branched	chain	amino	acid	biosynthesis.	Conse-
quently,	to	survive	on	media	containing	MM,	yeast	cells	need	to	induce	
efficient	 uptake	 of	 branched	 chain	 amino	 acids,	 requiring	 a	 functional	
SPS	 sensor.	We	 showed	 that	 Stp1	mutant	 forms	with	 charged	and	hy-
drophobic	residues	at	the	P1	position	are	no	longer	recognized	as	Ssy5	
substrates,	failing	to	complement	stp1D	stp2D	growth	phenotype	on	MM	
(Fig.	9)(paper	I,	Fig.	4C).	
	

	
	
Figure	9.	Ssy5	cleaves	substrates	with	small	amino	acid	residues	at	the	P1	
position.	Schematic	 representation	of	Stp1	 indicating	 the	 location	of	 the	con-
served	 N-terminal	 regions,	 RI	 and	 RII,	 and	 the	 DNA-binding	 domains	 (DBD).	
Amino	acid	sequence	of	RII	from	S.	cerevisiae	Stp1	is	expanded	below.	The	ex-
perimentally	 determined	 processing	 site	 is	 displayed	 (scissors).	 Substrate	 P	
and	P’	sites,	as	well	as	the	corresponding	S	and	S’	protease	sub-sites	are	illus-
trated.	P4,	P1	and	P’1	positions	in	Stp1	were	subjected	to	mutational	analysis.	
The	amino	acid	substitutions	performed	at	 those	positions	 (1	 to	15)	are	 indi-
cated.	Red	indicates	amino	acid	residues	that	render	Stp1	non-cleavable.	Green	
indicates	tolerated	amino	acid	substitutions.	Adapted	from	(90).	
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Interestingly,	 a	 further	 specificity	determinant	was	 identified	at	 the	

conserved	P4	position.	We	found	that	Stp1	cleavage	and	growth	on	MM	
was	 impaired	 by	 the	 presence	 of	 charged	amino	acids	 at	 this	position	
(Fig.	9)(Paper	I,	Fig.	4B-C).	This	more	remote	sequence	determinant	is	
unusual,	with	few	serine	proteases	displaying	selectivity	for	P4	residues	
(91).	Specificity	at	the	P1	and	P4	residues	is	characteristic	of	the	family	
of	 eukaryotic	 pro-protein	 processing	 proteases,	 for	 which	 the	 S.	 cere-
visiae	Kex2	protease	is	the	prototype,	and	of	subtilisins	(92,	93).	Subtil-
isins	are	known	for	possessing	an	extended	binding	cleft	comprising	a	
minimum	of	eight	subsites	(93).	Searching	the	MEROPS	database	reveals	
that	only	 three	serine	proteases	are	known	to	cleave	P4	valine	and	P1	
cysteine	containing	substrates	(6),	 indicating	 that	the	Ssy5	recognition	
sequence	is	uncommon.	

 
Stp2	cleavage	exhibited	the	same	P1	requirements,	however,	 in	con-

trast	to	Stp1,	charged	amino	acids	at	the	P4	position	did	not	impair	Stp2	
cleavage	 or	 its	 ability	 to	 complement	 stp1D	 stp2D	 growth	 phenotypes	
(Paper	I,	Fig.	5).	A	less	strict	P4	requirement	for	Stp2	cleavage	could	be	
the	 consequence	 of	 the	 non-conserved	 residues	 spanning	 the	 P4-P’4	
region,	positively	affecting	Ssy5	subsite	cooperativities.	It	is	known	that	
binding	of	a	particular	substrate	residue	at	a	protease	subsite	can	have	
either	a	positive	or	negative	influence	on	the	binding	of	particular	resi-
dues	at	other	subsites	(94).	Subsite	cooperativity	has	been	observed	in	a	
wide	range	of	proteases,	often	between	non-adjacent	subsites	(94).	The	
existence	 of	 different,	 more	 remote,	 binding	 sites	 facilitating	 a	 more	
stable	attachment	of	Stp2	 to	Ssy5	substrate	binding	site	could	also	ex-
plain	a	less	strict	P4	requirement.	

Ssy5	autolysis	exhibits	a	less	stringent	sequence	requirement	

Ssy5	 autolytic	 processing	 was	 reported	 occurring	 between	 alanine	
381	and	alanine	382	 (40).	However,	 based	on	 sequence	homology	be-
tween	Stp1	and	Ssy5	and	the	availability	of	mutations	 that	abolish	au-
tolysis,	 it	was	suggested	that	autolytic	processing	of	Ssy5	occurs	some-
where	between	acids	409	and	432	(42).	The	first	step	was	then	to	clarify	
the	site	of	Ssy5	autolysis.	Here,	using	a	Mass	Spectrometry	approach,	we	
present	data	describing	the	Ssy5	autolysis	site	between	alanine	381	and	
alanine	382	(Paper	1,	Fig.	6),	consistent	with	the	residues	at	the	P1	and	
P’1	 positions	 in	 Stp1/Stp2.	 Next	 we	 tested	 if	 the	 same	 sequence	 re-
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quirements	apply	 to	 the	autolytic	processing	of	Ssy5.	Similarly	 to	Stp1	
and	 Stp2,	 both	 autolysis	 and	 the	 ability	 to	 complement	 ssy5D	 pheno-
types	 are	 blocked	 or	 impaired	 when	 a	 charged	 or	 large	 hydrophobic	
residue	is	placed	at	the	P1	position	of	the	autolytic	site	(Fig.	10).		
	

