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Résumé:	

La	 condensation	 chromosomique	 est	 un	 processus	 vital	 nécessaire	 à	 la	 séparation	 des	

chromatides	sœurs	pendant	la	division	cellulaire	et	au	maintien	de	l'intégrité	structurale	

de	 la	 chromatine.	 L'effecteur	 central	 de	 ce	 processus	 est	 un	 complexe	 de	 protéine	

pentamérique	 hautement	 conservé	 connu	 sous	 le	 nom	de	 condensine.	 Le	 complexe	 de	

condensine	 se	 trouve	 dans	 tous	 les	 eucaryotes	 et	 est	 essentiel	 pour	 la	 viabilité.	

Cependant,	on	ne	 sait	pas	 clairement	 comment	 cette	 condensation	chromosomique	est	

initiée	au	début	de	la	mitose.	Le	complexe	condensine	est	ciblé	par	diverses	kinases	du	

cycle	 cellulaire	 pendant	 la	 mitose.	 Nous	 avons	 donc	 émis	 l'hypothèse	 que	 les	

modifications	 post-traductionnelles	 peuvent	 jouer	 un	 rôle	 important	 dans	 l'activation	

précoce	 de	 la	 condensation	 en	 mitose.	 Conformément	 à	 notre	 hypothèse,	 nous	 avons	

montré	que	Cdk1	phosphoryle	Smc4	dans	le	complexe	de	condensine	tôt	au	cours	de	la	

mitose	et	initie	le	processus	de	condensation	chromosomique.	Il	est	important	de	noter	

que	les	phospho-mutants	de	smc4	présentaient	des	défauts	de	condensation.	Nous	avons	

également	découvert	une	étape	intermédiaire	au	cours	de	ce	processus,	l'intertwist.	Nous	

montrons	 en	 outre	 que	 la	modification	 dépendant	 de	 CDK	 de	 la	 condensine	 régule	 la	

liaison	 dynamique	 du	 complexe	 condensine	 à	 la	 chromatine,	 favorisant	 ainsi	 un	

compactage	efficace	de	 la	chromatine	pendant	 la	division	cellulaire.	Nous	montrons	en	

plus	que	cette	liaison	dynamique	de	condensine	est	régulée	par	VCP	/	p97	/	Cdc48	(AAA-

ATPase),	 une	 chaperone	 moléculaire	 connue	 pour	 extraire	 des	 protéines	 liées	 à	 la	

chromatine.	 Soutenant	 notre	 idée,	 nous	 avons	 observé	 des	 défauts	 de	 condensation	

chromosomique	 dans	 trois	mutants	 conditionnels	 létals	 de	CDC48	 (cdc48-3,	cdc48-6	 et	

cdc48-9).	 Nous	 avons	 déterminé	 que	 le	 rôle	 de	 Cdc48	 dans	 la	 condensation	 des	

chromosomes	 nécessite	 l'activité	 des	 cofacteurs	 Cdc48	 Ufd1-Npl4	 et	 que	 le	 processus	

dépend	 de	 l'ubiquitilation	 des	 protéines.	 Nous	 avons	 également	 déterminé	 que	 la	

cinétique	 de	 mobilité	 de	 la	 condensine	 sur	 la	 chromatine	 dépend	 de	 Cdc48.	 Ces	

observations	suggèrent	que	Cdc48	agit	comme	une	chaperone	moléculaire	pour	faciliter	

l’extraction	 de	 condensine	 de	 la	 chromatine,	 ce	 qui	 favorise	 la	 condensation	 des	
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chromosomes.	Pris	ensemble,	notre	travail	met	en	evidence	de	nouveaux	mécanismes	de	

régulation	de	la	morphogenèse	chromosomique	au	cours	de	la	division	cellulaire.	

	

Mots-clés:	Condensine,	Smc4,	phosphorylation,	Cdk1,	cycle	cellulaire,	Cdc48,	Ufd1-Npl4,	

ubiquitination,	chaperone
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Abstract:	

Chromosomal	 condensation	 is	 a	 vital	 process	 required	 for	 sister	 chromatid	 separation	

during	 cell	 division	 and	 for	maintaining	 the	 structural	 integrity	 of	 the	 chromatin.	 The	

central	effector	of	this	process	is	a	highly	conserved	pentameric	protein	complex	known	

as	 condensin.	 The	 condensin	 complex	 is	 found	 in	 all	 eukaryotes	 and	 is	 essential	 for	

viability.	 	 However,	 it	 is	 not	 clearly	 known	 how	 condensin	 initiates	 chromosome	

condensation	at	the	onset	of	mitosis.	Condensin	is	a	target	for	various	cell	cycle	kinases	

during	mitosis.	So	we	hypothesized	 that	post-translational	modifications	might	play	an	

important	 role	 in	 activating	 condensation	 in	 early	 mitosis.	 Consistent	 with	 our	

hypothesis,	we	showed	that	Cdk1	phosphorylates	Smc4	in	the	condensin	complex	during	

early	mitosis	 and	 initiates	 chromosomal	 condensation	 process.	 Importantly,	 the	 Smc4	

phospho-mutant	 experienced	 defects	 in	 condensation.	 We	 have	 also	 uncovered	 an	

intermediate	stage	during	this	process,	the	intertwist.	We	further	demonstrated	that	the	

CDK-dependent	modification	of	condensin	regulates	the	dynamic	binding	of	the	complex	

to	chromatin,	thereby	promoting	effective	chromatin	compaction	during	cell	division.	We	

showed	 that	 the	 dynamic	 binding	 of	 condensin	 is	 regulated	 by	VCP/p97/Cdc48	 (AAA-

ATPase),	 a	 molecular	 chaperon	 known	 for	 extracting	 chromatin-bound	 proteins.	

Supporting	 this	 idea,	 we	 have	 observed	 chromosome	 condensation	 defects	 in	 three	

conditional-lethal	mutants	of	CDC48	(cdc48-3,	cdc48-6	and	cdc48-9).	We	determined	that	

the	role	of	Cdc48	in	chromosome	condensation	requires	the	activity	of	Cdc48	co-factors	

Ufd1-Npl4	and	also	this	process	depends	on	protein	ubiquitylation.	Finally,	we	show	that	

the	 kinetics	 of	 condensin	 mobility	 on	 chromatin	 is	 dependent	 on	 Cdc48.	 These	

observations	 suggest	 that	 Cdc48	 is	 acting	 as	 a	 molecular	 chaperone	 to	 facilitate	 the	

removal	 of	 condensin	 from	 chromatin	 thereby	 promoting	 chromosome	 condensation.	

Taken	 together,	 our	 work	 highlights	 novel	 regulatory	 mechanisms	 responsible	 for	

effective	chromosome	morphogenesis	during	cell	division.	

	

Key	 words:	 Condensin,	 Smc4,	 phosphorylation,	 Cdk1,	 cell	 cycle,	 Cdc48,	 Ufd1-Npl4,	

ubiquitination,	chaperon.	
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Chapter	I:	General	Introduction	

	

1.1	 The	cell	division	cycle:	

	

The	cell	is	the	fundamental	unit	of	life.	In	the	17th	century,	Robert	Hooke	for	the	first	time	

observed	cells	under	his	 simple	microscope.	Two	hundred	years	after	 the	discovery	of	

cells,	Walter	Flemming	observed	thread-like	structures	under	the	microscope	and	named	

them	 as	 “chromatin”	 (Flemming,	 1882).	 He	 observed	 that	 these	 thread-like	 structures	

divided	inside	the	nucleus	and	named	this	process	of	nuclear	division	as	“mitosis”	after	

the	 Greek	 word	 for	 thread.	 Wilhelm	 von	 Waldeyer-Hartz	 named	 these	 thread	 like	

structures	as	chromosomes.	Later	it	was	shown	that	chromosomes	that	carry	the	genetic	

material	 are	 composed	 of	 DNA	 and	 proteins.	 Faithful	 transmission	 of	 this	 genetic	

material	during	cell	division	from	generation	to	generation	forms	the	basis	for	continuity	

of	life	(Morgan,	1915).	It	has	been	centuries	since	the	discovery	of	cells,	but	still,	the	cell	

division	cycle	continues	to	fascinate	the	scientists.		

	

1.2	 The	model	organism:	

	

Saccharomyces	 cerevisiae,	 which	 I	 have	 used	 for	 my	 studies,	 is	 well	 known	 for	 many	

centuries	for	making	bread	and	beer.	It	is	commonly	known	as	bakers	yeast	or	brewers	

yeast.	It	is	also	an	excellent	model	organism	to	study	many	eukaryotic	processes.	Leland	

Hartwell	first	identified	many	genes	responsible	for	cell	cycle	using	this	amazing	model	

system.	Yeast	 is	an	unicellular	eukaryote,	which	can	exist	 in	haploid	 (one	copy	of	each	

gene)	 or	 diploid	 (two	 copies	 of	 each	 gene)	 state.	 	 Saccharomyces	 cerevisiae	 undergoes	

both	asexual	and	sexual	 life	 cycles.	The	asexual	 life	 cycle	proceeds	 through	budding	 (a	

small	bleb	or	bud	formed	from	the	parent	cell),	which	 is	how	the	budding	yeast	got	 its	

common	name.	The	sexual	life	cycle	involves	mating	of	two	haploid	cells	a	and	α	to	form	

a	 diploid	 cell.	 Under	 poor	 nutrient	 conditions,	 this	 diploid	 goes	 through	 meiosis	 and	

sporulation	 to	 form	 four	haploid	 spores	 (Figure	1)	 (Herskowitz,	 1988).	 	 These	 genetic	

features	enable	a	scientist	to	delete	genes	or	integrate	markers	and	transform	plasmids	



	 2	

making	 yeast	 a	 powerful	 genetic	 tool	 to	 study	 different	 aspects	 of	 eukaryotic	 cellular	

processes.	 	 Having	 these	 advantages	 also	 enable	 us	 to	 study	 the	 genetic	 interaction	

between	various	genes.	Another	unique	feature	of	yeast	is	to	have	temperature	sensitive	

mutants	 to	 study	 essential	 genes	 involved	 in	 different	 processes,	 which	 made	 it	 as	 a	

premier	model	system.	
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Figure	 1:	Saccharomyces	cerevisiae	 life	 cycle.	The	graphical	 representation	showing	

budding	yeast	mating	type	a	or	α	recognizes	pheromone	release	by	opposite	mating	type	

and	this	initiate	shmoo	formation.	Mating	between	a	and	α	cells	leads	to	nuclear	fusion	

forming	a	zygote	which	can	form	haploid	cells	via	sporulation	or	diploid	cells	via	mitotic	

division.	

	

1.3	 Stages	of	eukaryotic	cell	cycle:	

	

	 The	 cell	 division	 cycle	 is	 a	 highly	 organized	 and	 tightly	 regulated	 sequence	 of	

events	(Nurse	et	al.,	1998).	 In	eukaryotes,	 the	cell	division	 is	comprised	of	 two	phases:	

interphase	and	mitosis	(Figure	2).	Budding	yeast	divides	asymmetrically	to	produce	two	

distinct	 types	of	cells.	 Its	cell	division	cycle	 is	similar	 to	 that	of	higher	eukaryotes	with	

some	exceptions.		
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Figure	 2:	 The	 cell	 division	 cycle.	 Graphical	 representation	 of	 different	 stages	 in	 the	

eukaryotic	cell	cycle	is	shown.	

	

1.3.1	 Interphase:	

	

Interphase	comprised	of	G1	(Gap1),	S	(synthesis)	and	G2	(Gap2)	phases.	During	G1,	the	

cell	 rapidly	 grows	 and	 synthesizes	 cellular	 components	 required	 for	 subsequent	 cell	

cycle	progression.	The	G1	phase	is	followed	by	S-phase	where	DNA	replicates	to	double	

the	genome	content.	Replication	should	occur	once	per	cell	cycle	and	in	yeast,	initiation	

of	 DNA	 synthesis	 involves	 assembly	 of	 the	 pre-replication	 complex	 at	 an	 origin	 of	

replication	during	G1	phase	(Diffley,	2004).	In	early	S-phase,	centrosomes/spindle	pole	

bodies	 (SPB	 in	 yeast)	 duplication	 occurs	 (Winey	 &	 O'Toole,	 2001).	 	 During	 S-phase,	

canonical	histones	(H3,	H4,	H2A	and	H2B)	are	deposited	onto	chromatin	and	cohesion	is	

established	(Marston,	2014;	Weber	&	Henikoff,	2014).	In	yeast,	spindle	formation	starts	

during	early	S-phase	compared	to	other	higher	eukaryotes.	After	DNA	replication,	cells	

enter	G2-phase	where	it	continues	to	grow	and	make	sure	it	is	ready	to	enter	mitosis.	In	

yeast,	G2-phase	is	very	short	or	inexistent.	In	eukaryotes,	three	major	events	like	spindle	

formation,	nuclear	envelope	breakdown	and	chromosome	condensation	have	to	happen	

upon	entry	into	mitosis.		

	

1.3.2	 Mitosis:	

	

During	mitosis,	the	chromatin	divides	equally	into	two	sister	chromatids.	Mitosis	starts	

after	the	G2	checkpoint	has	been	satisfied.	Mitosis	is	comprised	of	five	important	phases:	

prophase,	 prometaphase,	 metaphase,	 anaphase	 and	 telophase.	 After	 the	 mitosis,	 two	

daughter	cells	separate	as	a	result	of	cytokinesis	(Morgan,	2007).		

	

Prophase:	This	phase	is	characterized	by	condensation	of	chromosomes	with	the	help	of	

histone	 and	 non-histone	 proteins.	 Chromosome	 condensation	 is	 the	 first	 visible	 step	
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during	 mitosis.	 Centrosomes/SPB	 moves	 towards	 opposite	 poles	 to	 form	 mitotic	

spindles.	Centrosomes/SPB	are	microtubule-organizing	centers	for	mitotic	spindles.		

	

Prometaphase:	 The	 next	 step	 after	 prophase	 is	 prometaphase	 where	 the	 nuclear	

envelope	 breakdown	 happens	 and	 microtubules	 attach	 to	 the	 kinetochores	 on	

chromosomes.	Unlike	higher	eukaryotes,	in	budding	yeast	nuclear	envelope	breakdown	

does	not	occur,	hence	it	is	called	a	closed	mitosis	(Smoyer	&	Jaspersen,	2014).		

	

Metaphase:	 In	 metaphase,	 the	 sister	 chromatids	 are	 attached	 to	 microtubules	 from	

opposite	 poles	 of	 the	 cells	 ensuring	 bipolar	 attachment.	 Then	 these	microtubules	 pull	

two	 sister	 chromatids,	 which	 are,	 held	 together	 by	 cohesion.	 This	 creates	 tension	

between	chromatids,	which	results	in	the	proper	alignment	of	spindles	on	the	metaphase	

plate	 between	 the	 two	 poles	 (Winey	 &	 O'Toole,	 2001).	 Metaphase	 plate	 formation	 is	

observed	in	higher	eukaryotes.	However,	 in	 live	yeast	cells	metaphase	formation	 is	not	

observed	(Straight	et	al.,	1997)	

	

Anaphase:	This	phase	 includes	anaphase-A	 (movement	of	kinetochores	 towards	poles)	

and	anaphase-B	(increase	in	the	distance	between	the	two	poles).	In	budding	yeast,	both	

anaphase-A	 and	 -B	 exists	 (Winey	 &	 O'Toole,	 2001).	 Once	 the	 chromosomes	 are	

condensed	and	aligned	properly	on	the	metaphase	plate,	the	spindle	tension	triggers	the	

action	of	the	anaphase-promoting	complex	(APC)	to	dissolve	cohesion	links	holding	the	

two	sister	chromatids.	This	action	allows	the	separation	of	two	sister	chromatids.	At	the	

metaphase-anaphase	 transition,	 inactivation	 of	 Cdk1	 is	 also	 initiated.	 Later,	 exit	 from	

mitosis	 is	 activated	by	dephosphorylation	 of	many	Cdk1	 substrates	 by	PP2A	 in	 higher	

eukaryotes	 and	 Cdc14	 phosphatase	 in	 yeast.	 Cdc14	 is	 bound	 to	 its	 inhibitor	Net1	 and	

localized	 to	 the	 nucleolus.	 During	 anaphase,	 two	 important	 pathways;	 FEAR	 (Cdc	

Fourteen	Early	Anaphase	Release)	and	MEN	(Mitotic	Exit	Network),	trigger	the	release	of	

Cdc14	 from	 Net1	 (Bardin	 &	 Amon,	 2001;	 D'Amours	 et	 al.,	 2004;	 Stegmeier	 &	 Amon,	

2004).	
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Telophase:	During	 telophase,	 the	 sister	 chromatids	are	 fully	 separated	 into	 two	nuclei.	

Cdc14	phosphatase	 triggers	 the	 complete	 inactivation	 of	 Cdk1	 by	 ubiquitin	 dependent	

APC	 system.	 Chromosomes	 start	 to	 decondense	 at	 this	 stage.	 Nuclear	 envelope	

reformation	and	microtubule	dissolution	occurs	around	 the	newly	 formed	nucleus	and	

leads	the	cells	to	exit	from	mitosis	and	enter	the	cytokinesis	stage.	

	

Cytokinesis:	 The	 nuclear	 division	 (mitosis)	 is	 followed	 by	 the	 separation	 of	 cellular	

components	 to	 form	 two	 individual	 cells	 during	 cytokinesis.	 	 In	 higher	 eukaryotes,	

cleavage	 furrow	appears	 at	 the	 cell	 equator	 followed	by	 the	 assembly	of	 a	 actomyosin	

contractile	 ring.	 	 Further	 contraction	 of	 this	 ring	 followed	 by	 abscission	 leads	 to	 the	

separation	of	two	daughter	cells	with	equal	distribution	of	cytoplasmic	contents	(Guertin	

et	al.,	2002).	 In	budding	yeast,	cytokinesis	comprises:	the	actomyosin	ring	formation	at	

the	bud	neck	and	chitinous	cell	wall	 as	well	 as	 septum	 formation.	Later	 this	 septum	 is	

degraded	 by	 a	 sequence	 of	 digestive	 enzymes	 to	 separate	 the	 two	 individual	 cells	

(Bhavsar-Jog	&	Bi,	2016).		

	

1.4	 Cell	cycle	checkpoints/transitions:		

	

Checkpoints	 are	 surveillance	 mechanisms	 that	 ensure	 proper	 sister	 chromatid	

segregation	during	the	cell	cycle.	There	are	several	checkpoints,	which	transiently	arrest	

cells	in	G1,	S,	G2	and	M	phase	if	the	cellular	machinery	senses	any	alteration	in	cell	size,	

DNA	replication	and	spindle	assembly	during	cell	division.		

	

G1	 checkpoint:	 Prior	 to	 G1-S	 transition,	 cells	 go	 through	 START	 (the	 commitment	 to	

replication)	 and	 it	 allows	 the	 cells	 to	 commit	 to	 cell	 cycle	 based	 on	 the	 availability	 of	

nutrients,	 the	 presence	 of	 mating	 pheromones	 and	 absence	 of	 DNA	 damage.	 The	

alternative	fate	of	cells	before	START	is	mating,	but	after	START,	the	cell	must	undergo	

replication	and	cell	division	(Cross,	1995).	
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Replication	 checkpoint:	 This	 checkpoint	 ensures	 the	 fidelity	 and	 progression	 of	 DNA	

replication	in	response	to	stalled	replication	forks.	The	replication	checkpoint	delays	the	

origin	 of	 replication	 (oriC)	 firing	 and	 helps	 in	 the	 proper	 progression	 of	 replication	

(Nyberg	et	al.,	2002;	Rhind	&	Russell,	1998).	

	

G2	checkpoint:	It	 is	the	next	major	checkpoint	to	monitor	DNA	damage.	Any	damage	to	

DNA	 initiates	 the	 activation	 of	 signaling	 events	 that	 inhibits	 mitotic	 entry.	 Important	

early	 responsive	 protein	 kinases	 for	 damage	 such	 as	 ATM/ATR	 family	 kinases	 that	

phosphorylate	 different	 proteins,	 which	 regulate	 cell	 cycle	 progression,	 and	 damage	

repair	processes.	Checkpoint	kinases	(Chk1	and	Chk2)	works	downstream	of	ATM/ATR	

kinases.	 In	 higher	 eukaryotes,	 Chk1	 and	 Chk2	 negatively	 regulate	 Cdc25C	 and	 also	

phosphorylate	 Wee1	 kinase.	 This	 Wee1	 kinase	 further	 increases	 inhibitory	

phosphorylation	 of	 Cdc2	 thereby	 arresting	 cells	 in	 G2	 phase.	 In	 budding	 yeast,	 Chk1	

phosphorylates	 Pds1	 preventing	 its	 degradation	 thereby	 maintaining	 an	 efficient	 G2	

checkpoint	arrest	(Callegari	&	Kelly,	2007;	Nyberg	et	al.,	2002).	

	

Spindle	assembly	checkpoint	(SAC):	SAC	ensures	that	one	sister	chromatid	of	each	pair	is	

attached	to	microtubules	from	opposite	poles.	The	onset	of	anaphase	is	delayed	until	all	

chromosomes	are	attached	in	a	bipolar	fashion.	SAC	ensures	this	delay	prior	to	anaphase	

in	the	case	of	improper	attachment	of	spindle	during	mitosis	(Amon,	1999).		In	addition	

to	microtubule	attachment	to	kinetochores,	spindle	tension	also	plays	a	role	in	regulating	

SAC.	 Stretching	 the	 chromatids	 at	 the	 centromere	 in	 bi-oriented	 condition	 creates	

tension	 and	 inactivates	 SAC	 (also	 in	 case	 of	 merotelic	 attachment	 –	 one	 kinetochore	

attached	 to	 microtubules	 coming	 from	 opposite	 poles).	 Low	 tension	 leads	 to	

destabilization	of	microtubule	kinetochore	attachment	(in	case	of	syntelic	attachment	–	

both	 sister	 kinetochore	 attached	 to	microtubules	 from	 same	 pole).	Mitotic	 checkpoint	

complex	(Guertin	et	al.,	2002)	proteins	like	Mad2,	Mad3,	Bub3	and	Cdc20	are	involved	in	

the	regulation	of	SAC	activation	(Joglekar,	2016).		

	

1.5	 Cell	cycle	regulation	by	Cdk1:	
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Cdk1	 is	 the	 major	 protein	 kinase	 in	 mitosis,	 which	 is	 involved	 in	 the	 regulation	 of	

different	 cell	 cycle	 stages	 by	 associating	with	 various	 cyclins.	S.	cerevisiae	 has	 a	 single	

Cdk1	 (Cdc28	 –	 Cell	 division	 cycle	 28).	 The	 typical	 consensus	 site	 for	 Cdk1	

phosphorylation	is	S/T-P-X-K/R	(where	S/T	–	serine/threonine;	X	represents	any	amino	

acid;	K/R	–	lysine/arginine)	and	sometimes,	a	minimal	site	(S/T-P)	is	enough	to	promote	

phosphorylation	(Moreno	&	Nurse,	1990;	Nigg,	1993).	Cyclin	binding	to	Cdk1,	however,	

is	 not	 sufficient	 to	 activate	 Cdk1;	 it	 requires	 activating	 phosphorylation	 at	 important	

residues.	 In	 budding	 yeast,	 Cak1	 (cyclin-dependent	 kinase	 activating	 kinase)	

phosphorylate	 Cdk1	 (at	 Threonine-169	 located	 in	 T-loop)	 and	 activate	 its	 binding	 to	

different	 substrates	 and	 its	 kinase	 activity	 (Espinoza	 et	 al.,	 1996;	 Kaldis	 et	 al.,	 1996).	

Cdk1	activity	is	further	regulated	by	its	phosphorylation	at	tyrosine-19	by	Swe1	kinase	

(Booher	et	al.,	1993).	 In	G1,	Cdk1	associates	with	 three	cyclins	Cln1,	2	and	3.	Cln2	and	

Cln3	are	important	for	G1	to	S	transition.	As	cells	progress	through	G1,	Cln-Cdk1	complex	

phosphorylates	 Sic1,	 leading	 to	 its	 degradation.	 As	 Sic1	 is	 an	 inhibitor	 of	 the	 kinase	

activity	 of	 Clb5-6	 /Cdc28	 complex,	 its	 degradation	 during	 late	 G1	 facilitates	 G1-S	

transition	(Verma	et	al.,	1997).	Late	G1-phase	is	also	marked	with	low	Cln	levels	which	

initiate	START	and	subsequently,	 licensing	 factors	 (MCM2-7	helicases)	are	 loaded	onto	

replication	 origins	 to	 initiate	 the	 DNA	 replication	 process	 (Diffley,	 2004).	 	 After	

completion	 of	 S-phase,	 activation	 of	 mitotic	 cyclin-Cdk1	 complex	 leads	 to	 entry	 into	

mitosis.	Clb1,	2,	3	and	4	are	the	cyclins	associate	with	Cdk1	during	mitosis.	At	the	end	of	

mitosis,	mitotic	cyclins	are	degraded	by	ubiquitin-mediated	proteolysis	through	APC	and	

proteasome.	 The	 APC	 (an	 E3	 ubiquitin	 ligase)	 associates	 with	 its	 regulatory	 subunits	

(Cdc20	 at	 anaphase	 onset,	 Cdh1	 later	 in	 mitotic	 exit)	 to	 trigger	 cascades	 of	 protein	

degradation	 (King	 et	 al.,	 1995).	 Two	 different	 models:	 quantitative	 and	 substrate	

specificity	models	were	proposed	to	describe	cell	cycle	regulation	by	Cdk1	activity.	In	the	

quantitative	 model,	 different	 levels	 of	 cyclin–Cdk1	 trigger	 the	 activation	 of	 different	

stages	 of	 cell	 cycle	 (Coudreuse	&	Nurse,	 2010;	 Stern	&	Nurse,	 1996).	Whereas,	 in	 the	

substrate	 specificity	model,	 cyclin-Cdk1	 recognizes	 different	 substrates	 based	 on	 their	

specific	binding	sites	and	thereby	regulate	different	stages	of	the	cell	cycle	(Koivomagi	et	

al.,	2011).	
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1.6	 Sister	chromatid	cohesion:	

	

The	end	product	of	DNA	replication	 is	 the	 formation	of	 two	sister	chromatids	and	 it	 is	

important	 that	 they	 remain	 connected	 until	 the	 anaphase-metaphase	 transition.	 This	

physical	connection	 is	known	as	sister	chromatid	cohesion	(Nasmyth	&	Haering,	2009)	

and	 it	 is	maintained	by	a	well-conserved	protein	complex	called	cohesin	 (Guacci	 et	 al.,	

1994;	 Michaelis	 et	 al.,	 1997;	 Peters	 et	 al.,	 2008).	 Cohesion	 is	 established	 during	

replication	by	 cohesin	 deposition	 on	DNA.	 Cohesin	 is	made	up	 of	 two	 SMC	 (Structural	

Maintenance	Chromosomes)	proteins,	Smc1	and	Smc3	as	well	as	two	non-SMC	proteins,	

Scc1	and	Scc3	(Nasmyth	&	Haering,	2005).	Cohesin	binds	to	DNA	topologically	in	a	ring	

shaped	structure	(Anderson	et	al.,	2002;	Haering	et	al.,	2002).	In	budding	yeast,	cohesion	

destruction	happens	at	the	onset	of	anaphase.	Once	the	spindle	assembly	checkpoint	 is	

satisfied,	 APC-mediated	 degradation	 of	 securin	 (Pds1)	 releases	 the	 separase	 (Esp1),	

which	cleaves	the	cohesin	subunit	Scc1	(Uhlmann	et	al.,	1999).	This	cleavage	of	cohesin	

leads	to	anaphase	onset	for	the	proper	separation	of	sister	chromatids.	However,	sister	

chromatid	cohesion	at	the	rDNA	(ribosomal	DNA)	locus	is	independent	of	cohesin	and	it	

is	 dissolved	 later	 during	 anaphase	 in	 a	 Cdc14	 and	 condensin	 dependent	 manner	

(D'Amours	et	al.,	2004).	

	

1.7	 Chromosome	condensation:	

	

At	the	onset	of	mitosis,	chromosomes	undergo	major	compaction	and	re-organization	to	

form	 mitotic	 chromosomes.	 This	 process	 of	 chromosome	 organization	 is	 known	 as	

chromosome	 condensation.	 It	 is	 an	 essential	 process	 and	 is	 required	 for	 faithful	

segregation	of	 sister	chromatids	during	mitosis.	During	replication,	 the	DNA	content	 is	

doubled	 and	 this	 DNA	 needs	 to	 be	 compacted	 in	 a	 way	 to	 confine	 it	 to	 the	 nuclear	

compartments.	The	chromosomal	organization	 is	not	 simply	compaction	of	 linear	DNA	

but	 a	 sequential	 hierarchical	 organization	 by	 removing	 topological	 tangles	 between	

sister	 chromatids	 and	 maintaining	 chromosome	 rigidity.	 These	 features	 of	 condensed	
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chromosomes	 are	 important	 to	 withstand	 the	 mechanical	 force	 created	 by	 sister	

chromatid	separation.		

	 	

	 The	 first	 level	 of	 chromosome	 organization	 is	 achieved	 with	 140bp	 of	 DNA	

wrapping	around	core	histone	proteins	(H2A,	H2B,	H3	and	H4)	to	form	the	nucleosome.		

These	 nucleosomes	 are	 connected	 with	 linker	 histone	 H1.	 The	 second	 level	 of	

organization	occurs	with	 the	 coiling	of	 these	nucleosomes	 to	 create	 a	helical	 structure	

(30	nm	fiber)	and	further	folding	of	these	structures	results	into	higher	order	structures	

such	as	scaffolds	and	loops.	However,	the	existence	of	30	nm	fiber	structures	in	vivo	was	

not	 observed	 (Maeshima	 et	 al.,	 2010).	 Several	 models	 were	 proposed	 to	 explain	 the	

mitotic	 chromosome	 organization	 like	 loops-on-a	 scaffold	 model	 (DNA	 form	 loop	

structures	on	top	of	the	nucleosome	and	it	forms	scaffold	like	structure	with	non-histone	

proteins),	 hierarchical	 model	 (different	 levels	 of	 nucleosome	 folding)	 and	 chromatin	

network	 model	 (chromosomes	 formed	 by	 crosslinking	 of	 distant	 DNA	 fibers	 and	

proteins)	 (Maeshima	 &	 Eltsov,	 2008;	 Swedlow	 &	 Hirano,	 2003).	 However,	 it	 is	 not	

completely	 understood	 how	 chromosome	 condensation	 is	 orchestrated	 to	 achieve	 this	

hierarchical	 folding.	 Multiple	 factors	 like	 condensin	 complex,	 histones	 and	 DNA	

topoisomerase	 II	 (Topo	 II)	 are	 involved	 in	 the	 regulation	 of	 this	 essential	 process.		

Among	 these,	 condensin	 is	 the	 main	 protein	 complex	 involved	 in	 chromosome	

condensation.	

	

1.7.1	 Condensin:	

	

The	 condensin	 complex	 belongs	 to	 a	 group	 of	 protein	 complexes	 containing	 unique	

subunits	of	the	SMC	family	along	with	cohesin	and	Smc5-6	complex.	SMC	members	play		

major	 roles	 in	 chromosome	 condensation,	 sister	 chromatid	 cohesion	 and	 DNA	 repair	

processes	 (Uhlmann,	 2016).	 The	 condensin	 complex	 was	 first	 isolated	 from	 Xenopus	

laevis	 egg	 extracts	 as	 two	 major	 forms	 with	 sedimentation	 coefficients	 13S	 and	 8S	

(Hirano	&	Mitchison,	1994)	and	later	also	found	in	yeast	and	vertebrates	(Csankovszki	et	

al.,	2009;	Freeman	et	al.,	2000;	Hirano	et	al.,	1997;	Lavoie	et	al.,	2000;	Ouspenski	et	al.,	
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2000;	Saka	et	al.,	1994;	Strunnikov	et	al.,	1995).	The	condensin	complex	is	composed	of	

two	 SMC	 subunits	 and	 three	 non-SMC	 regulatory	 subunits	 (Bazile	 et	 al.,	 2010;	Hirano,	

2016).		

	

	 Both	budding	and	fission	yeast	contain	only	one	condensin	complex,	but	in	higher	

eukaryotes,	 second	 type	 of	 condensin	 complex	 is	 also	 present	 (condensin-II).	 In	

Caenorhabditis	 elegans,	 a	 third	 type	 of	 condensin	 complex	 (condensin	 IDC)	 is	 present,	

which	 is	 involved	 in	dosage	 compensation	 (Csankovszki	 et	 al.,	 2009).	 Condensin-I	&	 II	

have	 identical	 SMC	 subunits	 but	 use	 different	 regulatory	 non-SMC	 subunits	 (Table	 I).	

Bacteria	 and	 archaea	 also	 have	 condensin-like	 complexes	 composed	 of	 SMC/MukB,	

ScpA/MukF,	ScpB/MukE	(Graumann	&	Knust,	2009;	Hiraga,	2000).		

	

	

Condensin I

Condensin II

Condensin I DC

Saccharomyces
      cerevisae

Smc2

Smc4

Brn1

Ycs4

Ycg1

Schizosaccharomyces
              pombe

Smc2

Smc4

Cnd3

Cnd1

Cnd2

Caenorhabditis
        elegans

MIX-1

SMC-4

DPY-26

DPY-28

CAP-G1

MIX-1

SMC-4

KLE-2

HCP-6

CAP-G2

MIX1

DPY-27

DPY-26

DPY-28

CAP-G1

  Drosophila
melanogaster

DmSmc2

DmSmc4/

   glucon

barren

Cap-D2

Cap-G

Smc2

Smc2

Cap-H2

Cap-D3

Xenopus 
   laevis

XCAP-E

XCAP-C

XCAP-H

XCAP-D2

XCAP-G

Human

XCAP-E

XCAP-C

XCAP-H2

XCAP-D3

XCAP-G2

hCAP-E

hCAP-C

hCAP-H

hCAP-D2

hCAP-G

hCAP-E

hCAP-C

hCAP-H2

hCAP-D3

hCAP-G2

Complex
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Table	1:	List	of	condensin	complexes	and	their	subunits	in	different	eukaryotes.	

	

1.7.1.1	 Architecture	of	condensin:	

	

SMC	 proteins	 are	 characterized	 by	 the	 presence	 of	 conserved	 amino-terminal	 (N-

terminus)	and	carboxy-terminal	(C-terminus)	head	domains	and	a	middle	hinge	domain.	

Each	SMC	subunit	contains	N-terminal	Walker-A	and	C-terminal	Walker-B	motifs,	which	

folds	 back	 to	 form	 a	 long	 antiparallel	 coiled-coil	 that	 connects	 to	 the	 globular	 hinge	

domain	(Anderson	et	al.,	2002).	The	two	SMC	subunits	combine	to	 form	a	heterodimer	

by	association	at	their	hinge	domain	that	results	in	a	V-	shaped	molecule,	forming	an	ABC	

type	ATPase	(Saitoh	et	al.,	1994).	The	V-shaped	ATPase	heterodimer	is	predicted	to	hold	

2	ATP	molecules	(Lammens	et	al.,	2004).	The	regulatory	subunits	Brn1,	Ycs4	and	Ycg1	

binds	to	the	SMC	heterodimer	forming	a	pentameric	complex.	The	kleisin	subunit	(Brn1)	

binds	 to	 N-	 and	 C-terminus	 of	 Smc2	 and	 Smc4,	 respectively.	 The	 two	 HEAT	 repeat	

containing	subunits	(Ycs4	&	Ycg1)	bind	to	the	kleisin	subunit.	Previous	studies	proposed	

that	 this	pentameric	condensin	complex	binds	as	a	 ring	 like	structure	around	 the	DNA	

(Cuylen	et	al.,	2011),	but	so	far	the	mechanistic	details	are	poorly	understood.		
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Figure	3:	Schematic	representation	of	condensin	complex	in	yeast	and	human.	

	 	

	

	 Electron	microscopy	studies	on	Smc2-4	dimers	revealed	different	conformations	

including	 “V”,	 “O”,	 “B”	 or	 “P”	 shaped	 structures	 (Figure	 4)	 (Anderson	 2002,	 Eeftens	

2016).	These	conformations	help	to	predict	molecular	mechanism	of	condensin	action	on	

chromosome	condensation.		

	 	

	
	

Figure	4:	Different	conformations	of	yeast	condensin	complex.	On	the	left,	graphical	

representation	of	the	condensin	complex	with	different	subunits	is	shown.	On	the	right,	

images	 from	 AFM	 along	 with	 the	 percentage	 of	 observed	 shapes	 and	 graphical	

representation	of	the	corresponding	conformation	are	shown.	

	

1.7.1.2	 Subcellular	localization	of	condensin	complex:		

	

The	subcellular	localization	pattern	of	condensin	varies	according	to	cell	cycle	events	in	

50 nm
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O-shaped
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P-shaped

25 %
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25 %
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ATPase
 heads

Hinge
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Ycs4 Ycg1

Smc2 Smc4

Adapted from Eeften JM et al. 2016
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different	 organisms.	 In	 Saccharomyces	 cerevisiae,	 condensin	 always	 localizes	 in	 the	

nucleus	 (Bhalla	 et	 al.,	 2002;	 D'Ambrosio	 et	 al.,	 2008;	 Freeman	 et	 al.,	 2000),	 but	 in	 S.	

pombe	 condensin	 localizes	 to	 the	cytoplasm	during	 interphase	and	 translocate	 into	 the	

nucleus	 in	 a	 Cdk1	 phosphorylation-dependent	 manner	 during	 mitosis.	 (Sutani	 et	 al.,	

1999).	 Similarly,	 in	 vertebrates,	 condensin-I	 is	 localized	 to	 the	 cytoplasm	 and	

translocates	 onto	 the	 chromatin	 after	 nuclear	 envelope	 break	 down.	 In	 contrast,	 the	

localization	 of	 condensin-II	 is	 always	 restricted	 to	 the	 nucleus	 (Collette	 et	 al.,	 2011;	

Gerlich	et	al.,	2006;	Oliveira	et	al.,	2007).		

	

1.7.1.3	 Condensin	binding	onto	chromatin:	

	

Condensin	 binding	 onto	 chromatin	 is	 important	 to	 mediate	 the	 folding	 of	 chromatin	

fibers	 into	 the	 hierarchical	 state.	 It	 has	 been	 shown	 earlier	 that	 condensin	 association	

with	 chromatin	 is	 highly	 dynamic	 (Gerlich	 et	 al.,	 2006).	 In	 budding	 yeast,	 condensin	

loading	 is	 facilitated	 by	 Scc2-4,	 TFIIIC	 and	 monopolin	 subunits:	 Csm1	 and	 Lrs4	

(D'Ambrosio	et	 al.,	 2008;	 Johzuka	&	Horiuchi,	2009).	 In	S.	pombe,	 condensin	 loading	 is	

facilitated	 by	monopolin	 subunits	 Pcs1	 and	Mde4	 (Tada	 et	 al.,	 2011).	 	 Various	 in	vitro	

studies	 have	 demonstrated	 that	 ATP	 is	 required	 for	 condensin	 binding	 onto	 DNA	 and	

ATPase-defective	mutants	 shown	 to	 be	 impaired	 in	 DNA	 binding	 (Hirano	 et	 al.,	 2001;	

Hudson	 et	 al.,	 2008;	 Kinoshita	 et	 al.,	 2015).	 Condensin	 binding	 sites	 on	 chromatin	

includes	highly	transcribed	regions,	centromeres,	rDNA	locus	and	along	the	chromosome	

arms	(D'Ambrosio	et	al.,	2008).	

	

1.7.1.4	 Functions	of	condensin	complex:	

	

Condensin	is	one	of	the	main	players	in	chromosome	condensation	process.	It	was	first	

described	 from	 Xenopus	 cell	 free	 extracts	 as	 a	 major	 component	 that	 assembles	

chromosomes.	Condensin	is	proposed	to	induce	compaction	of	DNA	based	on	two	of	its	

functions	characterized	 in	vitro:	the	role	of	inducing	ATP-dependent	positive	supercoils	

and	ATP	independent	DNA	reannealing	activity	(Hirano,	2005;	Kimura	&	Hirano,	1997;	
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St-Pierre	et	al.,	2009;	Sutani	&	Yanagida,	1997).	Condensin	also	helps	in	decatenation	of	

positive	supercoils	in	the	presence	of	Topo	II	(Baxter	et	al.,	2011).	Recent	evidence	also	

shows	 that	 condensin	 loading	 on	 reconstituted	 chromatid	 is	 dependent	 on	 ATP	

(Kinoshita	 et	 al.,	 2015;	 Shintomi	 et	 al.,	 2015).	 Condensin	 I	 is	 important	 for	 lateral	

compaction	and	condensin	II	for	axial	compaction	(Shintomi	&	Hirano,	2011).	Together,	

the	studies	described	above	suggests	 the	condensin	role	 in	 the	compaction	of	DNA	but	

the	precise	mechanism	underlying	this	process	is	yet	to	be	determined.		

	 	

	 There	 are	 different	 models	 proposed	 to	 explain	 the	 mechanism	 of	 action	 of	

condensin	 such	as	 the	 loop	extrusion	model	and	 the	 chromatin	 folding	or	 supercoiling	

model	 (Elnaz	 alipour	 2002,	Hirano	2006,	Hirano	2016).	 In	 loop	 extrusion	model,	DNA	

passes	 through	 the	 condensin	 ring	 forming	 a	 loop	 structure.	 In	 chromatin	 folding	 or	

supercoiling	 model,	 multiple	 condensin	 molecules	 bring	 the	 chromatin	 together	 by	

supercoiling	 activity	 and	 thus	 forming	 chiral	 loops	 (Figure	5).	 Further	 folding	of	 these	

loop	 structures	 leads	 to	 more	 compacted	 chromatin.	 These	 two	 models	 favour	 the	

formation	of	loop	collision	between	lateral	loops,	which	leads	to	the	formation	of	tangles	

and	it	is	proposed	that	Topo	II	may	be	involved	in	resolving	these	tangles.	