	
	
Figure	10.	Ssy5	autolytic	processing	is	blocked	or	impaired	by	charged	or	
large	 hydrophobic	 residue	 at	 the	 P1	 position.	 	 Mutational	 analysis	 of	 the	
Ssy5	auto-processing	site.	Schematic	 representations	of	Ssy5	 including	amino	
acids	 373-402	 of	wild-type	 Ssy5	 and	mutant	 variants	with	 single	 amino	 acid	
substitutions	 (residues	 in	 red)	 at	 the	 P1	 position	 (A381L,	 A381K,	 A381F,	
A381D,	 A381C	 and	 A381S).	 The	 described	 auto-processing	 site	 (381/382)	 is	
indicated.	 Tolerated	 and	 non-tolerated	 amino	 acid	 substitutions	 are	 labeled	
with	green	and	red	lettering,	respectively.		Activity	impairing	substitutions	are	
labeled	with	orange	lettering.	Adapted	from	(90).	
	
Autolysis	occurs	during	biogenesis	as	the	catalytic	cleft	attains	a	func-

tional	conformation.	To	assess	the	possibility	that,	as	an	intra-molecular	
event,	autolysis	may	exhibit	a	less	stringent	sequence	requirement,	we	
performed	 a	 more	 extensive	 mutagenic	 analysis	 around	 the	 autolysis	
site.	The	data	revealed	that	substitutions	of	different	residues	surround-
ing	the	Ssy5	autolysis	site,	 including	a	stretch	of	six	continuous	alanine	
residues,	did	not	affect	autolysis	(Paper	1,	Fig.	7B).	Strikingly,	a	deletion	
encompassing	 9	 residues	 (Δ379-387)	 spanning	 the	 autolytic	 cleavage	
site	also	did	not	 impair	cleavage	or	 functionality	of	Ssy5	(Paper	1,	Fig.	
7B),	suggesting	that	autolysis	occurs	in	this	mutant	at	an	alternate	site.	
Only	 a	more	 extensive	 deletion	 of	 21	 residues	 (Δ379-400),	 extending	
further	 into	 the	 non-conserved	 region	 upstream	 of	 the	 cleavage	 site,	
resulted	 in	 a	 non-functional	 ssy5	 allele	 that	 weakly	 expressed	 a	 full-
length	protein	devoid	of	autolytic	activity	(Paper	1,	Fig.	7B).	
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These	observations	indicate	that	the	autolytic	activity	of	Ssy5	exhibits	

similar,	although	less	strict,	sequence	specificity	to	Stp1	and	Stp2	endo-
proteolytic	cleavage.	Together,	 these	results	suggest	 that	 the	nature	of	
the	substrate	P1	site	amino	acid	residue	is	the	most	important	require-
ment	for	the	proteolytic	activity	of	Ssy5 a	feature	typical	of	the	chymo-
trypsin	family	of	serine	proteases	(95).	

Ssy5	 activity	 and	 catalytic	 site	 architecture	 is	 influenced	 by	 resi-
dues	known	to	affect	serine	proteases	specificity	

We	next	 aimed	 to	define	 residues	 in	 the	 Ssy5	 catalytic	 site	 that	de-
termine	the	specificity	of	the	S1	sub-site.	The	S1	sub-site	in	chymotryp-
sin-like	serine	proteases	is	a	pocket	adjacent	to	the	nucleophilic	serine	
195,	formed	by	residues	189-192,	214-216,	and	224-228	(chymotrypsin	
numbering).	The	residues	at	positions	189,	216,	and	226	usually	deter-
mine	specificity	(84).	Using	sequence	homology	comparisons	we	found	
the	residues	F634,	H661	and	G671	in	Ssy5,	putatively	corresponding	to	
the	positions	S189,	G216,	and	G226	of	chymotrypsin	(Paper1,	Fig.	8A),	
and	 tested	 their	 influence	 in	 Ssy5	 substrate	 specificity	 and	 activity.	
These	residues	were	replaced	with	amino	acids	that	are	present	in	other	
well-characterized	serine	proteases	(Fig.	11)	and	both	autolysis	and	the	
ability	of	 the	mutant	variants	 to	complement	 the	ssy5D	growth	pheno-
type	 were	 assessed	 (Pape1,	 Fig.	 8B).	 Consistent	 with	 the	 notion	 that	
these	 residues	 play	 an	 important	 role	 in	 Ssy5	 catalyzed	 proteolysis,	
most	of	the	substitutions	exhibited	diminished	Ssy5	activity	(Fig.	11).	
	

	
	
Figure	11.	Mutational	analysis	of	the	Ssy5	catalytic	cleft.	The	Cat-domain	of	
Ssy5	is	schematically	represented.	The	position	of	the	catalytic	triad	comprised	
of	residues	H465,	D545	and	the	nucleophilic	S640residues,	is	 indicated.	 	Resi-
dues	634,	661	and	671	 in	 the	Ssy5	Cat-domain,	predicted	 to	affect	 specificity,	
are	 over	 lined	 in	 red.	 The	 Ssy5	 sequence	 between	 628-673	 is	 expanded	 and	
single	amino	acid	substitutions	at	 the	634,	661	and	671	positions	are	shown.	
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Substitutions	 that	 block	 (red),	 impair	 (orange),	 or	 do	 not	 affect	 autolysis	 or	
growth	(green)	are	indicated.	Adapted	from	(90).	
	
We	examined	the	possibility	that	the	mutant	forms	of	Ssy5	could	po-

tentially	manifest	altered	substrate	specificity.	For	this	we	screened	its	
ability	to	cleave	WT	Stp1	and	the	library	of	Stp1	P1-mutants	that	we	had	
previously	shown	to	be	refractory	to	WT	Ssy5	cleavage.	The	Ssy5	G671T	
substitution	was	 found	 to	 exhibit	 partially	 impaired	 autolysis,	 but	had	
gained	the	capacity	to	cleave	the	Stp1	C85L	mutant	whilst	retaining	ca-
pacity	to	cleave	WT	Stp1	(Fig.	12).		
	