	

	

	
	

Loop extrusion model Chromatin folding/supercoil model
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Figure	5:	Models	to	explain	the	molecular	mechanism	of	chromosome	condensation	by	

condensin	complex.	The	graphical	representations	of	loop	extrusion	(left)	and	chromatin	

folding/supercoiling	models	(right)	are	shown.	

	 	

	 In	 addition	 to	 chromosome	 condensation,	 the	 condensin	 complex	 also	mediates	

other	 cellular	 processes.	 Condensin	 is	 important	 for	 rDNA	 segregation	 in	 yeast.	 rDNA	

locus	 in	 yeast	 is	 composed	 of	 150-200	 repeats	 of	 ~9.1kb	 each	 (Venema	 &	 Tollervey,	

1999)	and	it	 is	known	as	a	 late	replicating	locus.	 It	has	been	shown	that	the	condensin	

subunit,	 Ycs4,	 is	 SUMOylated	 in	 a	 Cdc14	 dependent	 manner	 to	 promote	 rDNA	

segregation	 during	 anaphase	 (D'Amours	 et	 al.,	 2004).	 Condensin	 also	 regulates	 gene	

expression.	In	yeast,	it	has	been	shown	that	condensin	regulates	the	HMR	locus	(mating	

locus)	 silencing	 (Bhalla	 et	 al.,	 2002)	 and	 in	Drosophila	 kleisin	 subunit	 (Barren)	 along	

with	 Topo	 II	 regulates	 epigenetic	 gene	 expression	 (Lupo	 et	 al.,	 2001).	 Further,	 Ycs4	

analog	in	C.	elegans	is	important	for	dosage	compensation	(Csankovszki	et	al.,	2009).		

	

	 Another	interesting	role	of	condensin	is	its	involvement	in	DNA	repair	processes	

such	 as	 excision	 repair	 (Aono	 et	 al.,	 2002),	 single	 strand	 break	 repair	 (SSB)	 and	

homologous	 directed	 repair	 (HR)	 (Heale	 et	 al.,	 2006;	 Kong	 et	 al.,	 2011;	 Wood	 et	 al.,	

2008).	 Also,	 it	 has	 been	 shown	 that	 condensin	 prevents	 unwanted	 intrachromosomal	

recombination	 at	 rDNA	 locus	 by	 excluding	 Rad52	 thereby	 maintaining	 rDNA	 stability	

and	 genome	 integrity	 (Tsang	 &	 Zheng,	 2009).	 Another	 important	 role	 of	 condensin	

complex	 is	 its	 involvement	 in	 microtubule	 kinetochore	 attachment	 during	 mitosis	 to	

facilitate	 sister	 chromatid	 segregation.	 It	has	been	shown	 that	NCAPG2	of	 condensin	 II	

complex	interacts	with	Plk1	for	proper	microtubule-kinetochore	attachment	(Kim	et	al.,	

2014).	 In	yeast,	condensin	 is	 important	 for	proper	microtubule	attachment	(Burrack	et	

al.,	2013;	Johzuka	&	Horiuchi,	2009;	Tada	et	al.,	2011).	

	

1.7.2	 Histones:	

Histones	are	most	abundant	proteins	that	compose	the	nucleosome.	Two	copies	of	each	
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H2A,	H2B,	H3	&	H4	form	an	octamer.	Each	nucleosome	is	connected	with	a	linker	histone	

H1	 (Kornberg,	 1974;	 Kornberg	 &	 Thomas,	 1974).	 At	 the	 centromere,	 histone	 H3	 is	

replaced	by	centromere	H3	(CENP-A	in	humans/Cse4	in	yeast)	(McKinley	&	Cheeseman,	

2016).	 Histones	 play	 an	 important	 role	 in	 the	 maintenance	 of	 genomic	 integrity	 and	

mitotic	 chromosome	 structure.	 Nucleosome	 is	 a	 basic	 unit	 in	 higher	 order	 genome	

organization.	 Post-translational	 modifications	 of	 histone	 proteins	 also	 known	 as	 the	

“histone	code”,	are	important	regulatory	events	for	various	cellular	activities	(Jenuwein	

&	Allis,	2001).	Previous	studies	suggested	that	histone	H3	phosphorylation	is	important	

for	chromosome	condensation	(Gurley	et	al.,	1978;	Paulson	&	Taylor,	1982;	Van	Hooser	

et	 al.,	 1998;	 Wei	 et	 al.,	 1999).	 Also,	 it	 has	 been	 shown	 that	 H4K20	 methylation	 is	

implicated	in	condensin	recruitment	onto	chromatin	(Liu	et	al.,	2010).	

	

1.7.3	 	Topoisomerase	II:	

	

DNA	 topoisomerase	 II	 (Topo	 II)	 is	 an	 evolutionarily	 conserved	 protein	 that	 plays	 a	

critical	 role	 in	mitotic	 chromosome	 organization	 and	 genome	 integrity	 (Uemura	 et	 al.,	

1987).	Topo	II	introduces	a	double-strand	break	in	one	double	stranded	DNA	and	allows	

the	passage	of	other	double	stranded	DNA	through	it	and	subsequently	ligate	the	ends	in	

an	 ATP	 dependent	 manner	 (Nitiss,	 2009).	 Topo	 II	 is	 major	 component	 isolated	 as	 a	

chromosome	 scaffold	 protein	 (Earnshaw	 et	 al.,	 1985;	 Gasser	 et	 al.,	 1986).	 Condensin	

interacts	with	Topo	II	in	Drosophila	and	the	loading	of	Topo	II	on	chromatin	is	dependent	

on	condensin	in	yeast	(Bhalla	et	al.,	2002;	Bhat	et	al.,	1996).	The	most	important	function	

of	Topo	II	is	to	decatenate	the	intertwine	DNA	tangles	generated	during	DNA	replication.	

It	has	also	been	shown	 that	 condensin	 induces	positive	 supercoils	 in	DNA	 in	a	Topo	 II	

dependent	manner	(Baxter	et	al.,	2011).		

	

1.8	 Regulation	of	condensin	complex	by	kinases:	

	

Post-translational	 modifications	 of	 proteins	 play	 a	 crucial	 role	 in	 the	 regulation	 of	

various	 biological	 processes	 like	 subcellular	 localization,	 protein-protein	 interactions,	
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loading	 and	 unloading	 at	 a	 target	 site	 on	 chromatin	 (Karve	 &	 Cheema,	 2011).	 These	

modifications	 involve	 the	 addition	 of	 a	 functional	 group	 covalently	 to	 a	 protein	 by	 a	

group	 of	 enzymes.	 One	 such	 important	 post-translational	 modification	 of	 proteins	 is	

phosphorylation.	It	is	well	known	that	condensin	complex	is	a	target	of	various	kinases	

during	the	cell	cycle.	It	has	been	proposed	that	a	single	dominant	kinase	is	not	sufficient	

to	regulate	condensin	complex,	rather	a	set	of	kinases	might	sequentially	phosphorylate	

condensin	 to	 assist	 the	 chromosome	 condensation	during	mitosis	 (Bazile	 et	 al.,	 2010).	

Three	major	kinases,	which	regulate	condensin,	are	Cdk1,	Aurora	B	and	polo-like	kinase.		

	

Cdk1:	First,	 in	Xenopus	 cell	 free	extracts,	 it	was	shown	 that	 the	supercoil	 formation	by	

condensin	 is	 dependent	 of	 Cdk1	 (Kimura	 et	 al.,	 1998).	 In	 human	 cells,	 Cdk1	

phosphorylates	the	condensin	II	subunit	CAP-D3	and	it	is	important	for	polo-like	kinase	

(Plk1)	localization	to	chromosomes	(Abe	et	al.,	2011).	In	S.	pombe,	condensin	is	localized	

in	 the	 cytoplasm	 during	 interphase	 and	 it	 is	 transported	 to	 the	 nucleus	 upon	 Cdk1	

phosphorylation	 of	 Cut14/Smc4	 on	 T19	 (threonine)	 residue	 at	 the	 onset	 of	 mitosis	

(Sutani	et	al.,	1999).	 In	budding	yeast,	Cdk1	phosphorylates	purified	condensin	 in	vitro	

and	it	is	important	for	its	supercoiling	activity	(St-Pierre	et	al.,	2009).		

	

Aurora	 B	 kinase:	 Aurora	 B	 kinase	 depletion	 in	Drosophila	 leads	 to	 loss	 of	 condensin	 I	

(Kleisin/Barren)	loading	onto	mitotic	chromosomes	(Giet	&	Glover,	2001).	In	HeLa	cells,	

Aurora	B	 depletion	 cause	 reduction	 in	 binding	 of	 condensin	 I	 complex	 but	 it	 does	 not	

affect	binding	of	condensin	II	complex	(Lipp	et	al.,	2007).	C.	elegans	condensin	subunit,	

Smc2/MIX1	binding	to	chromatin	 is	also	disrupted	in	Aurora	B	depletion	(Kaitna	et	al.,	

2002).	 	 In	 budding	 yeast,	 Aurora	 B/Ipl1	 has	 no	 role	 in	 metaphase	 chromosome	

condensation,	 but	 it	 is	 important	during	 anaphase	 (Lavoie	 et	 al.,	 2004;	 St-Pierre	 et	 al.,	

2009).	 In	S.	pombe,	Aurora	B/Ark1	phosphorylates	Cnd2	subunit	of	condensin	complex	

(Nakazawa	et	al.,	2011).		

	

Polo-like	 kinase	 (Plk1):	 Plk1	 in	 yeast	 phosphorylates	 all	 three	 non-SMC	 subunits	 of	

condensin	 and	 this	 phosphorylation	 is	 required	 for	 supercoiling	 activity	 and	 the	
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maintenance	 of	 chromosome	 condensation	 during	 late	mitosis	 (St-Pierre	 et	 al.,	 2009).	

However,	 Plk1	 phosphorylation	 alone	 is	 not	 sufficient	 for	 supercoiling	 activity	 of	

condensin	and	it	also	requires	Cdk1	activity.	Condensin	II	subunit	CAP-D3	is	a	target	of	

Plk1	in	human	cells	(Abe	et	al.,	2011).		

	 Other	 kinases	 like	 Mps1	 kinase,	 Casein	 kinase	 II	 (CK2)	 and	 are	 also	 shown	 to	

phosphorylate	 condensin	 complex	 (Kagami	 et	 al.,	 2014;	 Takemoto	 et	 al.,	 2006).	 CK2	

phosphorylates	at	 serine-570	residue	of	Cap-H	subunit	of	human	condensin	 I	 complex.	

This	phosphorylation	during	interphase	by	CK2	reduces	the	supercoiling	activity	thereby	

negatively	 regulating	 condensin	 complex	 (Takemoto	 et	 al.,	 2006).	 Mps1	 kinase	

phosphorylates	at	the	serine-492	residue	of	Cap-H2	subunit	of	human	condensin	II	and	

helps	in	the	chromosome	condensation	at	the	onset	mitosis	(Kagami	et	al.,	2014).	
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1.8	 Hypothesis	and	Objectives:	

	

	 Since	the	discovery	of	condensin,	many	studies	have	come	to	understand	its	role	

in	chromosome	condensation.	Nevertheless,	how	this	pentameric	complex	is	involved	in	

the	 compaction	 of	 chromatin	 into	 highly	 organized	metaphase	 chromosomes	 is	 poorly	

understood.	 There	 are	 many	 unanswered	 questions	 in	 this	 field	 of	 chromosome	

condensation.	 Our	 study	 mainly	 focused	 on	 a	 few	 interesting	 questions	 such	 as:	 how	

chromosome	 condensation	 process	 is	 initiated	 at	 the	 onset	 of	 mitosis?	 What	 is	 the	

driving	 force	 responsible	 for	 this	 initiation	 of	 compaction	 and	 how	 it	 is	 regulated	 to	

achieve	 full	 chromatin	 compaction	 in	metaphase?	 In	 this	 thesis,	 I	 attempted	 to	answer	

these	 questions.	 An	 important	 regulator	 of	 chromosome	 condensation	 during	 early	

mitosis	 is	 the	 Cdk1	 kinase.	 Previous	 studies	 on	 the	 role	 of	 Cdk1	 in	 chromosome	

condensation	showed	that	 it	 is	 important	 for	 transport	of	 the	condensin	complex	 from	

the	cytoplasm	to	the	nucleus	and	is	essential	for	condensin	function.	But	these	studies	do	

not	 show	 how	 chromosome	 condensation	 is	 initiated	 during	 early	 mitosis.	 Hence,	 we	

studied	the	role	of	Cdk1	in	chromosome	condensation	process,	as	it	is	the	major	kinase	

required	 for	 mitosis.	 Importantly,	 we	 focused	 on	 whether	 Cdk1	 regulate	 condensin	

complex	to	induce	the	initiation	of	chromosome	condensation.		

	 	

	 Our	hypothesis	is	that	Cdk1	phosphorylates	condensin	in	early	mitosis	to	initiate	

the	process	of	chromosome	condensation.	To	test	this,	we	have	the	following	objectives	

in	this	study.	

	

Objective	 I:	 To	 understand	 the	 role	 of	 Cdk1	 in	 chromosome	 condensation	 in	 budding	

yeast.	

Objective	 II:	 To	 determine	 the	 consequences	 of	 Cdk1	 dependent	 phosphorylation	 on	

condensin	activity		

Objective	 III:	 To	 identify	 novel	 chromatin	 factors	 required	 for	 the	 maintenance	 of	

chromosome	condensation	in	metaphase.	
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2.1	 Abstract	

The	 initiation	 of	 chromosome	 morphogenesis	 marks	 the	 beginning	 of	 mitosis	 in	 all	

eukaryotic	cells.	Although	many	effectors	of	chromatin	compaction	have	been	reported,	

the	nature	and	design	of	the	essential	trigger	for	global	chromosome	assembly	remains	

unknown.	 Here	 we	 reveal	 the	 identity	 of	 the	 core	 mechanism	 responsible	 for	

chromosome	morphogenesis	in	early	mitosis.	We	show	that	the	unique	sensitivity	of	the	

chromosomes	condensation	machinery	for	the	activity	of	Cdk1	acts	as	the	main	driving	

force	 for	 the	 compaction	of	 chromatin	 at	mitotic	 entry.	 This	 sensitivity	 is	 imparted	by	

multi-site	phosphorylation	of	a	conserved	chromatin-binding	sensor,	 the	Smc4	protein.	

The	multi-site	phosphorylation	of	this	sensor	integrates	the	activation	state	of	Cdk1	with	

the	 dynamic	 binding	 of	 the	 condensation	 machinery	 to	 chromatin.	 Abrogation	 of	 this	

event	leads	to	chromosome	segregation	defects	and	lethality,	while	moderate	reduction	

reveals	 the	 existence	 of	 a	 novel	 chromatin	 transition	 state	 specific	 to	 mitosis,	 the	

intertwist	 configuration.	 Collectively,	 our	 results	 identify	 the	 mechanistic	 basis	

governing	 chromosome	 morphogenesis	 in	 early	 mitosis	 and	 how	 distinct	 chromatin	

compaction	states	can	be	established	via	specific	thresholds	of	Cdk1	kinase	activity.	
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2.2	 Introduction	

In	his	seminal	description	of	mitosis,	Flemming	recognized	that	the	formation	of	visible	

chromosomes	 is	 one	 of	 the	 earliest	 cytological	 landmarks	 of	 the	 cell	 division	 program	

(Flemming,	1882).	Since	then,	much	efforts	has	been	devoted	to	unraveling	the	structural	

and	 regulatory	 mechanisms	 that	 underpin	 the	 formation	 of	 mitotic	 and	 meiotic	

chromosomes	 (Baxter	 &	 Aragon,	 2012;	 Hirano,	 2012;	 Maeshima	 &	 Eltsov,	 2008).	 A	

number	 of	 independent	 steps,	 such	 as	 chromosome	 replication,	 condensation,	 and	 the	

establishment	of	sister	chromatid	cohesion	are	required	for	the	formation	of	mature	and	

functional	chromosomes	during	cell	division.	The	morphological	changes	that	associate	

with	 these	 steps	 are	 collectively	 referred	 to	 as	 the	 process	 of	 chromosome	

morphogenesis	(van	Heemst	et	al.,	1999;	Yu	&	Koshland,	2005).	

The	compaction	of	amorphous	chromatin	into	visible	chromosomes	is	one	of	the	

earliest	 and	 most	 extensive	 change	 in	 the	 morphogenetic	 process	 (Flemming,	 1882).	

Given	 the	 physical	 challenges	 associated	 with	 the	 assembly	 of	 micrometer-scale	

chromosomes	in	the	crowed	cellular	environment	(Marko,	2008),	it	is	not	surprising	that	

many	 chromatin	 and	 cell	 cycle	 effectors	have	been	 suggested	as	possible	 regulators	of	

the	 process.	 Chief	 among	 those	 is	 the	 condensin	 complex,	 a	 pentameric	 ATPase	 that	

binds	 to	 chromatin	 and	 alter	 its	 configuration	 and/or	 association	 status	 with	 distant	

chromatin	 regions	 (Baxter	 &	 Aragon,	 2012;	 Bazile	 et	 al.,	 2010;	 Hirano,	 2012).	 Other	

factors,	 such	 as	 cell	 cycle	 kinases	 and	 histone	 modifying	 enzymes,	 have	 also	 been	

proposed	as	possible	regulators	of	chromosome	condensation	during	mitosis	(Abe	et	al.,	

2011;	Morishita	 et	 al.,	 2001;	Neurohr	 et	 al.,	 2011;	 St-Pierre	 et	 al.,	 2009;	Wilkins	 et	 al.,	

2014).	Although	it	 is	clear	that	these	enzymes	impact	chromatin	compaction	at	specific	

genomic	 locations	 and/or	 during	 specific	 stages	 of	 mitosis,	 it	 is	 remarkable	 that	 the	

chromosome	condensation	process	as	a	whole	 remains	 largely	operational	when	 these	

enzymes	 are	 fully	 inhibited	 in	mammalian	 cells	 (Abe	 et	 al.,	 2011;	 Cimini	 et	 al.,	 2003;	

Ditchfield	et	al.,	2003;	Hauf	et	al.,	2003;	Lenart	et	al.,	2007;	Ono	et	al.,	2004).	The	fact	that	

no	 specific	 mutation	 and/or	 inhibitory	 condition	 prevent	 the	 formation	 of	 condensed	

chromosomes	 during	 metaphase	 in	 mammalian	 cells	 suggests	 that	 the	 fundamental	
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nature	of	the	mechanism	responsible	for	global	chromosome	assembly	is	still	unknown.	

Another	key	issue	about	chromosome	morphogenesis	relates	to	the	timing	of	the	

process	 in	relationship	to	other	mitotic	events.	 It	has	been	established	several	decades	

ago	 that	 mitosis	 is	 initiated	 by	 a	 sudden	 increase	 in	 cyclin-dependent	 kinase	 (Cdk1)	

activity	 (Morgan,	 2007).	 The	 fact	 that	 the	 early	 assembly	 of	 mitotic	 chromosomes	

correlates	well	with	the	early	increase	in	Cdk1	activity	in	prophase	(Gavet	&	Pines,	2010)	

suggests	 that	 Cdk1	 may	 regulate	 early	 chromosome	 assembly	 directly.	 However,	 the	

dependency	of	the	chromosome	morphogenesis	process	on	mitotic	entry	(Ferrell,	1996;	

Gong	&	Ferrell,	2010;	Paulson,	2007;	Vassilev	et	al.,	2006)	makes	it	difficult	to	determine	

whether	 the	 impact	 of	 Cdk1	 on	 chromosome	morphology	 reflects	 a	 direct	 role	 in	 this	

process	 or,	 alternatively,	 a	 need	 to	 establish	 a	 mitotic	 state	 prior	 to	 initiating	

chromosomes	assembly.	Moreover,	given	that	a	requirement	for	Cdk1	activity	is	shared	

between	many	mitotic	 processes,	 it	 is	 unclear	 why	 the	 establishment	 of	 chromosome	

condensation	should	precede	other	mitotic	landmarks	if	all	mitotic	processes	respond	to	

the	 same	 Cdk1	 signal.	 The	 temporal	 primacy	 of	 condensation	 in	 the	 mitotic	 program	

could	 be	 due	 to	 heightened	 sensitivity	 to	 Cdk1	 phosphorylation,	 higher	 specificity	 for	

specific	cyclin-Cdk1	complexes,	or	a	yet	unknown	Cdk1-independent	mechanism.	In	this	

study,	 we	 test	 those	 possibilities	 and	 show	 how	 Cdk1	 can	 initiate	 chromosome	

morphogenesis	 directly	 using	 quantitative	 multisite	 phosphorylation	 of	 the	 Smc4	

protein.	Moreover,	we	identify	a	novel	two-step	mechanism	necessary	for	the	folding	of	

chromatin	and	subsequent	assembly	of	functional	chromosome	during	mitosis.	

	

2.3	 Results	

2.3.1	 Regulation	of	chromosome	morphology	by	Cdk1	

To	 investigate	 the	 mechanistic	 basis	 for	 chromosome	 morphogenesis,	 we	 first	

determined	 whether	 the	 process	 was	 under	 direct	 Cdk1	 control	 in	 Saccharomyces	

cerevisiae.	Yeast	cells	carrying	a	Cdk1	temperature-sensitive	(ts)	mutation,	cdc28-4,	were	

arrested	 in	 mitosis	 and	 the	 morphology	 of	 the	 ribosomal	 DNA	 (rDNA)	 locus	 was	

evaluated	in	these	cells.	The	shape	of	the	rDNA	locus	is	dramatically	reorganized	during	
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mitosis,	 which	 provides	 a	 sensitive	 assay	 to	 monitor	 chromosome	 morphogenesis	 in	

yeast	(Guacci	et	al.,	1994).	Whereas	wild-type	cells	arrested	in	mid-mitosis	showed	the	

typical	 condensed	 “loop”	 configuration	 of	 the	 rDNA	 locus	 at	 both	 23°C	 and	 37°C,	

inactivation	of	Cdk1	resulted	in	the	formation	of	an	uncondensed	"puff"	rDNA	signal	at	

37°C	 (Fig.	 1A)	 (Guacci	 et	 al.,	 1994).	 Having	 established	 the	 Cdk1-dependency	 of	 the	

chromosome	 morphogenetic	 process	 in	 yeast,	 we	 next	 asked	 whether	 chromosome	

condensation	 could	 be	 quantitatively	 modulated	 by	 down-regulation	 of	 Cdk1	 activity	

using	 conditional	 B-type	 cyclin	 mutations	 (i.e.,	 clb1	 clb3	 clb4	 clb2-VI;	 clb-ts	 mutant	

henceforth).	 Although	 able	 to	 enter	 mitosis,	 clb-ts	 cells	 are	 incapable	 of	 executing	

subsequent	mitotic	events	(Amon	et	al.,	1993).	Analysis	of	chromosome	morphology	in	

this	mutant	 revealed	 the	 existence	 of	 a	 novel	 intertwined	 rDNA	 configuration	 distinct	

from	the	uncondensed	"puff"	signal	(Fig.	1B)	or	from	the	fully	condensed	loop	signal	(Fig.	

1A).	Specifically,	under	low	Cdk1	activity,	 individual	chromosomal	"threads"	are	clearly	

visible	 at	 the	 rDNA	 locus	 and	 appear	 to	 follow	 an	 elaborate	 intertwined	 path	 distinct	

from	the	non-overlapping	path	of	chromosome	threads	 in	 the	 loop	configuration	(Figs.	

1A–B,	S1).	We	will	therefore	refer	to	this	novel	stage	in	chromosome	condensation	as	the	

intertwist	 configuration.	 Interestingly,	 chromatin	 folding	 within	 the	 intertwist	

configuration	is	consistent	in	shape	with	the	early	condensation	intermediates	that	were	

recently	proposed	to	exist	based	on	polymer	simulation	models	(Naumova	et	al.,	2013).	

Cytological	characterization	of	clb-ts	mutants	confirmed	that	other	mitotic	events,	such	

as	 bipolar	 spindle	 formation	 and	 chromosome	 segregation,	 do	 not	 occur	 in	 these	 cells	

(Fig.	S1)(Amon	et	al.,	1993).	

To	exclude	 the	possibility	 that	 rDNA	 intertwist	 formation	 is	 a	 consequence	of	 a	

change	in	Cdk1	specificity	in	clb-ts	mutants,	we	monitored	chromosome	morphology	in	

the	cdc28-as1	mutant.	This	mutant,	when	 treated	with	 low	concentrations	of	1NM-PP1	

inhibitor,	experiences	a	cell	 cycle	arrest	at	mitotic	entry	 (i.e.,	 after	DNA	replication	but	

prior	to	mitotic	spindle	formation)	(Bishop	et	al.,	2000),	similar	to	the	point	of	arrest	of	

clb-ts	mutants.	Examination	of	chromosome	morphology	in	cdc28-as1	cells	treated	with	

the	inhibitor	revealed	a	striking	enrichment	in	the	number	of	cells	carrying	the	intertwist	

configuration	 at	 the	 rDNA,	 whereas	 untreated	 cells	 formed	mostly	 loops	 at	 this	 locus	
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under	identical	conditions	(Fig.	1C).	Interestingly,	the	intertwist	configuration	appears	to	

be	 stabilized	 at	 low	 temperature	 and	 could	 be	 readily	 observed	 in	 wild-type	 cells	

progressing	synchronously	 into	mitosis	at	16	°C	 (Fig.	S2).	As	previously	observed	with	

the	fully	condensed	loop	configuration	(Lavoie	et	al.,	2004),	 formation	of	the	intertwist	

rDNA	intermediate	also	requires	cohesin	activity,	since	inactivation	of	mcd1-1	prevented	

the	 appearance	 of	 this	 rDNA	 configuration	 in	 mitosis	 (Fig.	 S3).	 Taken	 together,	 our	

results	indicate	that	chromosome	condensation	is	initiated	at	levels	of	Cdk1	activity	that	

are	 too	 low	 to	 induce	 other	mitotic	 events.	Moreover,	 conditions	 of	 low	 Cdk1	 activity	

revealed	 the	 existence	 of	 a	 hitherto	 unknown	 early	 chromatin-folding	 step	 in	 the	

formation	of	mitotic	chromosomes.	

	

2.3.2	 The	Smc4	subunit	of	condensin	is	a	target	for	Cdk1	in	early	mitosis	

What	 is	 the	 target	 of	 Cdk1	 in	 the	 induction	 of	 chromosome	 morphogenesis?	 A	 likely	

candidate	 is	 the	 condensin	 complex,	 a	 central	 effector	of	 chromosome	condensation	 in	

eukaryotes(Baxter	&	Aragon,	2012;	Hirano,	2012).	To	 test	 this	possibility,	we	removed	

all	 the	 core	Cdk1	 consensus	 sites	 (i.e.,	 Ser/Thr-Pro)	 (Holt	 et	 al.,	 2009)	 from	condensin	

subunits	and	determined	the	effect	of	these	mutations	on	cell	proliferation	(Fig.	2A–B).	

Only	 smc4-10A	 showed	 detectable	 growth	 defects	 in	 the	 absence	 of	 Cdk1	

phosphorylation	(Fig.	2B).	Combining	all	mutations	in	one	yeast	strain	only	had	modest	

additive	 effects	 on	 cell	 proliferation	 relative	 to	 the	 smc4-10A	 single	 mutant	 (Fig.	 2B).	

These	 results	 indicate	 that	 the	 Smc4	 subunit	 of	 condensin	 is	 a	 likely	 target	 of	 Cdk1	 in	

vivo.	To	further	substantiate	this	possibility,	we	immunopurified	the	condensin	complex	

from	 metaphase-arrested	 cells	 and	 subjected	 the	 immunoprecipitate	 to	 mass	

spectrometry	 analysis	 to	 identify	 possible	 in	 vivo	 phosphorylation	 sites.	 This	 analysis	

revealed	the	existence	of	5	phosphorylation	sites	that	conform	to	the	Cdk1	consensus	in	

Smc4	 (Figs.	 2C,	 S4A)	 and	none	 in	 the	other	 subunits	 of	 condensin.	An	 additional	Cdk1	

phospho-site,	 Ser117,	 was	 uncovered	 in	 Smc4	 in	 a	 proteome-wide	 analysis	 of	 mitotic	

cells	(Holt	et	al.,	2009;	Kao	et	al.,	2014).	Interestingly,	all	these	Cdk1	phospho-sites	were	

clustered	in	the	N-terminal	extension	of	Smc4,	a	region	of	the	protein	that	is	conserved	
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among	 eukaryotic	 Smc4	 family	 members	 but	 absent	 in	 Smc1-3	 families	 (Fig.	 S4B–C).	

Deletion	 of	 the	 N-terminal	 extension	 of	 Smc4	 results	 in	 a	 stable	 but	 inactive	 protein,	

thereby	 revealing	 the	 essential	 role	 played	by	 this	 part	 of	 Smc4	 in	 condensin	 function	

(Fig.	 2D).	 Finally,	 we	 asked	 whether	 Cdk1	 is	 directly	 responsible	 for	 condensin	

phosphorylation.	To	test	this	possibility,	we	purified	condensin	from	yeast	and	exposed	

it	to	purified	Cdk1-Clb2	in	the	presence	of	radiolabeled	ATP.	We	observed	that	a	single	

band	 corresponding	 to	 the	molecular	mass	 of	 Smc4	 became	 phosphorylated	 following	

the	 kinase	 reaction	 (St-Pierre	 et	 al.,	 2009)	 (Fig.	 2E).	 Performing	 a	 similar	 experiment	

using	 only	 the	 N-terminal	 fragment	 of	 Smc4	 (residues	 1-163)	 resulted	 in	 a	 Cdk1	

phosphorylation-induced	gel	retardation	of	the	substrate	after	electrophoresis	(Fig.	2F).	

Taken	together,	these	experiments	demonstrate	that	Cdk1	phosphorylates	Smc4	in	vitro	

and	in	vivo.	

We	next	characterized	the	timing	of	Smc4	phosphorylation	during	the	cell	cycle.	

Since	 phosphorylation	 of	 the	N-terminal	 part	 of	 Smc4	 by	 Cdk1	 causes	 a	 gel	 shift	 after	

electrophoresis	 (Fig.	 2F),	 we	 used	 cells	 expressing	 the	 N-terminal	 extension	 of	 Smc4	

fused	 to	 an	 epitope	 tag	 (henceforth,	 Smc4-NT)	 to	monitor	 in	 vivo	 phosphorylation.	 As	

expected,	the	electrophoretic	behavior	of	Smc4-NT	changes	dramatically	during	the	cell	

cycle,	 starting	 as	 a	 single	band	 in	G1	and	acquiring	 at	 least	2	 retarded	 species	 as	 cells	

progressed	towards	mitosis	(Fig.	3A).	Phosphatase	treatment	of	Smc4-NT	confirmed	that	

the	 retarded	 species	 were	 due	 to	 phosphorylation	 (Fig.	 3B).	 Importantly,	 Smc4-NT	

became	 phosphorylated	 simultaneously	 with/or	 slightly	 prior	 to	 Swe1,	 an	 early	 Cdk1	

substrate	during	mitosis	(Harvey	et	al.,	2005),	and	much	earlier	than	Ycg1,	a	condensin	

subunit	 phosphorylated	 in	 anaphase	 (St-Pierre	 et	 al.,	 2009)	 (Fig.	 3A).	 These	 results	

indicate	that	Smc4	phosphorylation	occurs	at,	or	very	close	to	mitotic	entry.	Consistent	

with	this	interpretation,	monitoring	the	phosphorylation	of	two	of	the	Cdk1	sites	–	Ser4	

and	Ser128–	on	Smc4	using	phospho-specific	antibodies	confirms	that	these	residues	are	

also	 modified	 early	 in	 mitosis	 (Figs.	 3C–D,	 S5A-B).	 The	 in	 vivo	 kinetics	 of	 Smc4	

phosphorylation	 revealed	 by	 the	 Smc4-NT	 construct	 and	 the	 phospho-specific	 Ser128	

antibody	were	essentially	identical	(Fig.	3D),	thereby	validating	Smc4-NT	as	en	effective	

reporter	 to	monitor	 Smc4	 phosphorylation	 status.	 Importantly,	 removal	 of	 the	 7	 Cdk1	
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sites	 in	 the	 Smc4-NT	 fragment	 completely	 abrogated	 its	 phosphorylation-induced	 gel	

retardation	 in	 live	 cells	 (Figs.	3E,	 S5C).	These	 results	 strongly	 suggest	 that	Cdk1	 is	 the	

kinase	 that	 targets	 Smc4	 for	 phosphorylation	 in	 early	 mitosis.	 Consistent	 with	 this	

prediction,	 cells	 defective	 in	 early	 (clb5,	 clb6)	and	 late	 cyclin	 (clb1,	 clb3,	 clb4,	 clb2-ts)	

subunits	showed	marked	reductions	in	the	extent	of	Smc4	phosphorylation	in	vivo	(Figs.	

3F,	S5D–E).	Moreover,	removal	of	the	Clb5-targetting	RxL	motifs	(Koivomagi	et	al.,	2011;	

Loog	&	Morgan,	 2005;	Morgan,	 2007)	 in	 the	N-terminus	 of	 Smc4	 caused	 a	 substantial	

reduction	in	the	extent	of	its	phosphorylation	(Figs.	3G,	S5F).	Finally,	we	wanted	to	test	

the	possibility	that	Smc4	phosphorylation	might	be	mediated	by	Cdc5	since	this	kinase	is	

known	 to	be	activated	by	Cdc28	 in	mitosis	 (Mortensen	et	al.,	 2005).	However,	 the	 fact	

that	Smc4-NT	phosphorylation	remained	normal	in	cdc5-99	mutant	cells	entering	mitosis	

(Fig.	 S5G),	 or	 in	 cells	 already	 arrested	 at	 this	 stage	 of	 the	 cell	 cycle	 (Fig.	 S5H)	 argues	

against	a	role	for	this	kinase	as	the	major	or	sole	Smc4	kinase	in	early	mitosis	(Fig.	S5G-

H).	 Taken	 together,	 our	 results	 show	 that	 effective	 phosphorylation	 of	 Smc4	 in	 early	

mitosis	requires	direct	targeting	of	condensin	by	cyclin-Cdk1	complexes.	

	

2.3.3	 Smc4	phosphorylation	activates	chromosome	morphogenesis	

What	is	the	physiological	significance	of	Smc4	phosphorylation	by	Cdk1?	To	answer	this	

question,	we	introduced	in	the	yeast	genome	mutations	that	either	prevent	or	mimic	the	

phosphorylation	 of	 the	 7	 Cdk1	 sites	 in	 the	 N-terminal	 extension	 of	 Smc4.	 Whereas	

removal	of	individual	Cdk1	sites	resulted	in	little	to	no	effect	on	growth	properties	or	on	

chromosome	 condensation	 (Fig.	 S6A–B),	 cells	 carrying	 a	 SMC4	 allele	 that	 lacks	 all	 N-

terminal	Cdk1	sites	exhibited	a	strong	growth	defect	at	non-permissive	temperature	(i.e.,	

smc4-7A;	Fig.	4A).	We	noticed	that	the	Smc4-7A	protein	was	less	abundant	than	its	wild-

type	 counterpart	 in	 immunoblot	 analysis	 (Fig.	 4B,	 first	 two	 lanes).	 This	 reduction	 in	

Smc4-7A	protein	levels	is	not	responsible	for	its	growth	defect	since	down-regulation	of	

wild-type	 Smc4	 abundance	 using	 the	 auxin-inducible	 degron	 (i.e.,	 Smc4-AID)	 did	 not	

result	 in	detectable	growth	defect	at	Smc4	protein	 levels	comparable	 to,	or	 lower	 than	

those	of	the	Smc4-7A	mutant	(compare	40	µM	auxin/IAA	and	smc4-7A	lanes	in	Fig.	4B,C).	
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Consistent	 with	 this,	 inactivation	 of	 the	 pathway	 responsible	 for	 the	 degradation	 of	

unstable	nuclear	proteins	did	not	suppress	the	ts	phenotype	of	smc4-7A	cells	(Fig.	S7A),	

and	 no	 defect	 in	 condensin	 complex	 formation	was	 detected	 in	 smc4-7A	mutants	 (Fig.	

4D).	 Collectively,	 these	 results	 indicate	 that	 the	 conditional	 lethality	 phenotype	 of	 the	

smc4-7A	 mutant	 is	 specifically	 due	 to	 the	 loss	 of	 Cdk1-mediated	 phosphorylation	 of	

condensin.	

Microscopic	 examination	 of	 smc4-7A	 mutants	 at	 non-permissive	 temperature	

provided	critical	insights	on	the	nature	of	the	cellular	defect	responsible	for	the	lethality	

of	 this	mutant.	We	noticed	 that	 there	was	 a	 significant	 fraction	of	 dividing	 cells	 in	 the	

mutant	 population	 that	 contained	 unequal	 amounts	 of	 nuclear	 material	 and/or	

connecting	 threads	 of	 chromosomal	 DNA	 between	 separating	 nuclei	 (see	 arrowheads;	

Fig.	 4E).	 This	 phenotype	 was	 much	 less	 frequent	 in	 wild-type	 cells	 (Fig.	 4F),	 and	 is	

indicative	 of	 severe	 chromosome	 segregation	 defects	 in	 the	 absence	 of	 Smc4	

phosphorylation.	 The	 root	 cause	 for	 the	 segregation	 defect	 of	 condensin	 mutants	 has	

been	ascribed	to	their	inability	to	promote	chromosome	condensation	(Hirano,	2012).	To	

test	this	notion,	we	examined	the	rDNA	condensation	proficiency	of	the	smc4-7A	mutant	

in	relationship	 to	 that	of	SMC4	and	smc4-82	 cells	 (i.e.,	a	strong	ts	mutant	of	condensin;	

see	below).	Whereas	wild-type	cells	were	able	to	condense	the	rDNA	effectively	at	37°C,	

both	smc4-7A	and	smc4-82	mutant	were	completely	defective	in	rDNA	loop	formation	at	

non-permissive	 temperatures	 (Fig.	 4G,H).	 These	 results	 indicate	 that	 Cdk1	

phosphorylation	is	absolutely	necessary	to	activate	condensin	and	initiate	chromosome	

condensation	in	vivo.	

A	 previous	 study	 using	 the	 fission	 yeast	 Schizosaccharomyces	 pombe	 suggested	

that	Cdc2	might	regulate	condensin	by	phosphorylation	in	vivo	(Sutani	et	al.,	1999).	The	

authors	 showed	 that	 overexpression	 of	 the	 cut3-T19A	 phosphomutant	 caused	 a	

dominant-negative	 chromosome	 segregation	 defect	 in	 this	 organism	 (however,	 no	

chromosome	condensation	defects	were	observed	in	this	study).	Since	the	phenotype	of	

the	 cut3-T19A	 mutant	 expressed	 at	 its	 natural	 level	 was	 not	 reported	 by	 Sutani	 and	

colleagues,	and	protein	overexpression	can	often	obscure	the	physiological	relevance	of	
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natural	regulatory	processes	(Robbins	&	Cross,	2010),	we	wondered	what	might	be	the	

phenotype	 associated	 with	 loss	 of	 Thr19	 phosphorylation	 when	 Cut3	 is	 expressed	 at	

physiological	levels.	To	address	this,	we	integrated	the	cut3-T19V	phosphomutant	at	its	

natural	 locus	 in	 diploid	 S.	 pombe.	 The	 valine	 substitution	was	 used	 in	 cut3	 instead	 of	

alanine	 since	 valine	 is	 structurally	 more	 similar	 to	 threonine,	 thus	 precluding	

destabilizing	 effects	 not	 related	 to	 loss	 of	 phosphorylation.	 Dissection	 of	 a	 sporulated	

heterozygous	 diploid	 yeast	 carrying	 the	 cut3-T19V	 allele	 revealed	 that	 loss	 of	 Thr19	

phosphorylation	 is	 lethal	 in	 haploid	 cells	 when	 the	 mutant	 is	 expressed	 from	 its	

physiological	locus	(Fig.	S7B).	Interestingly,	the	heterozygous	diploid	carrying	cut3-T19V	

grew	normally	(Fig.	S7C),	thereby	suggesting	that	the	dominant	lethal	effects	previously	

observed	with	the	cut3-T19A	mutant	might	be	specific	to	the	alanine	substitution	and/or	

to	 the	overexpression	of	 the	protein	(Sutani	et	al.,	1999).	Taken	together,	 these	results	

further	strengthen	the	conclusion	that	Cdk1	phosphorylation	of	the	N-terminal	extension	

of	 Smc4	 family	 members	 plays	 a	 critical	 role	 in	 the	 regulation	 of	 condensins	 in	

eukaryotes.	