	
	
Figure	12.	Ssy5	mutant	G671T	shows	altered	specificity.	Immunoblotting	of	
protein	 extracts	 of	 ssy5Δ	 strain	 (HKY77)	 co-transformed	 with	 plasmids	
pAM119	 (SSY5	 G671T)	 and	 pAM130	 (STP1	 C85L),	 pCA177	 (SSY5	 WT)	 and	
pAM130	 (STP1	 C85L),	 as	 well	 as	 with	 pAM119	 (SSY5	 G671T)	 and	 pCA204	
(STP1	WT).	Immunoreactive	forms	of	HA-tagged	Ssy5	and	myc-tagged	Stp1	are	
schematically	indicated	at	their	corresponding	position	of	migration.	Structural	
aspects	of	the	Ssy5	protease	and	its	mutant	variant,	G671T.	Modeled	structures	
of	Ssy5	(grey)	and	Ssy5	G671T	(brown)	obtained	using	PHYRE2	and	visualized	
with	 PyMOL™.	 The	 differences	 between	 both	 structures	 are	 shown	 as	 color	
mismatch.	The	specific	 location	of	F634,	H661	and	G671	are	 indicated	 in	yel-
low,	green	and	blue,	respectively.	The	active	site	S640	is	colored	in	red.	Orange	
and	magenta	highlight	alterations	in	the	active	site	and	F640	position,	respec-
tively,	derived	from	the	G671T	mutation.	Adapted	from	(90).	
	
In	an	attempt	to	identify	the	underlying	basis	for	the	altered	specifici-

ty	of	the	Ssy5	G671T	mutant	protein,	we	modeled	both	Ssy5	G671T	and	
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Ssy5	WT	 sequences	 using	 PHYRE2	 (96,	 97).	 The	 Ssy5	 sequence	 fitted	
best	 with	 the	 structure	 of	 Thermobifida	 fusca	 protease	 A	 (TFPA),	 a	
thermophilic	homologue	of	the	α-lytic	protease	(47).	By	comparing	the	
obtained	 models,	 the	 Ssy5-G671T	 mutation	 is	 predicted	 to	 alter	 the	
structure,	both	close	to	the	active	site	and	in	a	more	distal	loop	(brown	
and	grey	mismatch)	(Fig.	12).	Specifically,	the	nucleophilic	S640	appears	
with	a	different	orientation	in	the	Ssy5-G671T	mutant	(Fig.	12,	compare	
red-Ssy5;	 orange-Ssy5-G671T),	while	 residue	 F634	 attains	 an	 orienta-
tion	that	opens	up	 the	S1	subsite	pocket	 (Fig.	12	compare	yellow-Ssy5	
with	magenta-Ssy5-G671T).	 It	 is	 conceivable	 that	 these	 changes	 could	
explain	 both	 the	 impaired	 autolytic	 activity	 and	 the	 altered	 specificity	
observed	 for	G671T	mutation,	being	able	to	accommodate	a	bulkier	R-
group	at	the	P1	position.	
	
The	 remarkable	 fit	 of	 Ssy5	 sequence	 to	 the	 structure	 of	 TFPA	 in-

trigued	us.	TFPA	exhibits	enhanced	stability	at	high	temperatures,	com-
pared	with	α-lytic	protease	(47).	The	α-lytic	protease	subfamily	contains	
some	of	 the	best-studied	kinetically	 stable	proteins,	 and	 its	 stability	 is	
central	 to	 their	 biological	 function	 in	 the	 harsh	 extracellular	 environ-
ment	(47,	98).	This	finding	is	however	consistent	with	need	of	a	unique-
ly	large	prodomain	for	Ssy5	Cat-domain	maturation.	The	size	of	the	pro-
domain	is	linked	to	the	difficulty	of	the	Cat-domains	to	fold	into	its	cata-
lytically	competent	structures	and	highly	stable	proteases,	as	the	α-lytic	
proteases,	have	longer	prodomains.	It	is	puzzling	to	consider	the	impli-
cations	of	a	highly	stable	protease	functioning	in	the	context	of	an	intra-
cellular	signaling	pathway,	and	raises	the	question	of	how	cells	turn	off	
the	proteolytic	activity	of	a	kinetically	stable	intracellular	protease	once	
the	inhibitory	prodomain	is	degraded	
	
Together,	 the	results	here	presented	provide	a	detailed	understand-

ing	of	the	intrinsic	sequence	requirements	within	the	catalytic	site	that	
are	 important	 for	 autolysis	 during	 biogenesis	 and	 processing	 of	 Stp1	
and	 Stp2.	We	 conclusively	 confirm	 that	 Ssy5	 is	 a	 serine	 protease	 and	
identified	the	scissile	bonds	in	Stp1	and	Stp2,	establishing	the	rules	for	
their	recognition	as	substrates.	Moreover,	we	described	residues	in	Ssy5	
substrate-binding	pocket	involved	in	determining	substrate	specificity.	
	



 36 

Ssy1 possesses a C-terminal ER exit signal and localizes 
to the plasma membrane independent of ER-PM 
junctions (Paper II) 

One	important	missing	detail	regarding	characterization	of	Ssy5	pro-
teolytic	activity	is	its	localization	within	cells.	The	signaling	events	that	
originate	at	the	receptor	Ssy1	upon	binding	of	extracellular	amino	acids,	
which	 result	 in	 Ssy5	 activation,	 have	 been	 shown	 to	 occur	 at	 the	 PM.		
However,	a	recent	publication	challenged	the	accepted	PM	localization	
of	Ssy1	suggesting	that	the	current	knowledge	on	SPS	sensor-dependent	
signaling	should	be	revised.	This	forced	us	to	first	clarify	the	intracellu-
lar	 localization	 of	 Ssy1	 in	 order	 to	 establish	 a	 sound	 base	 to	 address	
localization	of	Ssy5	mediated	events.	