	

2.3.4	 Cdk1	phosphorylation	sites	activate	condensin	by	altering	its	charge	

We	next	 examined	 the	 phenotype	 of	 a	SMC4	 allele	 carrying	 phospho-mimetic	 residues	

(i.e.,	negatively-charged	glutamates)	at	the	position	of	Cdk1	sites.	Constitutive	activation	

of	condensin	by	such	mutations	is	expected	to	create	a	lethal	form	of	the	enzyme	because	

it	 would	 permanently	 alter	 chromatin	 structure	 in	 yeast.	 However,	 replacement	 of	

phosphorylated	residues	by	glutamates	in	Smc4	did	not	result	in	an	obvious	activation	of	

condensin	or	any	detectable	growth	defect	 in	the	smc4-7E	mutant	(Fig.	4A).	This	 is	not	

completely	 unexpected	 since	 a	 single	 negatively-charged	 residue	 does	 not	 accurately	

mimic	 the	structure	or	net	charge	of	a	phosphorylated	residue,	as	previously	observed	

(Lyons	&	Morgan,	 2011;	 Pearlman	 et	 al.,	 2011).	 Based	 on	 the	 fact	 that	 the	N-terminal	

extension	of	Smc4	is	predicted	to	be	highly	unstructured	(Fig.	S8A–C),	we	considered	the	

possibility	that	the	change	in	charge	imparted	by	phosphorylation	of	this	domain	would	

be	more	 relevant	 as	 a	 regulatory	mechanism	 than	 a	 possible	 change	 in	 structure.	We	
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therefore	 created	 a	 smc4-7EE	 allele	 where	 the	 phosphorylated	 residues	 and	 adjacent	

prolines	 (+1	 position	 of	 the	 CDK	 motif)	 were	 mutated	 to	 double-glutamates	 to	 more	

accurately	mimic	phosphate	charges	(Pearlman	et	al.,	2011)	(Fig.	5A–B).	It	was	recently	

shown	that	this	approach	is	more	effective	at	mimicking	an	“activated”	state	than	single	

glutamate/aspartate	substitutions	in	substrates	targeted	by	proline-directed	kinases	(Li	

et	al.,	2014;	Strickfaden	et	al.,	2007).	The	charge-mimetic	allele,	together	with	additional	

control	mutations,	were	 integrated	 at	 the	SMC4	 locus	 in	 a	 diploid	 yeast	 strain	 and	 the	

resulting	heterozygous	mutants	were	sporulated	and	dissected	to	reveal	the	phenotypes	

of	 the	 mutations	 in	 haploid	 spores.	 Remarkably,	 introducing	 dual	 charge-mimetic	

mutations	at	 the	seven	phosphosites	and	adjacent	positions	 (i.e.,	 Ser/Thr-Pro	motif)	of	

Smc4	 led	 to	 lethality	 in	 all	 spores	 inheriting	 those	 mutations,	 whereas	 altering	

simultaneously	 the	seven	phosphosites	with	single	glutamates	at	either	position	of	 the	

Ser/Thr-Pro	motifs	had	no	detectable	effect	on	viability	(i.e.,	4	viable	spores	per	tetrad;	

Fig.	 5B).	 Moreover,	 a	 mutant	 carrying	 dual	 glutamines	 –an	 amino	 acid	 approximately	

isosteric	 with	 glutamate	 but	 lacking	 the	 negative	 charge	 (Fig.	 5A)–	 did	 not	 result	 in	

obvious	 viability	 defects	 (Fig.	 5B).	 These	 results	 demonstrate	 that	 the	 lethality	 of	 the	

smc4-7EE	mutant	 is	due	 to	 the	presence	of	negative	 charges	 that	 effectively	mimic	 the	

phosphorylated	state	of	the	active	protein.	Immunoblot	analysis	of	heterozygote	diploids	

confirmed	that	the	Smc4-7EE	mutant	is	expressed	at	normal	levels	in	yeast	(Fig.	S8D).	

To	 further	 strengthen	 our	 previous	 interpretation,	 we	 asked	 whether	 an	

alternative	means	 of	 imposing	 a	 constitutive	 state	 of	 phosphorylation	 on	 Smc4	would	

recapitulate	the	phenotype	of	 the	smc4-7EE	allele.	To	achieve	this,	we	fused	the	B-type	

cyclin	Clb2	 to	 the	N-terminus	of	Smc4	 in	order	 to	 target	Cdk1	 to	Smc4	 throughout	 the	

cell	 cycle,	 an	 experimental	 approach	 previously	 described	 (Lyons	 &	 Morgan,	 2011).	

Dissecting	a	sporulated	heterozygous	diploid	strain	carrying	the	CLB2-SMC4	fusion	gene	

led	 to	 lethality	 or	 severe	 growth	 defects	 in	 most	 of	 the	 spores	 inheriting	 the	 fusion	

construct	(Fig.	5B).	Preventing	phosphorylation	of	Smc4	by	removal	of	its	phosphosites	

or	by	deletion	of	Clb2's	cyclin	box,	the	part	of	the	protein	responsible	for	interaction	with	

Cdk1,	 largely	 suppressed	 the	 lethality	 associated	 with	 the	 cyclin-Smc4	 fusion	 protein	

(Figs.	5B,	S9A).	These	results	are	consistent	with	the	phenotype	of	the	smc4-7EE	allele,	
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and	indicate	that	inducing	a	permanent	state	of	phosphorylation	in	Smc4	is	incompatible	

with	viability	in	yeast.	Since	the	phenotype	associated	with	mimicking	phosphorylation	

is	much	stronger	than	that	caused	by	loss	of	phosphorylation,	we	posit	that	the	smc4-7EE	

and	CLB2-SMC4	mutants	behave	as	gain-of-function	alleles	in	vivo.	

We	envision	 two	possible	regulatory	modes	 that	can	account	 for	 the	 lethality	of	

smc4-7EE	and	CLB2-SMC4	mutants.	First,	constitutive	phosphorylation	of	condensin	may	

simply	activate	the	enzyme	and	result	in	a	permanent	state	of	chromosome	condensation	

that	 is	 not	 compatible	 with	 viability.	 Alternatively,	 preventing	 phosphate	 removal	 in	

phospho-mimetic	 mutants	 may	 abrogate	 iterative	 phosphorylation/dephosphorylation	

cycles	 that	 are	 normally	 required	 to	maintain	 full	 enzyme	 activity	 during	mitosis	 (De	

Wulf	 et	 al.,	 2009).	 Overexpression	 of	 smc4-7EE	 can	 distinguish	 between	 these	 two	

regulatory	 modes	 since	 a	 version	 of	 condensin	 that	 is	 fully	 activated	 by	 static	

phosphorylation	 (i.e.,	 no	 turnover	 model)	 would	 be	 expected	 to	 induce	 unscheduled	

condensation	 following	 overexpression,	 whereas	 a	 version	 of	 this	 enzyme	 that	 is	

engaged	 into	 its	 activation	 cycle	by	phosphorylation	but	not	 allowed	 to	 complete	 it	by	

dephosphorylation	 (i.e.,	 dynamic	 phosphorylation	 model)	 would	 act	 as	 a	 dominant-

negative	inhibitor.	To	test	these	hypotheses,	we	expressed	ectopically	smc4-7EE	in	wild-

type	and	clb2-ts-arrested	cells.	Remarkably,	ectopic	expression	of	smc4-7EE	was	not	able	

to	 induce	 unscheduled	 condensation	 of	 the	 rDNA	 locus	 in	 G1	 cells	 or	 full	 rDNA	

condensation	 in	 G2/early	 mitotic	 cells	 (Fig.	 S9B–E,	 S10A),	 which	 suggests	 a	 need	 for	

dynamic	 phosphorylation	 in	 the	 regulation	 of	 condensin	 in	 vivo.	 Consistent	 with	 this,	

overexpression	 of	 smc4-7EE	 led	 to	 dominant-negative	 lethality	 in	 both	 wild-type	 and	

smc4-82	mutants	(Fig.	5C).	This	lethality	is	not	due	to	unspecific	loss-of-function	in	smc4-

7EE	or	subunit	 imbalance	 in	condensin	since	overexpression	of	smc4-1	 (Freeman	et	al.	

2000),	 smc4-7A,	or	 SMC4	 complemented	 the	 lethality	 of	 the	 smc4-82	 mutant	 at	 37	 °C,	

without	 causing	 dominant-lethal	 effects	 in	wild-type	 cells	 (Fig.	 5C).	We	 note	 however	

that	overexpression	of	SMC4	in	wild-type	cells	caused	a	weak	proliferation	delay	at	23	°C.	

It	 has	 been	previously	 demonstrated	 that	 the	 effects	 of	mutations	 that	 confer	 a	

gain	 of	 activity	 on	 a	 protein	 can	 be	 abrogated	 by	 fusion	 with	 known	 inactivating	
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mutations	 (Schott	 &	 Hoyt,	 1998).	 To	 formally	 test	 the	 gain-of-function	 nature	 of	 the	

charge	 mimetic	 mutations	 in	 SMC4,	 we	 combined	 the	 7EE	 substitutions	 with	 the	

inactivating	 mutations	 in	 the	 smc4-1	 allele	 and	 monitored	 the	 ability	 of	 the	 chimeric	

mutant	 to	 behave	 in	 a	 dominant-negative	manner.	 As	 expected,	 overexpression	 of	 the	

smc4-7EE-1	chimeric	mutant	 in	 condition	where	 its	 charge-mimetic	mutations	 are	 not	

counteracted	by	the	smc4-1	mutations	(i.e.,	23°C;	the	permissive	temperature	for	smc4-1)	

led	 to	a	dominant-negative	 lethality	similar	 to	 that	of	 the	smc4-7EE	single	mutant	 (Fig.	

5D	 vs	 5C,E).	 In	 contrast,	 overexpression	 of	 the	 chimeric	 mutant	 at	 37°C	 (i.e.,	 the	

inactivating	 condition	 for	 smc4-1	 and,	 by	 extension,	 smc4-7EE)	 suppressed	 the	 lethal	

gain-of-function	associated	with	the	charge	mimetic	substitutions	(Fig.	5D).	Since	Smc4-

7EE	 must	 be	 endowed	 with	 an	 activity	 to	 be	 able	 to	 lose	 it,	 we	 conclude	 from	 this	

experiment	 that	 the	 charge	 mimetic	 mutations	 impart	 a	 new	 activity	 on	 Smc4	 that	

requires	otherwise	normal	protein	 function	to	mediate	 its	effect.	 Importantly,	 this	new	

activity	can	be	induced	equally	well	by	fusion	of	SMC4	with	CLB2	or	by	charge-mimicking	

mutations,	which	indicates	that	Cdk1	phosphorylation	activates	condensin	by	altering	its	

charge	 in	 living	 cells	 and	 that	 preventing	 Smc4	 dephosphorylation	 is	 lethal	 in	 vivo.	

Consistent	 with	 this	 interpretation,	 inactivation	 of	 a	 major	 mitotic	 phosphatase	 and	

known	condensin	 interactor,	 PP2A	 (encoded	by	 the	PPH3,	PPH21,	 and	PPH22	 genes	 in	

budding	 yeast;	 (Peplowska	 et	 al.,	 2014;	 Takemoto	 et	 al.,	 2009;	 Yeong	 et	 al.,	 2003)),	

caused	 a	 large	 reduction	 in	 the	 ability	 of	 phosphatase-defective	 cells	 to	 maintain	

chromosome	 condensation	 in	metaphase	 (Fig.	 S10B).	 Collectively,	 our	 results	 indicate	

that	 dynamic	 turnover	 of	 Cdk1	 phosphorylation	 events	 on	 condensin	 is	 important	 for	

mitotic	chromosome	condensation.	

	

2.3.5	 Hypersensitivity	of	Smc4	to	Cdk1	phosphorylation	

How	might	 charge-driven	activation	of	 condensin	promote	early	mitotic	appearance	of	

condensed	 chromosomes?	 One	 likely	 possibility	 would	 be	 that	 condensin	 is	

hypersensitive	to	low	levels	of	Cdk1	activity	because	phosphorylation	of	any	individual	

Cdk1	site	is	functionally	equivalent	for	enzyme	activation	and	only	a	few	of	them	need	to	
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be	modified	(in	any	combination)	 to	 fully	activate	 the	enzyme.	The	dominant	effects	of	

charge-mimetic	mutations	provide	a	unique	means	 to	 test	 this	hypothesis.	 Indeed,	one	

would	 expect	 that	 progressive	 removal	 of	 the	 7	 dual	 glutamates	 in	 Smc4	 would	

eventually	reverse	the	partial	gain-of-function	of	the	smc4-7EE	allele,	 thereby	revealing	

the	minimal	number	of	phospho-sites	that	are	required	to	activate	condensin	in	vivo.	

Prompted	by	 this	 rationale,	we	 created	 a	 series	 of	 heterozygous	SMC4/smc4-EE	

mutants	carrying	progressively	smaller	numbers	of	dual	glutamate	mutations	and	tested	

their	phenotypes	after	sporulation	of	diploid	cells.	Remarkably,	diploid	strains	carrying	

as	 few	as	3-4	charge-mimetic	mutations	gave	rise	 to	 tetrads	with	a	very	penetrant	2:2	

lethality	 phenotype	 co-segregating	 with	 smc4	 mutations	 (Fig.	 6,	 rows	 5–6).	 This	 is	

identical	 to	 the	phenotype	of	 the	original	 smc4-7EE	 or	 -10EE	 alleles	 (Fig.	6,	 rows	2–3),	

but	is	in	contrast	to	the	absence	of	phenotype	of	mutations	affecting	the	first	3	Cdk1	sites	

at	 the	 N-terminus	 of	 the	 protein	 (Fig.	 6,	 row	 4).	 This	 result	 suggests	 that	 3-4	

phosphorylation	 events	 in	 the	 middle	 or	 C-terminal	 clusters	 of	 Cdk1	 sites	 may	 be	

sufficient	to	activate	Smc4.	To	further	refine	this	conclusion,	we	focused	our	analysis	of	

charge-mimetic	mutations	to	those	in	the	middle	cluster	of	phospho-sites	(i.e.,	positions	

109,	113,	117,	128).	Removing	a	 single	dual-glutamate	mutation	 from	the	4	present	 in	

this	 cluster	 did	 not	 fully	 suppress	 the	 lethality	 of	 the	 remaining	 charge-mimetic	

mutations	 (Fig.	 6,	 rows	 7–8).	 However,	 loss	 of	 any	 additional	 site	 either	 reduced	 the	

penetrance	of	the	lethality	phenotype	(Fig.	6,	rows	8–9)	or	allowed	complete	recovery	of	

spore	viability	(Fig.	6,	rows	10–14).	Importantly,	preventing	phosphorylation	of	the	Cdk1	

sites	away	from	the	middle	cluster	of	dual	glutamates	(i.e.,	smc4-3A-4EE-3A	mutant)	did	

not	 suppress	 the	 effect	 of	 the	 smc4-4EE	 mutant	 (i.e.,	 Fig.	 6,	 compare	 rows	 5	 and	 17),	

thereby	indicating	that	the	lethality	of	this	strain	was	not	due	to	phosphorylation	of	the	

remaining	 Cdk1	 sites	 in	 Smc4-4EE.	 Taken	 together,	 these	 results	 indicate	 that	 a	

threshold	of	2-3	phospho-mimicking	charges	is	sufficient	to	stimulate	condensin	activity	

in	vivo	(Fig.	6,	rows	7,	16).	Moreover,	our	data	reveal	a	degree	of	functional	equivalency	

(or	redundancy)	 in	Cdk1	phosphosites,	 thereby	explaining	how	condensin	activation	 in	

early	mitosis	can	be	hypersensitive	to	Cdk1	levels.	
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2.3.6	 Cdk1	controls	condensin	binding	to	chromatin	

Finally,	 we	 wished	 to	 identify	 the	 specific	 aspect	 of	 condensin	 behavior	 that	 was	

regulated	by	Cdk1	phosphorylation.	Multiple	events	have	been	previously	shown	to	be	

required	for	full	activation	of	condensin	in	eukaryotes,	including	nuclear	import	(Sutani	

et	al.,	1999),	recruitment	on	chromatin	(Freeman	et	al.	2000),	and	enzymatic	activation	

(Kimura	et	al.,	1998).	The	fact	that	budding	yeast	condensin	and	mammalian	condensin	

II	are	constitutively	located	in	the	nucleus	(Freeman	et	al.,	2000;	Gerlich	et	al.,	2006;	Ono	

et	 al.,	 2004)	 suggests	 that	 the	 Cdk1	 regulation	 of	 these	 enzymes	may	not	 occur	 at	 the	

level	 of	 nuclear	 import.	 Interestingly,	 previous	 studies	 in	 human	 cells	 showed	 that	

condensin	 II	binding	to	chromatin	 is	very	dynamic	prior	 to	chromosome	condensation,	

but	 then	 becomes	much	more	 stable	 as	 cells	 enter	 mitosis	 (Gerlich	 et	 al.,	 2006).	 The	

mechanistic	 basis	 for	 this	 change	 in	 chromatin	 binding	 dynamics	 is	 unknown,	 but	 it	

seems	 likely	 that	 increasing	 the	 duration	 of	 condensin	 interactions	 with	 chromatin	

would	 stimulate	 chromosome	condensation	 (Gerlich	et	 al.,	 2006).	To	evaluate	whether	

condensin	 phosphorylation	 by	 Cdk1	 could	 affect	 its	 chromatin-binding	 dynamics,	 we	

used	photobleaching	confocal	laser	scanning	microscopy.	A	subdomain	in	the	nucleus	of	

live	yeast	cells	expressing	GFP-fused	Smc4	was	photobleached	using	the	line	scan	feature	

of	the	microscope	and	the	kinetics	of	fluorescence	decay	were	determined	over	time	at	

the	 region	 of	 interest	 in	 the	 cell	 (i.e.,	 red	 rectangle	 in	 Fig.	 7A).	 In	 this	 experiment,	 the	

Smc4-3xGFP	 contained	 within	 the	 unbleached	 area	 is	 expected	 to	 replenish	 the	

fluorescence	in	the	photobleached	area	of	the	cell	at	a	rate	that	is	directly	proportional	to	

the	 exchange	 of	 condensin	 complexes	 between	 the	 two	 regions	within	 the	 nucleus.	 As	

expected,	preventing	exchange	by	fixation	of	cells	with	paraformaldehyde	 led	to	a	very	

rapid	 loss	of	 Smc4-3xGFP	 fluorescence	 signal	 in	 the	photobleached	area,	while	 leaving	

the	 fluorescence	 in	 the	 rest	 of	 the	 nucleus	 unaffected	 (Fig.	 7A).	 In	 contrast,	

photobleaching	 a	 subdomain	of	 the	 Smc4-3xGFP	 signal	 in	 live	 cells	 resulted	 in	 a	 rapid	

decay	of	fluorescence	signal	throughout	the	entire	yeast	cell	(Fig.	7A–B).	This	rapid	loss	

of	 fluorescence	 is	 consistent	 with	 highly	 dynamic	 exchange	 of	 condensin	 complexes	
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between	 the	 site	 of	 photobleaching	 and	 the	 rest	 of	 the	 nucleus,	 a	 behavior	 consistent	

with	 that	 of	 condensin	 I	 in	 higher	 eukaryotes	 (Gerlich	 et	 al.,	 2006).	 Remarkably,	

performing	 the	 same	 experiment	 in	 cells	 expressing	 Smc4-7A	 revealed	 that	 the	

fluorescence	decay	of	 the	phospho-mutant	 is	significantly	slower	than	that	of	 the	wild-

type	 (Fig.	 7B).	 This	 result	 is	 consistent	 with	 Smc4-3xGFP	 residing	 in	 the	 bleaching	

volume	for	 longer	periods	of	 time	while	 it	 is	bound	to	chromatin,	 thereby	causing	 it	 to	

bleach	more	 quickly.	 The	 rapidly-exchanging	 Smc4-7A	 still	 binds	 to	DNA	but	 does	 not	

reside	 in	 the	 bleaching	 region	 as	 long,	 so	 it	 takes	 a	 longer	 time	 to	 photobleach.	 To	

quantify	this	difference,	decay	curves	were	fit	with	a	two-component	exponential	decay	

model	with	a	short	 (d)	and	a	 long	(b)	 time	decay	constant	 (cf.,	Equation	1	 in	Materials	

and	 Methods).	 Both	 decay	 constants	 were	 significantly	 longer	 for	 the	 highly	 dynamic	

Smc4-7A	or	cytosolic	GFP	protein	than	that	of	wild-type	Smc4	(Fig.	7B–C;	p≤0.001;	decay	

constant	 d	 is	 shown	 in	 Fig.	 S11A).	 Taken	 together,	 these	 results	 reveal	 that	 Cdk1	

phosphorylation	 extends	 the	 duration	 of	 condensin's	 interaction	 with	 chromatin,	

thereby	 providing	 an	 explanation	 as	 to	 how	 this	 post-translational	 modification	

regulates	chromosome	condensation	during	mitosis.	These	rapid	protein	dynamics	in	the	

yeast	 nucleus	 are	 consistent	 with	 other	 studies	 done	 using	 fluorescence	 correlation	

spectroscopy	in	yeast	(Slaughter	et	al.,	2007).	