Ssy1	co-fractionates	with	the	PM	marker	Pma1		

Our	 current	 understanding	 of	 amino	acid	 sensing	 in	 Saccharomyces	
cerevisiae	 is	built	around	the	existence	of	a	PM-bound	amino	acid	sen-
sor,	the	trimeric	ligand-activated	SPS	sensor.	Despite	the	abundance	of	
data	supporting	 the	PM	localization	of	the	sensor	Ssy1,	 it	was	recently	
proposed	that	Ssy1	is	an	ER	protein,	and	that	its	PM	localization	results	
from	the	ability	to	establish	ER-PM	contacts	(99).	Based	on	this	contro-
versial	 finding,	 the	 authors	 argue	 that	 the	 mechanism	 of	 amino	 acid	
sensing	 needs	 to	 be	 reconsidered.	 Here	 we	 critically	 assessed	 the	 PM	
localization	of	the	Ssy1,	using	subcellular	fractionation	studies	and	con-
ditions	 to	 specifically	 discriminate	 between	 PM	 and	 ER	 membranes	
(achieved	by	the	addition	of	EDTA	to	the	lysis	buffer	and	to	the	sucrose	
step-gradients).	We	showed	that	Ssy1	co-fractionates	perfectly	with	the	
PM-marker	 Pma1,	 while	 observing	 a	 clear	 separation	 between	 Dpm1	
and	 Pma1,	 which	 are	 marker	 proteins	 for	 the	 ER	 and	 PM-containing	
fractions,	respectively	(Paper	II,	Fig.	1).		

Ssy1	function	and	PM	localization	does	not	require	ER-PM	contacts	

To	clarify	whether	SPS	sensor	function	and	Ssy1	PM	localization,	re-
quires	 the	ability	of	cells	establishing	ER-PM	tethers,	we	examined	the	
localization	of	Ssy1	 in	a	Δtether	strain	(ist2Δ	scs2Δ	scs22Δ	tcb1Δ	tcb2Δ	
tcb3Δ)	lacking	six	proteins	responsible	the	formation	of	ER-PM	contacts,	
so	called	ER-PM	junctions	(100).	This	strain	exhibits	diminished	ER-PM	
junctions	 (Paper	 II,	 Fig.	 2A)(100),	 however,	 Ssy1	 remains	 localized	 to	
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the	PM,	 co-fractionating	with	 the	PM-marker	Pma1	 (Paper	 II,	 Fig.	 2B).	
The	 Δtether	 strain	 is	 able	 to	 grow	 in	 the	 presence	 of	 the	 inhibitor	 of	
branched-chain	amino	acid	synthesis,	MM	(Paper	 II,	Fig.	2C),	 revealing	
that	a	strain	lacking	ER-PM	junctions	possesses	a	normally	functioning	
SPS	sensor.	These	results	clearly	demonstrate	that	the	inability	to	estab-
lish	ER-PM	tethers	does	not	impact	the	ability	of	cells	to	target	Ssy1	to	
the	PM	nor	for	them	to	respond	to	the	presence	of	extracellular	amino	
acids.		

The	 PMB	 domain	 is	 not	 required	 for	 Ssy1	 function	 or	 PM-
localization	

We	also	investigated	the	role	of	the	proposed	PM	binding	(PMB)	domain	
of	Ssy1,	which	was	reported	to	be	an	important	determinant	for	sorting	
of	Ssy1	to	the	peripheral	ER	and	to	engage	the	PM	during	the	formation	
of	 ER-PM	 junctions	 (99).	 Our	 data	 unambiguously	 showed	 that	 an	
SSY1ΔPMB-HA	 allele,	 encoding	 a	 mutant	 Ssy1	 protein	 lacking	 the	 N-
terminal	 residues	 167	 to	 196	 (Paper	 II,	 Fig.	 3A),	 complemented	 the	
growth	sensitivity	to	MM	of	an	ssy1Δ	(Paper	II,	Fig.	3C),	furthermore,	the	
mutant	Ssy1	protein	localized	to	the	PM	(Paper	II,	Fig.	3B).	These	find-
ings	 indicate	 that	 the	 ΔPMB	 Ssy1	mutant	 is	 functional	 at	 the	 PM	 and	
properly	 transduces	 amino	 acid-induced	 signals.	 A	 conclusion	 further	
corroborated	by	ability	of	Ssy1ΔPMB-HA	to	induce	the	proteolytic	pro-
cessing	of	the	Stp1	(Paper	II,	Fig.	3D).	The	combined	results	clearly	indi-
cate	that	the	PMB	domain	is	not	essential	for	Ssy1	function	or	localiza-
tion.	

Ssy1	shares	a	common	trafficking	determinant	with	AAPs	

Ssy1	 and	 other	 AAP	 protein	 family	members	 require	 a	membrane-
localized	chaperone,	Shr3,	to	fold	and	to	be	efficiently	incorporated	into	
ER-derived	COPII-coated	vesicles	(49,	61,	62).	 In	 this	paper	we	 identi-
fied	 further	similarities	between	Ssy1	and	other	AAPs.	We	 identified	a	
putative	di-acidic	ER-exit	motif	in	the	C-terminus	of	Ssy1	(Paper	III,	Fig.	
4A).	This	conserved	motif	is	important	for	the	incorporation	of	AAPs	in	
COPII-coated	vesicles,	which	transport	cargo	proteins	from	the	ER	to	the	
Golgi.		
	
We	show	that	a	mutant	Ssy1	lacking	this	ER-exit	motif	(ssy1-ERXAAA)	

(Paper	II,	Fig.	4A)	is	retained	in	the	ER,	in	a	way	similar	to	the	effect	of	
shr3Δ	on	WT	Ssy1	(Paper	II,	Fig.	4B).	We	find	that	the	presence	of	this	
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ER-exit	motif	 is	 required	to	support	growth	on	yeast	extract–peptone–
dextrose	(YPD)+MM	(Paper	II,	Fig.	4C)	and	that	it	 is	required	to	induce	
proteolytic	cleavage	of	 the	 transcription	 factor	Stp1	(Paper	II,	Fig.	4D).		
This	is	a	clear	indication	that	the	newly	identified	ER-exit	motif	is	essen-
tial	for	proper	PM	localization	of	Ssy1,	and	consequently	for	SPS	sensor-
dependent	signaling.	