	

2.4	 Discussion	

2.4.1	 Quantitative	activation	of	chromosome	condensation	in	early	mitosis	

The	central	prediction	from	the	quantitative	model	of	Cdk1	action	is	that	cellular	events	

occurring	early	in	the	cell	division	program	must	be	more	readily	activated	by	Cdk1	than	

later	events	of	the	cell	cycle	(Stern	&	Nurse,	1996).	Although	differential	susceptibility	to	

Cdk1	activation	explains	the	directionality	of	S	and	M	phases	(Coudreuse	&	Nurse,	2010),	

the	notion	 that	a	 similar	process	would	also	explain	 the	specific	order	of	events	 in	 the	

mitotic	 program	 is	 currently	 unknown.	 Here,	 we	 show	 that	 initiation	 of	 chromosome	

condensation	can	be	achieved	at	levels	of	Cdk1	activity	that	are	too	low	to	activate	other	

mitotic	 processes.	 This	 result	 demonstrates	 that	 the	 order	 of	 cellular	 events	 in	 early	
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mitosis	 is	 dictated	 by	 quantitative	 difference	 in	 substrate	 susceptibility	 to	 Cdk1	

activation.	 Mechanistically,	 we	 show	 that	 the	 temporal	 kinetics	 of	 chromosome	

condensation	 in	 mitosis	 can	 be	 explained	 by	 functional	 redundancy	 in	 the	

phosphorylation	sites	that	Cdk1	uses	to	activate	condensin	in	vivo.	Multisite	redundancy	

in	phospho-regulatory	events	 is	known	to	enable	quantitative	activation	of	effectors	at	

very	low	levels	of	kinase	activity	in	signaling	cascades	(Ferrell,	1996).	

	

2.4.2	 Identification	of	a	novel	chromosome-folding	state	in	early	mitosis	

The	 nature	 of	 the	 individual	 steps	 leading	 to	 the	 formation	 of	 condensed	 mitotic	

chromosomes	 has	 been	 a	 topic	 of	 much	 debate	 over	 the	 years.	 Previous	 attempts	 to	

define	the	architecture	of	mitotic	chromosomes	have	been	frustrated	by	the	absence	of	

cytologically-defined	 chromatin-folding	 intermediates	 in	 the	 process	 of	 condensation.	

More	 recently,	 a	 study	 has	 proposed	 a	 two-stage	 mechanism	 of	 chromosome	

condensation	that	involves	longitudinal	compression	of	arrays	of	consecutive	chromatin	

loops	 (Naumova	 et	 al.,	 2013).	 This	 model	 was	 generated	 using	 in	 silico	 polymer	

simulations	and	predicts	that	the	formation	of	local	loops	of	chromatin	would	represent	

the	 initial	stage	of	chromosome	condensation.	Our	 identification	of	rDNA	condensation	

intermediates	 containing	 intertwined	 loops	 of	 thin	 chromatin	 threads	 –the	 intertwist	

configuration–	 gives	 credence	 to	 this	 in	 silico	 model.	 Moreover,	 the	 resolution	 of	 the	

intertwist	 configuration	 into	 a	 thicker	 thread	 of	 rDNA	 chromatin	 later	 in	 mitosis	

indicates	 that	 intertwined	 loops	of	 rDNA	are	eventually	 resolved	by	 compaction	 into	a	

linear	organization	in	yeast,	as	previously	suggested	for	human	chromosomes	(Naumova	

et	al.,	2013).	Taken	together,	our	results	provide	the	first	direct	observation	of	a	two-step	

process	 involving	 distinct	 chromatin	 folding-states	 as	 intermediates	 in	 the	 process	 of	

chromosome	condensation.	

2.4.3	 Mechanistic	basis	for	condensin	activation	in	early	mitosis	

Our	study	reveals	that	the	unique	N-terminal	extension	of	Smc4	family	members	acts	as	

modulator	of	condensin’s	ability	 to	bind	on	chromatin.	Upon	phosphorylation	by	Cdk1,	

condensin	 binding	 to	 the	 bulk	 of	 chromatin	 becomes	 less	 dynamic	 relative	 to	 the	
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unphosphorylated	enzyme	and	thus	allows	extended	interactions	with	mitotic	recruiters	

to	promote	condensation	(Figs.	7D,	S11B).	It	is	tempting	to	speculate	that	Cdk1	phospho-

sites	 on	 Smc4	 could	 enhance	 –by	 virtue	 of	 their	 negative	 charges–	 the	 stability	 of	 the	

interaction	 between	 condensin	 and	 the	 positively-charged	 residues	 in	 the	 N-terminal	

tails	of	histone	H2A	and	H2A.Z	on	chromosomes	 (Tada	et	 al.,	 2011).	 Such	 stabilization	

would	nicely	explain	the	observed	Cdk1-dependent	reduction	in	the	dynamic	binding	of	

condensin	to	chromatin	in	yeast	and	human	cells	(Gerlich	et	al.,	2006).	Importantly,	this	

model	 explains	 how	 condensin	 can	 associate	 with	 chromatin	 throughout	 interphase	

without	 actually	 inducing	 chromosome	 condensation	 before	 mitosis	 (Freeman	 et	 al.,	

2000).		

From	 an	 evolutionarily	 perspective,	 the	mechanisms	 that	we	 have	 unraveled	 in	

budding	yeast	are	likely	to	be	conserved	in	a	wide	range	of	eukaryotes.	Notably,	the	Cdk1	

consensus	 sites	 within	 the	 N-terminal	 extension	 of	 Smc4	 homologs	 are	 modified	 by	

phosphorylation	 in	 several	 organisms,	 including	 fission	 yeast,	 budding	 yeast,	 and	

humans	 (Fig.	 S4C)	 (Bazile	 et	 al.,	 2010).	We	 envision	 that	 these	 Smc4	 phosphorylation	

events	collaborate	with	other	regulatory	events,	such	as	Aurora	B,	Polo	kinase,	and	Cdk1	

phosphorylation	 of	 non-SMC	 subunits,	 to	 establish	 a	 chromosome	 architecture	 that	 is	

sufficiently	 condensed	and	yet	adaptable	 to	 the	unique	cellular	 conditions	experienced	

during	mitosis	(Bazile	et	al.,	2010;	Hirano,	2012).	In	particular,	it	is	conceivable	that	the	

appearance	of	a	second	condensin	complex	during	evolution	has	resulted	in	a	“division	of	

labor”	and	sharing	of	Cdk1	phospho-sites	between	Smc4	and	CapD	subunits	(Fig.	S12)	to	

allow	 a	 regulation	 that	 is	 highly	 specific	 to	 either	 condensin	 I	 or	 II	 complexes.	 In	

organisms	where	condensin	is	monomorphic,	such	as	in	yeast,	current	data	indicate	that	

this	 regulation	would	 occur	 solely	 at	 the	 level	 of	 Smc4.	 This	 simplified	 regulation	 has	

enabled	us	to	reveal	how	Cdk1	can	act	as	an	essential	and	high-sensitivity	trigger	for	the	

initiation	of	chromosome	morphogenesis	during	mitosis.	
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2.5	 Materials	and	Methods	

	

2.5.1	 Yeast	genetics	and	molecular	biology	

All	S.	cerevisiae	strains	used	in	this	study	are	isogenic	with	K699	and	K700.	Yeast	growth	

conditions,	media	 composition,	 and	 procedures	 for	 genetic	 analysis	were	 as	 described	

previously	(Gutherie,	1991).	The	genotypes	of	yeast	strains	used	in	this	study	are	listed	

in	 Supplemental	 Table	 1.	 Additional	 details	 relating	 to	mutant	 yeast	 construction	 and	

molecular	biology	procedures	are	also	included	in	Supplemental	Material.	

	

2.5.2	 Microscopy	

For	 FISH	 analyses,	 cells	 were	 fixed	 in	 0.1M	 KPO4	 buffer	 pH	 6.4	 containing	 3.7%	

formaldehyde	for	2	hours	at	23	°C.	Probe	preparation	and	hybridization	were	performed	

as	 described	 previously	 (Guacci	 et	 al.,	 1994;	 Lavoie	 et	 al.,	 2004).	 Images	 of	 rDNA	

morphology	 were	 acquired	 on	 a	 DeltaVision	microscope	 equipped	 with	 the	 softWoRx	

software	 (Applied	Precision).	 For	photobleaching	 experiments,	 cells	were	 grown	at	 25	

°C,	 and	 images	were	acquired	on	a	Zeiss	710	confocal	 laser-scanning	microscope	 (Carl	

Zeiss,	 Jena,	 Germany)	 after	 photobleaching.	 See	 Supplemental	 Material	 for	 a	 detailed	

description	of	specific	conditions	used	for	microscopy	experiments.	

	

2.5.3	 Electrophoresis	and	immunoblotting	

8%	 Phos-tag	 acrylamide	 gels	 (Wako	 Chemicals	 USA)	 were	 used	 to	 resolve	 Smc4-NT	

phosphorylated	species	(Kinoshita	et	al.,	2006),	whereas	gels	containing	7.5	%	Next	gel	

acrylamide	(Amresco)	were	used	to	monitor	Smc4	abundance	and	Ycg1	phosphorylation	

(St-Pierre	et	al.,	2009).	All	gels	were	transferred	using	the	iBlot	apparatus	(Invitrogen).	

Antibodies	and	conditions	used	for	immunoblotting	are	listed	in	Supplemental	Material.	

	

2.5.4	 Mass	spectrometry	analysis	of	Smc4	phosphorylation	

To	 identify	 the	 Cdk1	 phosphorylation	 sites	 on	 Smc4,	 condensin	 was	 immunopurified	

from	protein	extracts	prepared	from	cells	arrested	 in	metaphase	using	nocodazole.	LC-

MS/MS	 analysis	 was	 performed	 on	 immunoprecipitated	 condensin,	 as	 described	
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previously	 (St-Pierre	et	 al.,	 2009).	An	extended	description	of	 all	methods	used	 in	 this	

study	is	provided	in	Supplemental	Material.	
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2.8	 Figures	and	Legends	
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Figure	 1	 Modulation	 of	 Cdk1	 activity	 reveals	 distinct	 steps	 in	 the	 process	 of	

chromosome	morphogenesis.		

(A–C)	Morphology	of	the	yeast	rDNA	locus	revealed	by	fluorescence	in	situ	hybridization	

(FISH).	Representative	micrographs	of	the	most	prominent	rDNA	morphology	observed	

for	 each	 condition	 is	 shown	 on	 the	 left.	 Propidium	 iodide	 (PI;	 red)	 and	 fluorescein	

isothiocyanate	(FITC;	green)	were	used	to	label	the	nucleus	and	rDNA	locus,	respectively.	

Quantification	of	each	rDNA	species	 is	shown	on	the	right.	At	 least	one	hundred	nuclei	

were	counted	per	condition.	(n=3	for	all	experiments	and	error	bars	represent	S.D.)	(A)	

cdc28-4	mutants	exhibit	classic	condensation	defects.	Cells	were	blocked	in	metaphase	at	

23°C	using	nocodazole	and	 shifted	at	37°C	 for	1hr	before	processing	 samples	 for	FISH	

analysis.	To	ensure	that	 the	quantification	reflects	 loss	of	condensation	 in	mitotic	cells,	

rather	than	a	return	into	interphase	due	to	the	loss	of	cdc28-4	activity	(Sanchez-Diaz	et	

al.,	2012),	we	normalized	the	rDNA	quantification	according	to	the	budding	index	of	cells	

during	 the	 arrest.	 (B–C)	 Reducing	 Cdk1	 activity	 uncovers	 a	 novel	 condensation	

intermediate	at	the	rDNA.	(B)	clb-ts	cells	growing	asynchronously	at	23°C	were	arrested	

in	G1	or	in	early	mitosis	by	incubation	with	alpha-factor	or	by	shifting	the	culture	at	37°C	

for	 135	 min,	 respectively.	 Cells	 were	 subsequently	 harvested	 and	 their	 rDNA	

morphology	was	revealed	by	FISH.	(C)	cdc28-as1	cells	growing	asynchronously	at	25°C	

were	arrested	in	early	mitosis	by	incubation	with	nocodazole	with	or	without	the	kinase	

inhibitor	NM-PP1	for	150	min.	Samples	were	then	fixed	and	the	morphology	of	the	rDNA	

locus	was	monitored	as	above.	
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Figure	2.	Smc4	is	a	key	target	of	Cdk1	in	the	yeast	condensin	complex.		

(A)	Schematic	representation	of	the	number	of	putative	CDK	site	(i.e.,	Ser/Thr-Pro)	(Holt	

et	 al.,	 2009)	 in	 the	 subunits	of	 the	yeast	 condensin	 complex.	 (B)	Growth	phenotype	of	

condensin	subunits	lacking	putative	Cdk1	sites.	Five-fold	serial	dilution	of	wild-type	and	

phospho-mutants	were	spotted	on	solid	medium	to	evaluate	growth	at	23°C	and	37°C.	

(C)	 Schematic	 representation	 of	 Smc4	 domain	 organization.	 The	 positions	 of	 Cdk1	

phosphorylation	sites	are	marked	above	the	protein	schematic.	Sites	identified	by	mass	

spectrometry	are	labeled	with	a	white	P,	while	other	consensus	Cdk1	sites	were	marked	

with	a	black	P.	(D)	Deletion	of	the	N-terminal	extension	of	Smc4	is	lethal	in	S.	cerevisiae.	

Dissection	of	a	sporulated	heterozygous	diploid	strain	carrying	an	allele	of	Smc4	that	has	

lost	 its	N-terminal	extension	is	shown	on	the	left.	The	sequence	of	this	particular	allele	

starts	 at	 the	 position	 of	 the	 blue	 arrow	 in	 the	 sequence	 shown	 in	 Figure	 S4C,	 which	

corresponds	to	the	start	site	of	other	SMC	family	members.	On	the	right,	an	immunoblot	

shows	 that	 loss	 of	 the	 N-terminal	 extension	 of	 Smc4	 does	 not	 affect	 its	 protein	

abundance	in	heterozygous	diploid	cells.	(E)	In	vitro	kinase	assay	showing	that	Smc4	is	a	

direct	substrate	for	Cdk1.	Purified	condensin	was	incubated	alone	(lane	1),	with	32P-ATP	

(lane	2),	or	in	the	presence	of	purified	Cdc28-Clb2	complex	and	32P-ATP	(lane	3).	Purified	

histone	 H1	 was	 used	 as	 positive	 control	 for	 Cdk1	 phosphorylation	 (lane	 4).	 After	

incubation,	proteins	were	separated	on	a	4-12%	SDS-polyacrylamide	gel	and	revealed	by	

Coomassie	staining	(left	part).	An	autoradiograph	of	the	same	gel	is	shown	on	the	right.	

Bullets	 indicate	 the	different	 subunits	of	 condensin.	Asterisks	 correspond	 to	 the	Cdk1-

Clb2	complex	and	the	open	circle	marks	the	position	of	histone	H1.	(F)	The	N-terminal	

extension	of	Smc4	is	phosphorylated	by	Cdk1	 in	vitro.	Purified	Smc4-NT	was	incubated	

with	 ATP	 or	 with	 purified	 Cdc28-Clb2	 complex	 and	 ATP.	 After	 the	 kinase	 reaction,	

proteins	were	resolved	by	SDS-PAGE	and	stained	with	Coomassie.	
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Figure	3.	Cdk1	phosphorylates	Smc4	in	early	mitosis.		
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(A)	 Kinetics	 of	 Smc4	modification	 during	 the	 cell	 cycle.	 Cells	 expressing	 the	 Smc4-NT	

fragment	 were	 released	 from	 a	 G1	 arrest	 into	 fresh	 medium	 at	 37°C.	 Samples	 were	

collected	 every	 15	 minutes	 and	 processed	 for	 visualization	 of	 the	 budding	 index	 and	

mitotic	spindle	length	(left	panel),	DNA	content	analysis	(middle	panel)	and	immunoblot	

analysis	 (right	 panel).	 Pgk1	 serves	 as	 loading	 control,	 while	 changes	 in	 the	

electrophoretic	 behavior	 of	 Swe1	 and	 Ycg1	 mark	 early	 and	 late	 mitotic	 events,	

respectively	 (Harvey	 et	 al.,	 2005).	 (B)	 λ-phosphatase	 treatment	 of	 Smc4	 isolated	 from	

mitotic	 cells.	 Following	 dephosphorylation,	 samples	were	 processed	 as	 in	 panel	 A.	 (C)	

Validation	of	antibodies	against	phosphoserine	128	(pSer128)	of	Smc4.	Protein	samples	

from	 interphase	 (G1)	and	mitotic	 (M)	 cells	of	 the	 indicated	genotypes	were	probed	by	

immunoblot	 analysis	 for	 the	presence	of	phosphorylated	Smc4.	 (D)	The	appearance	of	

the	 pSer128	 signal	 parallels	 that	 of	 the	 phosphorylation-induced	 gel	 retardation	 of	

Smc4-NT	 during	mitosis.	 cdc15-2	 mutants	 carrying	 SMC4-3xSTII	 with	 and	without	 the	

Smc4-NT	 fragment	 were	 released	 from	 a	 G1	 arrest	 into	 fresh	 medium	 at	 37°C,	 and	

treated	for	immunoblot	analysis	as	in	panel	A.	The	Smc4-3xSTII	signal	serves	as	loading	

control,	 while	 the	 appearance	 of	 Swe1	 marks	 mitotic	 entry,	 respectively.	 Note	 the	

concurrent	appearance	of	the	pSer128	and	Swe1	signals,	as	well	as	the	gel	retardation	of	

Smc4-NT	at	40	min	post-release.	The	budding	 index	of	 the	cultures	 is	 shown	 in	Figure	

S5A.	(E)	Time	course	analysis	of	Smc4	phosphorylation	in	the	presence	and	absence	of	

Cdk1	 sites.	 Cells	 expressing	 wild-type	 Smc4-NT	 or	 the	 Smc4-7A-NT	 phospho-mutant	

were	 released	 from	 a	 G1	 block	 at	 37°C	 and	 samples	 were	 taken	 every	 30	minutes	 to	

evaluate	 phosphorylation-induced	 gel	 retardation.	 The	 spindle	 morphology	 of	 cells	

during	the	time	course	experiment	 is	shown	in	Figure	S5C.	(F)	Time	course	analysis	of	

Smc4-NT	 phosphorylation	 in	 cells	 carrying	 clb1∆	 clb3∆	 clb4∆	 clb2-ts	 mutations.	 The	

experiment	was	performed	as	described	in	panel	E,	except	that	cells	were	released	from	

G1	arrest	in	nocodazole-containing	medium.	The	budding	index	of	the	cultures	is	shown	

in	 Figure	 S5E.	 (G)	 Removal	 of	 RxL	 docking	 sites	 leads	 to	 a	 partial	 loss	 of	 Smc4	

phosphorylation.	cdc15-2	mutant	cells	expressing	wild-type	SMC4-NT	or	the	smc4-rxl-NT	

mutant	were	released	from	a	G1	block	at	37°C	and	treated	as	in	panel	E.	Percentages	of	

budded	cells	are	shown	in	Figure	S5F.	
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Figure	 4.	 Cdk1-mediated	 phosphorylation	 of	 Smc4	 is	 required	 for	 chromosome	

condensation.		
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(A)	 Growth	 properties	 of	 phospho-mimetic	 and	 phospho-mutant	 forms	 of	 Smc4.	 Five-

fold	serial	dilution	of	smc4	phospho-mutants	were	spotted	on	solid	medium	to	evaluate	

growth	at	23°C	and	37°C.	(B)	Regulation	of	Smc4-AID	protein	abundance	by	auxin/IAA.	

Cells	 were	 grown	 asynchronously	 at	 23°C	 until	 exponential	 phase	 and	 exposed	 to	

different	concentrations	of	auxin	for	2	hrs	at	30°C.	Smc4-AID	abundance	was	evaluated	

by	 immunoblot	 analysis	 using	 the	 3x	 StrepTagII	 epitopes	 at	 the	 C-terminus	 of	 the	

protein.	(C)	Effects	of	reduced	Smc4-AID	abundance	on	yeast	growth	properties.	Strains	

carrying	 SMC4	 or	 smc4-7A	 were	 included	 as	 controls	 to	 show	 normal	 and	 ts	 growth	

phenotypes	 in	 the	 presence	 of	 auxin.	 (D)	 The	 smc4-7A	 mutant	 is	 competent	 for	

condensin	 complex	 formation.	 Smc4	was	 immunoprecipitated	 from	whole	 cell	 extracts	

using	anti-STII	antibodies	and	its	ability	to	associate	with	Ycg1-3xFLAG	was	determined	

by	 immunobloting.	Whole	cell	extracts	(T)	and	beads	only	(–)	were	 loaded	as	controls.	

Approximately	equal	amounts	of	immunoprecipated	(IP)	Smc4	were	loaded	in	each	lane	

to	 allow	 effective	 comparison	 of	 the	 levels	 of	 Ycg1	 interacting	 with	 Smc4.	 (E)	 smc4	

phospho-mutants	 show	 cytological	 markers	 associated	 with	 chromosome	 segregation	

defects.	 A	 high	 proportion	 of	 anaphase	 nuclei	 connected	with	 lagging	 genetic	material	

(arrowheads)	and	having	an	elongated	morphology	can	be	seen	in	a	culture	of	smc4-7A	

mutants	 growing	 at	 non-permissive	 temperature.	 Chromatin	 and	 spindle	 pole	 bodies	

were	visualized	using	HTA1	 fused	with	mCherry	and	Spc42	 fused	 to	GFP,	 respectively.	