Deletion	of	the	PMB	domain	affects	Ssy1	downregulation		

One	remarkable	observation	derived	from	examining	the	effect	of	de-
leting	the	putative	PMB	domain	on	Ssy1	localization,	was	that	the	steady	
state	 levels	 of	 the	 ΔPMB	 Ssy1	mutant	were	 higher	 than	WT	 Ssy1.	We	
speculate	that	the	increased	levels	might	result	from	the	loss	of	five	ly-
sine	residues	within	the	PMB	motif,	and	that,	similar	to	other	AAPs,	the	
lysine	residues	are	important	for	endocytic	down-regulation	of	Ssy1.		To	
investigate	possible	interactions	between	the	PMB	motif	and	the	newly	
described	ER-exit	motif,	we	generated	an	ssy1-ERXAAAΔPMB-HA	mutant	
(Paper	 III,	Fig.	5A)	and	showed	that	deletion	of	the	PMB	domain	could	
not	rescue	the	growth	defect	on	MM	and	lack	of	Stp1	proteolytic	activity	
exhibited	by	the	ssy1-ERXAAA	mutant	(Paper	II,	Fig.	5B-C).	
	
Together,	 the	results	presented	 in	this	paper	clearly	show	that	Ssy1	

localizes	to	the	PM	irrespective	of	ER-PM	tethers	or	the	presence	of	the	
N-terminal	 PMB	 domain.	 Importantly,	 this	 paper	 documents	 that	 the	
proper	 localization	 of	 Ssy1,	 and	 consequently	 proper	 SPS	 sensor-
dependent	signaling,	requires	a	di-acidic	ER-exit	motif.	
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The endoproteolytic activity of the SPS-sensor 
controlled Ssy5 signaling protease is not restricted to the 
plasma membrane (Paper III) 

Having	 confirmed	 the	 PM	 localization	 of	 Ssy1,	 the	 receptor	 compo-
nent	of	the	SPS	sensor-complex,	we	focused	on	determining	the	intracel-
lular	localization	of	Ssy5.	This	is	important,	not	only	to	better	character-
ize	 its	proteolytic	activity,	 but	 considering	 the	data	 suggesting	 its	 high	
stability,	 to	 identify	 possible	 mechanisms	 that	 control	 the	 enzymatic	
activity	of	the	amino	acid-induced	unfettering	of	the	Ssy5	Cat-domain.		

Ssy5	 is	 able	 to	 cleave	 a	 modified	 Stp1	 substrate	 with	 regulatory	
motifs	placed	in	an	inverted	orientation	at	the	C-terminus	

We	previously	described	the	precise	Ssy5	cleavage	site	 in	Stp1/2	as	
well	as	the	autolysis	site.	The	results	suggested	that	the	recognition	se-
quence	is	not	common,	but	that	some	amino	acid	variability	around	the	
cleavage	site	is	compatible	with	Ssy5	substrate	recognition	and	cleavage	
(90).	It	is	also	known	that	Stp1	RII,	encompassing	the	cleavage	site,	can	
be	 transferred	to	other	proteins,	 turning	them	into	substrates	 for	Ssy5	
(54,	73).	Here	we	critically	tested	the	transferability	of	RII	and	showed	
that	it	is	still	recognized	and	cleaved	by	Ssy5	when	removed	from	the	N-
terminus	of	 Stp1	and	 repositioned	 in	 the	 reverse	 orientation	at	 the	C-
terminus	(Paper	III,	Fig.	1).	This	finding	suggests	that	Ssy5	Cat-domain	
has	high	affinity	with	Stp1	RII,	while	exhibiting	some	flexibility	in	sub-
strate	recognition.	

An	ER	localized	Shr3-Stp1	fusion	protein	is	cleaved	in	response	to	
amino	acids	independent	of	ER-PM	tethers	

Aiming	to	better	characterize	the	proteolytic	activity	of	Ssy5	we	pur-
sued	the	intracellular	location	of	Stp1	processing.	According	to	the	cur-
rent	understanding	of	SPS-sensor	dependent	signaling,	Ssy5	is	activated	
through	signaling	events	at	the	PM.	It	is	also	known	that	Stp1	and	Stp2,	
the	only	known	physiological	substrates	of	Ssy5	are	able	to	locate	at	the	
PM,	 a	 finding	 suggesting	 that	 Stp1/Stp2	 processing	 by	 Ssy5	 occurs	 in	
close	 proximity	 to	 PM.	 However,	 Stp1	 lacking	 its	 RI,	 previously	 de-
scribed	essential	for	PM	association,	 is	still	processed	upon	amino	acid	
induction	 (73),	 raising	 questions	 regarding	 where	 in	 the	 cell	 Ssy5	
cleaves	 its	 substrates.	Here	we	 report	 that	 an	 engineered	protein	 con-
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sisting	 of	 Stp1	 fused	 to	 the	 C-terminus	 of	 the	 well-characterized	 ER	
membrane	protein	Shr3	(Paper	III,	Fig	2A)	localizes	to	the	ER	(Paper	III,	
Fig	2C)	and	 is	processed	under	amino	acid-inducing	conditions	(Paper	
III,	Fig	2B).	These	results	indicate	that	Ssy5	is	able	to	target	an	ER	local-
ized	substrate,	and	that	its	Stp1	processing	activity	is	not	confined	to	the	
PM.	We	 further	 addressed	 the	 possibility	 of	 ER-PM	 tethers	 facilitating	
the	 contact	between	a	PM	 localized	Ssy5	and	 the	ER	Shr3-Stp1	 fusion	
protein.	 In	direct	 comparison	with	 a	 tether	 competent	parental	 strain,	
Shr3-Stp1	 processing	 occurred	 with	 similar	 kinetics	 in	 the	 Δtether	
strain	(100)	(Paper	III,	Figs.	2B	and	3B).	