(F)	 Quantification	 of	 anaphase	 bridges	 in	 wild-type	 and	 smc4	 phospho	 mutant	 (n=3;	

error	bars	are	S.D.).	(G)	Chromosome	condensation	defects	in	smc4	phospho-mutant.	For	

each	 genotype,	 a	 representative	 micrograph	 of	 the	 most	 prominent	 rDNA	 species	

detected	by	FISH	is	shown.	Cells	were	grown	asynchronously	at	23°C	until	exponential	

phase	 and	 shifted	 at	 37°C	 for	2h30.	Nocodazole	was	used	 to	block	 cells	 in	metaphase.	

Nuclei	 and	 rDNA	 were	 stained	 with	 PI	 (red)	 and	 FITC	 (green),	 respectively.	 (H)	

Quantification	of	 rDNA	condensation	 in	SMC4,	 smc4-7A	 and	 smc4-82	mutants	grown	at	

non-permissive	temperature.	At	least	100	cells	have	been	counted	for	each	genotype	in	3	

independent	experiments	(error	bars	are	S.D.).	
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Figure	5.	Constitutive	phosphorylation	creates	a	dominant-negative	form	of	Smc4.		

(A)	 Structural	 basis	 of	 phospho-mimicking	 mutations	 in	 SMC4.	 Ball-and-stick	

representation	of	different	amino-acids	used	to	substitute	 the	phosphorylated	residues	

in	Smc4	(top).	Positions	of	the	mutagenic	substitutions	used	in	this	study	relative	to	the	

Cdk1	optimal	consensus	for	phosphorylation	(bottom).	(B)	Physiological	effect	of	charge-

mimetic	 mutations	 in	 SMC4.	 Diploid	 strains	 carrying	 smc4	 phospho-mimetic,	 charge-

mimetic,	and	phospho-constitutive	mutations	were	induced	to	sporulate	and	the	viability	

of	the	resulting	haploid	spores	was	determined	after	3	days	of	growth	on	solid	medium.	

Two	 typical	 tetrads	 of	 spores	 are	 shown	 per	 genotype.	 The	 genotype	 of	 spores	 was	

ascertained	using	the	HIS3	marker	associated	with	the	mutant	alleles	of	SMC4	(i.e.,	+	sign	

means	 wild-type	 SMC4).	 Phospho-defective	 substitutions	 are	 included	 as	 controls.	 (C)	

Overexpression	of	smc4-7EE	leads	to	dominant	lethality	in	cells.	Five-fold	dilution	series	

of	 wild-type	 and	 smc4-82	 mutant	 harbouring	 galactose-inducible	 versions	 of	 SMC4	

integrated	at	the	URA3	 locus	were	spotted	on	solid	medium	to	evaluate	growth	at	23°C	

and	 37°C.	 Unlike	 smc4-1	 or	 smc4-7A	 alleles,	 expression	 of	 smc4-7EE	 induced	 strong	

dominant-negative	lethality	irrespective	of	the	genetic	background	or	temperature	used	

for	overexpression.	(D)	The	smc4-7EE	allele	encodes	a	gain-of-function	mutant.	Five-fold	

dilution	 series	 of	wild-type	 cells	 expressing	 a	 galactose-inducible	 smc4-7EE-1	 chimeric	

mutant	(or	SMC4,	smc4-1,	smc4-7EE	controls)	integrated	at	the	URA3	locus	were	spotted	

on	solid	medium	to	evaluate	growth	as	in	panel	C.	(E)	The	charge-mimetic	mutations	can	

act	 in	 trans.	Wild-type	or	 smc4-7A	mutant	 cells	 expressing	 a	 galactose-inducible	 smc4-

7EE-NT	construct	were	spotted	on	solid	medium,	as	in	panel	C.	
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Figure	6.	Determining	the	minimal	number	of	charge-mimetic	mutations	required	

to	activate	condensin.		

A	 schematic	 representation	 of	 Smc4	 domains	 showing	 the	 positions	 of	 the	

phosphorylated	residues	modified	in	this	analysis	is	shown	on	top.	The	combinations	of	

dual	charge-mimetic	substitutions	used	in	the	various	mutants	are	shown	in	the	chart	on	

the	 left.	Phosphorylated	 residues	are	 represented	 in	 the	 chart	by	 small	 rectangles	 that	

are	 color-coded	 according	 to	 their	 mutagenic	 status	 (i.e.,	 grey	 is	 wild-type;	 red	

corresponds	to	single	alanine;	and	green	represents	dual	charge-mimetic).	The	viability	

and	genotypes	of	 two	 typical	 tetrads	of	 spores	 resulting	 from	 the	dissection	of	diploid	

strains	carrying	the	various	smc4	mutations	are	shown	on	the	right	of	the	chart.	
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Figure	7.	 Cdk1	phosphorylation	 regulates	 the	dynamics	of	 condensin	 interaction	

with	chromatin.		

(A)	Decay	of	fluorescence	after	photobleaching	of	cells	expressing	Smc4-3xGFP.	Images	

were	collected	and	photobleaching	was	performed	using	a	63x/1.4	NA	plan-apochromat	

oil	 immersion	objective	 lens.	 Single	DIC	and	 fluorescence	 images	of	 cells	 in	metaphase	

were	 collected	 before	 and	 after	 each	 photobleaching	 experiment.	 Photobleaching	 was	

performed	using	20,000	line	scans	of	512	pixels	across	the	center	of	the	cell	with	a	488	

nm	laser	at	20%	power.	Emission	from	the	sample	was	collected	from	493	nm	to	598	nm.	

Photobleaching	 was	 performed	 on	 fixed	 cells	 (left)	 or	 live	 cells	 (right).	 Upper	 panels	

show	 Smc4-3xGFP	 fluorescence	 prior	 to	 treatment,	 whereas	 bottom	 panels	 show	

remaining	fluorescence	after	line	scan	photobleaching.	The	region	of	interest	in	each	cell	

is	 labelled	with	a	 red	rectangle,	whereas	 the	cell	outline	 is	 labelled	with	a	dashed	 line.	

DIC	micrographs	 are	 shown	 for	 live	 cells.	 (B)	 Graphs	 representing	 the	 kinetics	 of	 GFP	

fluorescence	 decay	 over	 time	 after	 line	 scan	 photobleaching	 of	 cells	 expressing	 SMC4-

3xGFP,	 smc4-7A-3xGFP	mutant,	 or	 cytosolic	GFP.	Details	 of	 the	data	 analysis	 are	 in	 the	

Materials	and	Methods	section.	The	bottom	graph	shows	data	corresponding	to	the	first	

five-second	 interval	 of	 the	 experiment.	 (C)	 Histogram	 showing	 the	 calculated	 decay	

constant	 b	 of	wild-type	 Smc4,	 Smc4-7A	mutant	 and	 cytosolic	GFP.	 Triple	 star	 symbols	

indicate	a	significant	difference	in	decay	constant	for	cells	expressing	different	versions	

of	 Smc4-3xGFP	 (***p<0.001).	 Error	 bars	 indicate	 S.D.	 over	 three	 independent	

experiments	 (n≥12	 cells	 per	 experiment).	 (D)	 Model	 for	 the	 role	 of	 Cdk1	 in	 the	

regulation	of	chromosome	morphogenesis	(see	text	for	details).	
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2.10	 Supplemental	Materials	and	Methods:	

	

2.10.1		 Yeast	strains	and	growth	conditions		

	

Standard	 yeast	 culture	 conditions	 have	 been	 used	 (Gutherie,	 1991).	 Saccharomyces	

cerevisiae	strains	used	in	this	study	are	derivative	of	K699	and	K700	strains	(Nasmyth	et	

al.,	1987)	and	their	genotype	is	summarized	in	Table	S1.	Synchronization	of	cell	cultures	

was	performed	using	α-factor	(50	ng/ml	 for	180	min;	G1	arest),	nocodazole	(30	μg/ml	

for	150	min;	metaphase	arrest),	NM-PP1	(500	nM	for	150	min;	G2/M	arrest	in	cdc28-as1	

background),	or	hydroxyurea	(0.2	M	for	120	min;	S	phase	arrest)	at	23	°C,	25	°C	or	37.5	

°C	 (Bishop	 et	 al.,	 2000;	 St-Pierre	 et	 al.,	 2009).	 Treatment	 of	 yeast	with	 indole-3-acetic	

acid	 (IAA)	was	performed	according	 to	published	procedures	 (Nishimura	et	 al.,	 2009).	

The	 growth	 properties	 of	 yeast	 mutants	 were	 determined	 by	 serial	 dilution	 on	 solid	

medium,	as	described	previously	(Ratsima	et	al.,	2011).	For	photobleaching	experiments,	

yeast	cultures	were	grown	in	low	fluorescence	synthetic	media	(i.e.,	using	yeast	nitrogen	

base	without	folic	acid	and	riboflavin)	(Sheff	&	Thorn,	2004).	The	cyclin-defective	yeast	

mutant	 (clb1∆	 clb3∆	 clb4∆	 clb2-ts	 and	 clb5∆	 clb6∆),	 and	 the	 strain	 carrying	mCherry-

tagged	 HTA1	 were	 kind	 gifts	 from	 A.	 Amon	 and	 F.R.	 Cross,	 respectively.	

Schizosaccharomyces	pombe	culture	conditions	were	as	described	previously	(Moreno	et	

al.,	1991).	

	

2.10.2		 Plasmid	and	mutant	construction	

	

Phospho-site	 mutations	 in	 SMC4	 were	 incorporated	 into	 YCplac111-derived	 plasmids	

carrying	 a	 SMC4::3xSTII::TADH1::	 HIS3	MX6	 insert.	 The	 following	 alleles	 of	 SMC4	and	 of	

YCS4	 were	 created	 in	 part	 by	 custom	 gene	 synthesis	 (Bio	 Basic	 Inc.):	 smc4-7A(601);	

smc4-7E(757);	 smc4-7EE(879);	 smc4-7AA(969);	 smc4-7AE(1061);	 smc4-7QQ(1075);	 and	

ycs4-6A.	 Manual	 site-directed	 mutagenesis	 (using	 Quickchange	 Multi-Mutagenesis	 kit,	

Stratagene)	 and/or	 subcloning	 strategies	 were	 used	 to	 create	 other	 combinations	 of	

mutations	in	the	YCplac111-smc4-x::3xSTII::TADH1::HIS3MX6	plasmid	backbone,	as	well	as	
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in	 YCplac33-YCS4::13MYC::TADH1::kanMX6,	 YCplac111-YCG1::TADH1::TRP1,	 YCplac22-

SMC2::TADH1	 ::caURA3MX6	 plasmids.	 Condensin	 alleles	 created	 in	 this	 study	 carry	 the	

following	mutations:	smc4-7A(601):	S4A,	T43A,	T60A,	S109A,	S113A,	S117A	and	S128A;	

smc4-7E(757):	S4E,	T43E,	T60E,	S109E,	S113E,	S117E	and	S128E;	smc4-7EE(879):	SP[4-

5]EE,	 TP[43-44]EE,	 TP[60-61]EE,	 SP[109-110]EE,	 SP[113-114]EE,	 SP[117-118]EE	 and	

SP[128-129]EE;	smc4-7AA(969):	SP[4-5]AA,	TP[43-44]AA,	TP[60-61]AA,	SP[109-110]AA,	

SP[113-114]AA,	 SP[117-118]AA	 and	 SP[128-129]AA;	 smc4-7AE(1061):	 SP[4-5]AE,	

TP[43-44]AE,	 TP[60-61]AE,	 SP[109-110]AE,	 SP[113-114]AE,	 SP[117-118]AE	 and	

SP[128-129]AE;	 smc4-7QQ(1075):	 SP[4-5]QQ,	 TP[43-44]QQ,	 TP[60-61]QQ,	 SP[109-

110]QQ,	 SP[113-114]QQ,	 SP[117-118]QQ	 and	 SP[128-129]QQ;	 smc4-10A(702):	 S4A,	

T43A,	T60A,	S109A,	S113A,	S117A,	S128A,	T757A,	T847A	and	T1345A;	smc4-10EE(927):	

SP[4-5]EE,	TP[43-44]EE,	TP[60-61]EE,	SP[109-110]EE,	SP[113-114]EE,	SP[117-118]EE,	

SP[128-129]EE,	TP[757-758]EE,	TP[847-848]EE	and	TP[1345-1346]EE;	smc4-983:	SP[4-

5]EE,	 TP[43-44]EE	 and	 TP[60-61]EE;	 smc4-928*:	 SP[109-110]EE,	 SP[113-114]EE,	

SP[117-118]EE	 and	 SP[128-129]EE;	 smc4-929*:	 TP[757-758]EE,	 TP[847-848]EE	 and	

TP[1345-1346]EE;	 smc4-1051:	 SP[113-114]EE,	 SP[117-118]EE	 and	 SP[128-129]EE;	

smc4-988:	 SP[109-110]EE,	 SP[113-114]EE	 and	 SP[117-118]EE;	 smc4-1002:	 SP[113-

114]EE	 and	 SP[117-118]EE;	 smc4-986:	 SP[109-110]EE	 and	 SP[113-114]EE;	 smc4-997:	

SP[109-110]EE	 and	 SP[117-118]EE;	 smc4-982:	 SP[109-110]EE;	 smc4-995:	 SP[113-

114]EE;	 smc4-996:	 SP[117-118]EE;	 smc4-984*:	 SP[4-5]EE;	 smc4-930*:	 TP[847-848]EE	

and	 TP[1345-1346]EE;	 smc4-1013:	 S4A,	 T43A,	 T60A,	 SP[109-110]EE,	 SP[113-114]EE,	

SP[117-118]EE,	SP[128-129]EE,	T757A,	T847A	and	T1345A;	smc4-82:	S40P,	T43A,	S54A,	

T60A,	S67A,	S68A,	Y106F,	S109A,	S113A,	S117A,	L525F,	L526P,	E557G,	V697D,	L744V,	

and	 L1240P;	 smc4-7EE-1:	 SP[4-5]EE,	 TP[43-44]EE,	 TP[60-61]EE,	 SP[109-110]EE,	

SP[113-114]EE,	 SP[117-118]EE	 and	 SP[128-129]EE,	 L526P,	 E557G,	 V697D,	 L744V;	

smc4-∆NT(1011):	 [1-153]∆-L154M;	 ycs4-6A:	 S41A,	 S48A,	 T66A,	 T186A,	 S305A	 and	

S988A;	ycg1-4A:	 S128A,	T591A,	T608A	and	S734A;	smc2-2A:	 S91A	and	S98A.	To	 insert	

the	phospho-mutant	alleles	of	condensin	subunits	at	their	endogenous	loci,	diploid	yeast	

strains	 were	 transformed	 with	 linearized	 plasmids	 containing	 the	 appropriate	

mutations.	 Integration	 of	 the	 desired	 mutations	 was	 subsequently	 confirmed	 by	



	 63	

sequencing	 the	 relevant	 genomic	 loci.	 Some	 alleles	 of	 smc4	 (marked	 with	 an	 asterisk	

above)	 were	 obtained	 through	 partial	 integration	 of	 phospho-mutations	 contained	

within	mutagenic	 constructs.	 Yeast	 strains	 carrying	mutations	 in	multiple	 genes	were	

created	 by	 conventional	 mating	 and	 dissection	 of	 sporulated	 heterozygous	 diploid	

strains.	

To	create	the	S.	pombe	cut3-T19V	allele,	the	open	reading	frame	(ORF)	of	the	gene	

plus	 200	 bp	 of	 its	 promoter	 sequence	 were	 subcloned	 into	 a	 pFA6a-kanMX6	 series	

plasmid	 (Bahler	 et	 al.	 1998)	 to	 create	 the	 pFA6a-Pcut3-cut3::TADH1::kanMX6	 vector.	 Site-

directed	 mutagenesis	 was	 used	 to	 create	 the	 pFA6a-Pcut3-cut3-T19V::TADH1::kanMX6	

mutant	 plasmid.	 Both	 plasmids	were	 subsequently	 used	 as	 templates	 to	 amplify	 cut3-

targeting	constructs	(encompassing	the	entire	ORF	plus	200	bp	of	adjacent	sequence)	by	

PCR.	The	amplification	products	were	transformed	into	a	wild-type	diploid	yeast	strain,	

and	 transformants	 were	 selected	 for	 their	 ability	 to	 grow	 on	 solid	 YES-A	 medium	

containing	G418.	Homologous	 integration	at	 the	cut3	 locus	was	 confirmed	by	PCR	and	

the	 entire	 ORF	 of	 the	 mutant	 and	 wild-type	 alleles	 were	 sequenced	 to	 confirm	 the	

absence	of	unexpected	mutation.	

Strains	expressing	SMC4	 from	an	ectopic	 locus	were	generated	by	 integration	at	

the	URA3	locus	of	a	linearized	plasmid	carrying	the	appropriate	allele	of	SMC4	under	the	

control	of	the	GAL1	promoter	(overexpression)	or	its	own	promoter.	For	each	strain,	we	

confirmed	by	PCR	that	the	URA3	locus	contained	a	single	copy	of	the	integrative	plasmid.	

To	 create	 the	CLB2::SMC4	 fusion	 construct,	we	 amplified	 a	 version	 of	CLB2	 lacking	 its	

destruction	 and	 KEN	 boxes	 and	 subcloned	 it	 upstream	 of	 SMC4	 coding	 sequence	 in	

YCplac111-SMC4::3xSTII::TADH1::	 HIS3MX6	 plasmid,	 thereby	 creating	 YCplac111-PSMC4-

CLB2::SMC4::3xSTII::TADH1::HIS3MX6.	 This	 cloning	 step	 also	 introduced	 a	 flexible	 linker	

between	 CLB2	 and	 SMC4.	 The	 CLB2::smc4-7A	 fusion	 construct	 was	 obtained	 by	

subcloning	 the	 N-terminal	 part	 of	 smc4-7A	 from	 YIplac211-PGAL1-smc4-

7A::3xSTII::TADH1::URA3	 plasmid	 into	 the	 YCplac111-PSMC4-CLB2	

::SMC4::3xSTII::TADH1::HIS3MX6.	 To	 create	 the	 CycBox∆	 variant	 of	 this	 construct,	 we	

introduced	 2	 new	 StuI	 restriction	 sites	 in	 the	 nucleotide	 sequence	 encoding	 residues	

RF291-292	 and	 MN362-363	 of	 CLB2.	 YCplac111-PSMC4-clb2-CycBox∆::	 SMC4	 ::3xSTII::	
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TADH1::HIS3MX6	was	 obtained	 after	 removal	 of	 the	StuI-fragment	 and	 re-ligation	 of	 the	

plasmid.	 This	 removes	 the	 sequence	 encoding	 residues	 F292	 to	 N363	 (inclusively),	

thereby	creating	a	version	of	Clb2	analogous	to	the	∆241-313	mutant	of	human	Cyclin	A2,	

which	is	incapable	of	binding	to	Cdc2/Cdk1	(Lees	&	Harlow,	1993).	Wild-type,	smc4-7A	

and	CycBox∆	versions	of	the	CLB2::SMC4	plasmids	were	then	linearized	and	transformed	

into	 a	wild-type	 diploid	 strain.	 To	 create	 the	 smc4-∆NT(1011)-	 targeting	 construct,	we	

introduced	 a	 new	 BamHI	 restriction	 site	 at	 the	 sequence	 encoding	 L154	 of	 SMC4	 in	

YCplac111-PSMC4-BamHI-SMC4::3xSTII::TADH1::HIS3MX6.	 The					YCplac111-PSMC4-BamHI-

smc4-∆NT::3xSTII::TADH1::HIS3MX6							construct				was	 obtained	 after	 removal	 of	 the	

BamHI	fragment	and	re-ligation	of	the	parental	plasmid.	This	removes	the	sequence	M1	

to	 R153	 (inclusively)	 and	 substitutes	 the	 L154	 into	 a	 start	 codon.	 To	 create	 strains	

expressing	smc4-AID,	we	subcloned	the	auxin-inducible	degron	sequence	(Nishimura	et	

al.,	 2009)	 downstream	 of	 SMC4	 coding	 sequence	 in	 YCplac111-

SMC4::3xSTII::TADH1::HIS3MX6,	thereby	creating	YCplac111-SMC4::3xSTII::	 AID::HIS3MX6.	