Ssy5	 exhibits	 a	 disperse	 intracellular	 distribution	 and	 the	 Cat-
domain	is	a	target	for	post-translational	modification		

To	clarify	where	Ssy5	is	localized	in	cells	and	investigate	where	it	ex-
erts	its	Stp1	and	Stp2	processing	activity,	we	investigated	the	intracellu-
lar	distribution	of	Ssy5	by	subcellular	fractionation.	Focusing	on	the	Cat-
domain,	we	 found	 that	 it	 has	 a	 disperse	 distribution,	 being	 found	 co-
localizing	with	both	soluble	and	membrane	proteins.	This	fractionation	
pattern	was	unaltered	by	the	presence	of	inducing	amino	acids.	Moreo-
ver,	 Stp1,	 one	 of	 the	 physiological	 substrates	 of	 Ssy5,	 was	 shown	 co-
localizing	with	the	Cat-domain	(Paper	III,	Fig.	3C).		
	
The	 dispersed	 distribution	 of	 the	 Cat-domain	 is	 consistent	 with	 its	

ability	to	 target	a	substrate	 localized	away	 from	the	PM.	However,	 this	
observation	raises	the	question	as	 to	how	cells	control	and	 turn	off	 its	
signaling	capacity,	a	requisite	for	resetting	the	SPS	signaling	system.	To	
investigate	how	cells	may	exert	control	of	the	activated	Cat-domain,	we	
considered	the	temporal	aspects	of	Ssy5-Cat	activation	and	inactivation.	
By	 using	 short	 induction	 periods,	 5	 and	 10	 minutes,	 and	 performing	
time-course	experiments,	we	were	able	to	follow	the	initiation	and	ter-
mination	of	Stp1	processing	activity	(Paper	III,	Fig.	4A). As	expected,	the	
induction	of	Stp1	cleavage	occurred	rapidly,	and	the	extent	of	cleavage	
was	dependent	on	the	duration	of	the	inducing	pulse.	Under	these	con-
ditions,	we	did	not	detect	a	correlation	between	Cat-domain	levels	and	
catalytic	activity.	Curiously,	the	levels	of	a	slower	migrating	Cat-domain	
form	appeared	to	inversely	correlate	with	Stp1	processing	activity	(Pa-
per	 III,	 Fig.	 4A).	 These	 observations	 are	 consistent	 with	 a	 post-
translational	modification	 of	 the	 Cat-domain	 that	 is	 sensitive	 to	 and	a	
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response	to	amino	acid	induction.	We	found	evidence	consistent	with	a	
phosphorylated	Cat-domain	 form.	 Its	appearance	 is	dependent	on	Ptr3	
and	Yck1/2	(Paper	III,	Fig.	4B),	well	known	for	its	involvement	in	pro-
domain	hyperphosphorylation.	Moreover,	replacement	of	three	putative	
phosphorylation	 sites,	 within	 a	 highly	 conserved	 region	 previously	
shown	important	for	Ssy5	activity	(PISMSLS;	aa	420-426)	(42),	sufficed	
for	its	disappearance	(Paper	III,	Fig.	4C).	Protease	activity	is	often	regu-
lated	by	phosphorylation,	 however,	 the	 relevance	of	Cat-domain	phos-
phorylation	within	 the	 context	 of	 its	 activity	 regulation	 remains	 to	 be	
elucidated.	

Ssy5	Cat-domain	retains	processing	activity	after	long-term	storage	
in	cell-free	lysates	but	is	degraded	in	vivo	upon	amino	acid	induc-
tion 

After	finding	that	Ssy5	is	dispersedly	distributed	in	cells,	we	assessed	
its	stability	and	whether	this	attribute	might	vary	in	response	to	amino	
acid	 induction.	We	 confirmed	 that	under	 storage	 conditions,	 activated,	
Cat-domain	retains	its	processing	capability	for	a	long	period	of	time	(up	
to	30	days)	in	cell-free	lysates	(Paper	III,	Fig.	5A).	This	is	consistent	with	
the	sequence	modeling	previously	showing	that	Ssy5	sequence	best	fits	
the	 structure	 of	 the	 highly	 stable	 thermophilic	 α-lytic	 protease	 homo-
logue,	TFPA,	and	with	Ssy5’s	uniquely	long	prodomain.		
	
These	findings	prompted	us	to	address	the	stability	of	the	Cat-domain	

in	 vivo.	 We	 followed	 Cat-domain	 levels	 during	 an	 extended	 period	 of	
time	 (90	minutes)	 in	 the	presence	of	 cycloheximide	 (CHX),	 and	estab-
lished	 that	 Ssy5	 Cat-domain	 is	 stable	 under	 non-inducing	 conditions.	
However,	 in	 the	presence	of	amino	acids,	 the	Cat-domain	 exhibited	an	
accelerated	rate	of	degradation	(Paper	III,	Fig.	5B).	This	suggested	that	
Cat-domain	 degradation	 might	 explain	 how	 cells	 control	 its	 catalytic	
activity	 in	 vivo.	 Consistently,	 the	 post-translationally	 modified	 Cat-
domain	exhibited	greatly	enhanced	turnover	upon	leucine	induction.	
	
Together,	the	results	suggest	that	while	the	bulk	of	Ssy5	is	soluble,	a	

fraction	is	able	to	associate	with	the	PM.	At	the	PM,	Ssy5	is	able	to	inter-
act	with	Yck1/2	facilitating	its	modification	in	a	Ptr3	dependent	manner.	
Upon	amino	acid	induction,	the	conformational	changes	initiated	by	the	
receptor	 Ssy1,	 converge	 on	 Ssy5	 prodomain	 exposing	 its	 phospho-
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degron	and	favoring	its	interaction	with	Yck1/2.	Hyperphosphorylation	
of	the	prodomain	triggers	its	polyubiquitylation	and	subsequent	target-
ing	 for	degradation	by	 the	26S	proteasome.	The	unfettered	active	Cat-
domain	loses	 its	PM	association	and	 is	able	 to	 target	 its	substrates.	As	
the	 Cat-domain	 loses	 interaction	with	 the	 prodomain	 and	 is	displaced	
from	 the	 PM,	 its	 levels	 start	 to	 decrease.	 The	more	 rapid	 amino	 acid-
induced	degradation	of	 the	Cat-domain	 indicates	that	cells	 indeed	pos-
sess	 mechanisms	 to	 target	 the	 activated	 Cat-domain	 for	 degradation.	
The	 freed	 Cat-domain	 gets	 exposed,	 and	 similarly	 to	 the	 prodomain,	
phosphorylation	might	serve	as	a	trigger	for	its	degradation.	In	the	ab-
sence	 of	 stimulus,	 the	 sensor	 is	 stabilized	 in	 a	 non-signaling	 confor-
mation	and	the	fraction	of	PM-associated	Ssy5	is	restored	(Fig.	13).	

	

	
Figure	13.	Model	of	the	mechanistic	steps	governing	Ssy5	function.	
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Future Perspectives 

1. Dissect the mechanisms involved in down-regulation 
of the irreversibly activated Ssy5 endoprotease, a 
requisite for resetting the SPS sensor.   

The	 crucial	 involvement	 of	 proteases	 in	 fundamental	 regulatory	
events	in	eukaryotes	underlines	the	importance	of	studying	the	general	
principles	of	their	activity	regulation.	It	is	of	particular	interest	to	define	
how	cells	maintain	control	of	the	proteolytic	activity	of	activated	prote-
ases,	and	the	mechanisms	that	enable	cells	to	reset	the	signaling	switch-
es	in	which	proteases	participate.	According	to	the	current	understand-
ing	of	SPS	sensing,	Ssy5	protease	activity	is	mainly	regulated	at	the	acti-
vation	 step.	 Unlike	 for	 other	 proteases,	 autolytic	 processing	 does	 not	
suffice	 for	 Ssy5	 activation	 due	 to	 the	 inhibitory	 activity	 of	 the	 prodo-
main	that	remains	non-covalently	attached	to	the	catalytic	domain.	Ssy5	
activation	 is	 dependent	 on	 the	 amino	 acid	 induced	 signals	 leading	 to	
degradation	of	the	inhibitory	prodomain	(88,	89).		

Remarkably,	we	here	show	that	Cat-domain	 is	very	stable,	 its	 intra-
cellular	 localization	 dispersed,	 and	 in	 vitro	 experiments	 revealed	 that,	
once	activated,	it	retains	processing	activity	for	up	to	30	days	in	extracts	
kept	on	 ice.	 This	 raised	questions	 regarding	 the	mechanisms	 required	
for	its	inactivation	 in	vivo.	Based	on	the	observed	destabilization	in	the	
presence	 of	 leucine,	 we	 propose	 that	 amino	 acid	 induced	 Cat-domain	
degradation	might	account	for	its	inactivation.	In	this	thesis	we	present	
evidence	 that	Cat-domain	 is	 a	 substrate	 for	phosphorylation,	 however,	
whether	this	modification	is	required	for	its	degradation,	remains	to	be	
elucidated.	 It	would	 be	 interesting	 to	 verify	 if,	 similarly	 to	 the	 prodo-
main,	Cat-domain	degradation	requires,	ubiquitylation	by	the	ubiquitin	
E3	ligase	complex	SCFGrr1,	and	subsequent	degradation	by	the	26S	pro-
teasome.		

Considering	 that	 other	mechanism,	besides	 its	 induced	degradation,	
could	contribute	 to	down-regulating	Cat-domain	activity	once	 inducing	
signals	are	removed,	it	would	also	be	of	interest	to	identify	other	cellular	
components	 that	 might	 be	 involved.	 It	 has	 been	 previously	 proposed	



 44 

that	ubiquitylation	of	the	prodomain,	rather	than	its	degradation,	suffic-
es	 for	 Ssy5	 activation	 and	 that	 deubiquitylation	 could	 be	 a	 quick	 and	
effective	way	 to	turn	Ssy5	back	 into	 its	auto-inhibited	condition	(101).	
We	consider	performing	a	high	copy	screening	approach,	based	on	the	
premise	 that	plasmids	directing	 the	overexpression	of	 cellular	 compo-
nents	involved	in	turning	Ssy5	activity	OFF	will	dampen,	or	suppress	the	
activity	of	constitutively	active	alleles	of	SSY5.	We	have	isolated	a	library	
of	mutant	 alleles	 of	 SSY5	 that	 confer	 constitutive	 Stp1	processing	 (41,	
89).	 Individually,	 the	various	alleles	exhibit	a	range	of	Stp1	processing	
activity,	from	weakly	to	very	active.	Genomic	high-copy	plasmid	librar-
ies	will	 be	 introduced	 into	 strains	 carrying	 the	 constitutive	mutant	 al-
leles.	Plasmids	directing	the	overexpression	of	relevant	negative	regula-
tory	 components	will	 be	 selected	by	 their	 ability	 suppress	 the	 growth	
defects	of	strains	in	the	presence	of	the	toxic	amino	acid	analogue	azet-
idine	carboxylate	(AzC)(102).	Cells	can	only	grow	in	the	presence	of	AzC	
when	the	SPS-sensor	regulated	genes	are	turned	off.	The	identity	of	the	
high-copy	 suppressing	 proteins	 will	 likely	 be	 highly	 informative,	 and	
using	standard	genetic	 tests,	we	can	readily	assess	 their	biological	sig-
nificance	in	regulating	Ssy5	activity.	

2. Are the catalytic properties of Ssy5 and the 
mechanisms regulating its activity conserved in C. 
albicans? 

The	human	pathogen	C.	albicans	has	orthologs	of	the	known	S.	cere-
visiae	SPS	sensor	pathway	components	including	Ssy1,	Ssy5	and	Ptr3.	In	
similarity	to	S.	cerevisiae,	it	is	expected	that	CaPtr3	and	CaSsy5	function	
together	with	Csy1	at	the	PM	forming	a	ligand	activated	receptor	com-
plex	(Ca-SPS	sensor).	Moreover,	as	observed	in	yeast,	extracellular	ami-
no	acids	 induce	 the	proteolytic	processing	of	C.	albicans	Stp1	and	Stp2	
(Fig.	14).	It	is	thus	expected	that	in	C.	albicans	Ssy5	mediate	cleavage	of	
Stp1	and	stp2	in	a	similar	way	as	in	S.	cerevisiae.	In	C.	albicans,	however,	
Stp1	and	Stp2	transactivate	distinct	sets	of	genes.	Processed	Stp1	acti-
vates	the	expression	of	proteins	required	for	the	catabolic	utilization	of	
extracellular	proteins	SAP2	and	OPT1,	whereas	processed	Stp2	 induces	
the	expression	of	AAP	genes,	including	GAP1,	GAP2	and	CAN1	(78).	This	
suggests	that	Candida	cells	use	their	capacity	to	sense	extracellular	ami-
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no	acids	to	differentially	control	two	discrete	pathways	for	the	assimila-
tion	of	nitrogen	for	growth.		

	
	
Fig.	14.	Model	for	SPS-sensor	activation	and	gene	expression	regulation	in	
C.	 albicans.	 Csy1	 functions	 together	with	 CaPtr3	 and	 CaSsy5	 at	 the	 PM	 as	 a	
sensor	 of	 extracellular	 amino	 acids.	 The	 transcriptions	 factors	 Stp1	 and	 Stp2	
are	restricted	from	entering	the	nucleus	due	to	N-terminal	inhibitory	domains.	
In	the	presence	of	amino	acids,	the	activated	SPS	sensor	induces	Ssy5	activation	
and	 subsequent	 proteolytic	 processing	 of	 Stp1	 and	 Stp2	 (scissor).	 The	 pro-
cessed	forms	of	Stp1	and	Stp2	are	targeted	to	the	nucleus,	where	they	bind	SPS	
sensor-regulated	promoters	(UASaa)	and	induce	transcription.	Processed	Stp1	
binds	to	UASaa1	in	the	promoters	of	genes	required	for	protein	utilization	(e.g.,	
SAP2	and	OPT1),	whereas	processed	Stp2	binds	to	UASaa2	in	the	promoters	of	
amino	acid	permease	genes	 (AAP).	The	expression	of	PTR2	and	OPT3	can	be	
induced	by	either	factor,	presumably	due	to	the	presence	of	both	UASaa1	and	
UASaa2	within	their	promoters.	Adapted	from	(78).	
	
It	was	recently	shown	that	deletion	of	Ssy5	impairs	virulence	of	C.	al-

bicans	in	a	similar	way	as	mutants	lacking	the	amino	acid	receptor	Ssy1	
or	 Stp1	 (80).	 It	 thus	becomes	 fundamental	 to	understand	the	 catalytic	
properties	and	mechanisms	 regulating	 Ssy5	activity	 in	C.	 albicans.	 The	
information	presented	in	this	thesis	would	provide	the	basis	for	unveil-
ing	 CaSsy5	 specificity,	 and	 activity	 determinants.	 Moreover,	 based	 on	
the	 acquired	 information	 we	 aim	 at	 finding	 potential	 inhibitors	 of	
CaSsy5	 proteolytic	 activity.	 Future	work	 has	 the	 potential	 to	 facilitate	
the	pharmacological	targeting	of	Ssy5	as	a	means	to	control	the	growth	
of	fungi,	in	which	the	SPS	sensing	pathway	plays	a	central	role	in	regu-
lating	metabolism.		
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3. How can the impact of the current findings be 
translated to multicellular organisms? 

All	cells	 require	nutrient	uptake	 to	survive,	and	the	capacity	 to	per-
ceive	 extracellular	 nutrients	 is	 critical	 for	 coordinating	 their	 uptake.	
Similar	to	yeast,	mammalian	cells	respond	to	the	presence	of	low	levels	
of	 extracellular	 amino	 acids	 by	 pleiotropically	 enhancing	 amino	 acid	
uptake.	Human	cells	lack	the	capacity	to	synthesize	all	amino	acids	and	
are	consequently	 forced	to	 take	up	 the	so-called	essential	amino	acids.	
Specifically	 in	 cancer	 cells,	 it	 is	 likely	 that	 amino	acid	 limitation	 influ-
ences	their	capacity	to	establish	malignant	forms	of	growth;	cancer	cells	
have	been	found	to	exhibit	enhanced	rates	of	amino	acid	uptake	(103).	A	
better	understanding	of	the	mechanisms	governing	amino	acid	uptake	is	
likely	to	influence	our	understanding	of	many	divergent	factors	affecting	
the	survival	of	cancer	cells,	and	perhaps	in	the	treatment	of	human	can-
cers.	
The	present	 and	previous	work	on	SPS	 sensor	 function	 and	 regula-

tion	unveiled	several	novel	mechanisms	of	signal	transduction	that	pro-
vide	a	solid	foundation	to	address	less-characterized	signaling	pathways	
in	multicellular	organisms	and	that	may	be	important	for	understanding	
processes	relevant	to	cancerous	growth.	The	interest	of	SPS-sensor	de-
rived	 knowledge	 is	 further	 augmented	 by	 the	 fact	 that	 it’s	 a	 protease	
regulated	 signaling	 pathway.	 SPS-sensing	 pathway	was	 the	 first	 signal	
transduction	pathway	 described	 in	 eukaryotic	 cells	 that	 utilizes	 direct	
activation	of	a	protease	to	mobilize	latent	transcription	factors	by	pro-
teolytic	processing.	 Protease	 activity	 impacts	a	myriad	of	 cellular	pro-
cesses	and	aberrant	proteolytic	activity	underlies	multiple	pathological	
conditions	such	as	cancer,	neurodegenerative	disorders,	and	inflamma-
tory	and	cardiovascular	diseases.	The	work	presented	here	opens	a	new	
window	for	understanding	the	mechanisms	involved	in	turning	OFF	an	
irreversibly	activated	protease.	
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