This	plasmid	was	then	linearized	and	transformed	into	a	strain	expressing	Oryza	sativa	

(Os)	 TIR1	 gene	 (Nishimura	 et	 al.,	 2009).	 Selection	 of	 the	 transformed	 yeast	 on	 SC-

histidine	 medium	 and	 PCR	 screening	 revealed	 clones	 with	 smc4-AID	 integrated	 at	 its	

endogenous	locus.	Single	copy	integration	of	smc4-aid	was	confirmed	by	qPCR	analysis	of	

the	 amplification	 signal	 obtained	 from	genomic	DNA	 isolated	 from	a	 control	wild-type	

strain	 and	 from	 the	 smc4-aid	 strain.	 The	 SMC4	 amplification	 signal	 was	 essentially	

identical	 (relative	 to	TRP1)	 in	both	 strains,	 thereby	 indicating	 the	presence	of	 a	 single	

copy	of	SMC4	gene	in	the	smc4-aid	strain	(data	not	shown).		The	plasmid	containing	the	

AID	degron	and	the	yeast	strain	expressing	OsTIR1	were	obtained	from	the	Yeast	Genetic	

Resource	Center	(YCGR,	Japan).	Strains	expressing	Smc4-NT/Smc4-7A-NT/Smc4-rxl-NT	

from	 centromeric	 plasmids	 were	 constructed	 as	 follows.	 A	 new	 restriction	 site	 was	

introduced	 by	 site-directed	 mutagenesis	 into	 YCplac111-SMC4::13MYC::TADH1::HIS3MX6	

to	allow	removal	of	the	C-terminal	part	of	Smc4	(i.e.,	from	residue	143	to	1418).	After	the	

removal	was	completed,	the	sequence	encoding	SV40	large	T	antigen	nuclear	localization	

signal	 (PKKKRK)	 (Kalderon	 et	 al.,	 1984)	was	 inserted	 between	 the	 sequence	 encoding	

SMC4-[1–142]	 and	 the	 13xMYC	 tag	 to	 ensure	 the	 correct	 localization	 of	 the	 reporter	



	 65	

construct.	 YCplac111-smc4-7A(601)[1-142]::NLS::13MYC::TADH1::HIS3MX6	 was	 obtained	

by	 subcloning	 the	 N-terminal	 part	 of	 YCplac111-smc4-7A(601)::13MYC::TADH1::HIS3MX6	

into	 YCplac111-SMC4[1-142]::NLS::13MYC::TADH1::HIS3MX6.	YCplac111-smc4[1-142]-

[RxL#1/2->AAA]::NLS::	 13MYC::TADH1::HIS3MX6	 was	 obtained	 by	 site-directed	

mutagenesis	of	SMC4	 sequence	 in	YCplac111-SMC4[1-142]::NLS::13MYC::TADH1::HIS3MX6	

plasmid	 (using	 Quickchange	 Multi-Mutagenesis	 kit,	 Stratagene).	 These	 single-copy	

plasmids	were	transformed	into	cdc15-2,	clb1∆	clb3∆	clb4∆	clb2-VI,	clb5∆	clb6∆,	cdc5-99,	

and	 cdc28-4	 cdc5-99	 mutants,	 or	 in	 a	 wild-type	 strain	 and	 maintained	 in	 yeast	 using	

selective	medium.	The	plasmid	expressing	SMC4-7EE-NT	 from	 the	GAL1	 promoter	was	

obtained	 by	 subcloning	 the	 N-terminal	 part	 of	 YCplac111-smc4-7EE-[1–

142]::13MYC::TADH1::HIS3MX6	into	YIplac211-smc4-7EE::3xSTII::TADH1.	The	plasmid	used	

to	 express	 and	 purify	 the	 N-terminal	 extension	 of	 Smc4	 in	 bacteria	 was	 created	 by	

subcloning	a	PCR-amplified	fragment	encoding	the	first	163	amino-acid	residues	of	SMC4	

into	 the	 pET30a	 plasmid.	 The	 resulting	 construct	 expresses	 Smc4-[1-163]	 as	 a	 fusion	

protein	with	a	C-terminal	hexahistidine	 tag.	 In	all	plasmid	constructs,	 the	sequences	of	

condensin	 subunits	 correspond	 to	 those	 present	 in	 the	 wild-type	 K699	 strain	

background.	For	 the	overexpression	and	purification	of	 the	Cdc28-Clb2	complex,	PGAL1-

2xStreptagII-CLB2	and	PGAL10-9xHIS-CDC28	were	subcloned	in	a	2μ	URA3	leu2-d	plasmid,	

resulting	 in	p711.	Key	residues	within	 the	destruction	box	of	CLB2	were	removed	 (i.e.,	

R25A,	 L28A)	 to	 ensure	 maximal	 expression	 of	 the	 protein	 in	 yeast.	 Maps	 of	 most	

plasmids	used	in	this	study	are	available	and	will	be	provided	upon	request.	

	

2.10.3		 Western	blotting	

	

Cell	 lysates	were	 prepared	 using	 the	 TCA/glass	 bead	method	 (Foiani	 et	 al.,	 1994).	 To	

visualize	 the	phosphorylation-induced	gel	 shift	 of	 Smc4-NT,	 lysates	were	 separated	on	

8%	Phos-tag	gels	(Kinoshita	et	al.,	2006)	following	the	manufacturer’s	instructions.	Note	

that	 Smc4-NT	 and	 Smc4-7A-NT	 migrate	 at	 nearly	 identical	 positions	 on	 gel	 after	

phosphatase	treatment	(data	not	shown).	To	detect	full-length	Smc4,	yeast	lysates	were	

separated	by	SDS-PAGE	using	gels	containing	7.5%	Next	Gel	acrylamide	(St-Pierre	et	al.,	
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2009)	 (Amresco).	 All	 gels	 were	 transferred	 using	 the	 iBlot	 system	 (Invitrogen).	

Membranes	were	probed	with	the	following	antibodies:	mouse	monoclonal	9E-10	(from	

GeneTex;	at	1:1000	dilution)	or	9E-11	(gift	from	A.	Verreault;	at	1:1000	dilution);	rabbit	

polyclonal	 anti-Swe1	 (gift	 from	 A.D.	 Rudner;	 at	 1:1000	 dilution	 in	 Fig.	 3A);	 rat	

monoclonal	 18D9	 and	 15F2	 antibodies	 against	 Swe1	 (from	 Medimabs;	 both	 at	 1:150	

dilution	in	Fig.	3D);	mouse	monoclonal	anti-StrepTagII	(from	Qiagen;	at	1:1000	dilution);	

mouse	 monoclonal	 11H12	 and	 4F10	 against	 Cdc5	 (from	 Medimabs;	 both	 at	 1:500	

dilution);	 and	mouse	monoclonal	22C5	 (from	Abcam;	at	1:10,000	dilution)	 in	2%	milk	

and	1%	BSA.	The	rabbit	polyclonal	anti-phospho-serine	128	and	anti-phospho-serine	4	

antibodies	 were	 generated	 by	 Genscript	 using	 a	 phosphorylated	 peptide	 covering	 the	

amino-acid	 sequence	 surrounding	 Ser128	 	 or	 Ser4	 in	 Smc4	 and	 used	 at	 a	 1:250	 and	

1:1000	dilutions	in	5%	BSA	respectively.	The	rat	monoclonal	antibodies	18D9	and	15F2	

were	 generated	 against	 full-length	 recombinant	 Swe1	 expressed	 in	 bacteria	 and	

recognize	 different	 epitopes	 on	 the	 protein.	 Secondary	 antibodies	 used	 were	 HRP-

conjugated	 anti-mouse	 or	 anti-rabbit	 IgG	 antibodies	 (1:10,000,	 Amersham/GE	

Healthcare).	 Protein-antibody	 conjugates	 were	 revealed	 by	 chemiluminescence	

(Western	Lightning	Plus	ECL;	Perkin-Elmer).	

	

2.10.4		 Fluorescent	in	situ	hybridization	(FISH)	

	

For	 all	 experiments,	 cells	 were	 fixed	 and	 harvested	 in	 0.1M	 KPO4	 buffer	 pH	 6.4	

containing	3.7%	formaldehyde	for	2hrs	at	23	°C.	We	used	published	procedures	to	reveal	

the	 morphology	 of	 the	 rDNA	 locus	 by	 FISH	 (Guacci	 et	 al.,	 1994;	 Lavoie	 et	 al.,	 2004).	

Probes	were	generated	by	PCR	amplification	of	a	section	of	the	rDNA	locus	cloned	within	

plasmid	p333,	which	contains	a	~9.1	kb	XmaI	fragment	encompassing	a	complete	rDNA	

repeat.	 The	 amplified	 fragment	 was	 purified	 after	 electrophoretic	 separation	 using	

Qiagen’s	 Gel	 Extraction	 kit	 and	 labelled	 with	 digoxigenin	 using	 the	 BioNick	 Labelling	

System	 (Invitrogen).	The	digoxigenin	 labelling	protocol	 is	 similar	 to	 that	described	 for	

biotin	labelling,	except	that	1	µl	digoxigenin	DNA	labelling	mixture	(Gasser	et	al.)	and	5	µl	

10X	 nick	 translation	 buffer	 (0.5	 M	 Tris-HCl	 pH	 7.8,	 50	 mM	 MgCl,	 100	 mM	 beta-
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mercaptoethanol,	100	µg/ml	Bovine	Serum	Albumin	[BSA])	are	substituted	for	5	µl	10X	

dNTP	mix	 from	the	BioNick	Labelling	kit.	The	digoxigenin-labelled	probe	was	detected	

using	a	mouse	anti-DIG	antibody	from	Roche,	and	FITC-conjugated	goat	anti-mouse	IgG	

(Jackson	 Immunoresearch)	 and	 Alexa	 Fluor	 488-conjugated	 rabbit	 anti-goat	 IgG	

antibodies	 (Jackson	 Immunoresearch).	 All	 three	 antibodies	 were	 diluted	 1:250	 using	

10%	horse	serum	immediately	prior	to	use.	Nuclei	were	counterstained	with	propidium	

iodide	(PI;	Sigma)	in	5	mg/ml	of	p-phenylenediamine	(Sigma).	

	

2.10.5		 Microscopy	

	

Procedures	to	monitor	mitotic	spindle	length,	nucleus	morphology	and	spindle	pole	body	

position	in	cells	have	been	described	previously	(Ratsima	et	al.	2011).	Live	cell	imaging	

and	 visualization	 of	 rDNA	 morphology	 were	 performed	 on	 a	 DeltaVision	 microscope	

using	the	softWoRx	software	(Applied	Precision).	The	microscope	was	equipped	with	a	

100X/NA	1.4	Plan	APO	objective	(Olympus)	and	a	CoolSnap	HQ2	camera	(Photometrics).	

Images	 were	 acquired	 at	 1x1	 binning.	 Final	 images	 represent	 maximum	 intensity	

projections	of	multiple	image	stacks	taken	at	0.2	μm	intervals.	Deconvolution	(softWoRx)	

was	 applied	 to	 images	 shown	 in	 Figures	 1A	 and	 4G	 to	 represent	 accurately	 the	

morphology	of	the	rDNA	loops	observed	under	the	microscope.	

	

2.10.6		 Photobleaching	

	

Cells	 were	 grown	 until	 exponential	 phase	 at	 25	 °C	 in	 modified	 synthetic	 medium.	

Photobleaching	 experiments	 were	 performed	 on	 a	 Zeiss	 710	 confocal	 laser	 scanning	

microscope	(Carl	Zeiss,	Jena,	Germany)	attached	to	an	AxioObserver	inverted	microscope	

stand.	 Images	 were	 collected	 and	 photobleaching	 was	 performed	 using	 a	 63x/1.4	 NA	

plan-apochromat	oil	 immersion	objective	 lens.	Single	 images	of	cells	 in	metaphase	(i.e.,	

with	a	large	bud	and	the	nucleus	close	to	the	bud	neck)	were	collected	at	10x	zoom	and	

at	low	laser	power	(2%	of	the	488	nm	laser	line	of	a	25	mW	argon	ion	laser)	in	DIC	and	in	

fluorescence	before	and	after	each	photobleaching	experiment.	Cells	were	then	centered	
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in	 the	 field	 of	 view.	 Photobleaching	 was	 performed	 using	 the	 line	 scan	 feature	 and	 a	

bleach	 line	of	512	pixels	across	the	center	of	 the	cell	was	selected.	Total	of	20,000	 line	

scans	were	collected	with	3.15	μs	pixel	dwell	times	for	each	cell,	PMT	gain	at	700	digital	

gain	 at	 1,	 digital	 offset	 at	 10,	 pinhole	 at	 2	 Airy	 unit,	 no	 line	 averaging	 and	 20%	 laser	

power.	Emission	 from	 the	 sample	was	collected	 from	493	nm	 to	598	nm.	Experiments	

were	done	on	at	 least	 twelve	budded	cells	 for	each	strain.	Fixed	cell	experiments	were	

performed	 the	 same	 way	 on	 cells	 fixed	 with	 3.7%	 formaldehyde	 for	 5	 min	 at	 room	

temperature.	Two	rectangular	regions	of	interest	were	selected	on	XT	line	scan	plots,	one	

for	 background	 intensity	 and	 one	 for	 EGFP	 fluorescence	 intensity	 measurements.	

Intensity	measurements	were	 then	 corrected	 line-by-line	 for	 the	 background	 intensity	

(from	an	area	of	the	XT	line	scan	image	where	no	cell	was	located).	Corrected	intensities	

were	normalized	to	maximal	for	each	photobleaching	trace.	Normalized	data	from	three	

separate	experiments	were	averaged	and	standard	deviations	were	calculated	from	the	

three	experimental	averages.	Final	normalized	curves	for	each	strain	were	plotted	and	fit	

to	 a	 double	 exponential	 decay	with	 an	offset	 (i.e.,	 Equation	1).	Graphs	were	 generated	

and	fit	using	SigmaPlot	software	(Systat	Sofware	Inc.,	Chicago,	Il).	Equation	1:	y	=	y0	+	a	*	

e(–x/b)	+	c	*	e(–x/d).	

	

2.10.7		 Protein	purification	

	

To	identify	Cdk1	phosphorylation	sites	on	condensin,	the	complex	was	immunopurified	

from	nocodazole-arrested	cell	 lysates	and	processed	for	mass	spectrometry	analysis,	as	

previously	 described	 (St-Pierre	 et	 al.,	 2009).	 For	 the	 purification	 of	 Smc4	 N-terminus	

from	 bacteria,	 plasmid	 p792	 expressing	 the	 first	 163	 residues	 of	 Smc4	 fused	 to	 a	

hexahistidine	 tag	 was	 transformed	 into	 Escherichia	 coli	 BL21	 strain.	 Cells	 were	

inoculated	at	an	optical	density	(A600)	of	0.225	in	LB	medium	containing	all	the	necessary	

antibiotics	and	grown	for	2	hr	at	30	°C.	Overexpression	was	induced	by	the	addition	of	

1mM	IPTG	for	1	hr.	Cells	were	collected	by	centrifugation	and	suspended	in	buffer	A	(50	

mM	KPO4	pH	8.0,	500	mM	NaCl,	10	mM	imidazole,	plus	protease	 inhibitor	cocktail	 [0.5	

mM	4-(2-aminoethyl)	benzenesulfonyl	fluoride	hydrochloride	(AEBSF),	10	μM	Pepstatin	
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A	and	7.5	μM	E64])	containing	300	μg/ml	 lysozyme.	After	a	30	min	 incubation	at	4	°C,	

cells	 were	 lysed	 by	 sonication	 using	 a	 Misonix	 sonicator	 3000	 (3	 pulses	 of	 10	 sec	 at	

output	 level	 3)	 and	 centrifuged	 15	 min	 at	 13000	 rpm.	 The	 supernatant	 was	 further	

clarified	 by	 filtration	 with	 a	 0.45	 µm	 syringe-filter.	 The	 recombinant	 Smc4-[1-163]	

protein	was	purified	on	a	FPLC	system	equipped	with	a	HisTrap	column	(GE	Healthcare)	

and	fractions	containing	the	purified	protein	were	concentrated	by	ultrafiltration	using	

Amicon	Ultra	 filtration	units	 (3K	Nominal	Molecular	Weight	Limit	 [NMWL];	Millipore).	

All	purification	steps	were	carried	out	at	4	°C.	For	kinase	assays,	condensin	and	Cdc28-

Clb2	were	purified	according	to	published	procedures	(Ratsima	et	al.,	2011;	St-Pierre	et	

al.,	2009).	

	

2.10.8		 In	vitro	kinase	assay	

	

3	μg	of	purified	condensin	or	0.5	μg	of	histone	H1	were	diluted	into	a	final	volume	of	15	

μl	of	kinase	reaction	buffer	(25	mM	Tris-HCl	pH	7.5,	2	mM	DTT,	10	mM	MgCl2,	0.5	mM	

EDTA,	100	μM	ATP)	supplemented	with	protease/phosphatase	inhibitors	(1	mM	AEBSF,	

10	μM	E-64,	10	μM	pepstatin	A	and	200	μM	tungstate),	and	2	μCi	[γ32P]	ATP,	and	1.86	µg	

purified	Cdc28-Clb2.	Phosphorylation	reactions	were	performed	for	30	minutes	at	30	°C	

and	stopped	by	addition	of	SDS-PAGE	sample	loading	buffer.	Proteins	were	denatured	5	

minutes	at	100	°C	and	separated	on	a	4-12%	gradient	gel	(Biorad)	before	being	revealed	

byCoomassie	 staining	 (Biorad).	 32P-labelled	 bands	 were	 detected	 in	 dried	 gels	 by	

autoradiography	 using	 Amersham	 Hyperfilm	 ECL	 films	 (GE	 Healthcare).	 For	 kinase	

reactions	with	Smc4-[1-163],	0.5	μg	of	purified	substrate	was	phosphorylated	using	the	

same	 conditions	 as	 described	 above,	 except	 that	 radio-labelled	ATP	was	 omitted	 from	

the	reaction.	Phosphorylated	proteins	were	separated	on	14%	SDS-polyacrylamide	gels	

and	revealed	by	coomassie	staining.	

	

2.10.9		 Immunoprecipitation	and	dephosphorylation		

	

Cell	lysates	were	prepared	in	lysis	buffer	(50	mM	Tris-HCl	pH7.5,	100	mM	KCl,	100	mM	



	 70	

NaF,	 10%	glycerol,	 0.1%	 tween	20,	 1	mM	 tungstate,	 1	mM	DTT,	 10	µM	AEBSF,	 10	μM	

pepstatin	 A,	 10	 μM	 E-64),	 as	 previously	 described	 (St-Pierre	 et	 al.,	 2009).	 For	 each	

immunoprecipitation	 reaction,	 5	 μg	 of	 anti-Myc	9E-10	or	 anti-Strep-tag	 antibody	were	

bound	 to	 GammaBind	 Plus	 Sepharose	 beads	 (GE	 Healthcare).	 Dephosphorylation	

reactions	 were	 performed	 at	 30	 °C	 for	 30	 minutes	 in	 λ-phosphatase	 buffer	 (NEB)	 in	

presence	or	absence	of	purified	λ	phosphatase.		

	

2.10.10	 Other	experimental	procedures	and	statistical	analyses	

	

Determination	of	budding	index	by	light	microscopy	and	DNA	content	by	flow	cytometry	

were	 performed	 using	 standard	 procedures	 (Ratsima	 et	 al.,	 2011).	 For	 budding	 index,	

100	cells	were	scored	per	time-point.	Except	for	mass	spectrometry	analysis	of	purified	

condensin	subunits	(i.e.,	Supplementary	Fig.	2a),	all	experiments	described	in	this	study	

have	 been	 performed	 3	 (or	more)	 independent	 times.	 Error	 bars	 in	 graphs	 represent	

standard	deviation	(S.D.).	Triple	star	symbols	 in	graphs	 indicate	statistically	significant	

differences,	 as	 determined	 by	 t-test	 (paired,	 one	 tailed	 distribution).	 P-values	 are	

provided	in	the	legend	of	figures.	

	

2.10.11	 Table	S1:	Yeast	strains	used	in	this	study	

	

Relevant	parts	of	the	genotypes	of	yeast	strains	used	in	this	study	are	described	next	to	

yeast	designations.	

	

Figure		 Name	 	 	 Relevant	genotype	 	 	 	 		

	

Fig	1A		 D2	 	 MATα	CDC28	

	 	 D1483		 MATα	cdc28-4	

	

Fig	1B		 D390	 	 MATa	clb1∆	clb3∆::TRP1	clb4∆::HIS3	clb2-ts	
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Fig	1C	 	 D4107		 MATa	CDC28	 	 	 	 	

	 	 D2395		 MATa	cdc28-as1	 	 	

	

Fig	2B		 D1	 	 MATa	SMC4	YCS4	SMC2	YCG1	

	 	 D2565		 MATa	smc4-10A(702)::3xSTII::HIS3MX6	

	 	 D3317		 MATa	ycs4-6A::13xMYC::kanMX6	

	 	 D3334		 MATa	smc2-2A::caURA3MX6	

	 	 D3347		 MATa	ycg1-4A::TRP1	

	 	 D3349		 MATa	smc4-10A(702)::3xSTII::HIS3MX6	ycs4-6A	

	 	 	 	 ::13xMYC::kanMX6	

	 	 D3384		 MATa	smc4-10A(702)::3xSTII::HIS3MX6	ycs4	6A	

	 	 	 	 ::13xMYC::kanMX6		smc2-2A::caURA3MX6	

	 	 D3421		 MATa	smc4-10A(702)::3xSTII::HIS3MX6	ycs4-6A		 	

	 	 	 	 ::13xMYC::kanMX6	smc2-2A::caURA3MX6	ycg1-4A::TRP1	

	

Fig	2D		 D3321		 MATa/MATα	SMC4/SMC4::3xSTII::HIS3MX6	

	 	 D3727		 MATa/MATα	SMC4/smc4-∆NT(1011)::3xSTII::HIS3MX6	

	 	 	

Fig	3A	&	B	 D2832		 MATa	YCG1::3xFLAG::kanMX6	cdc15-2		

	 	 	 	 [YCplac111-SMC4-NT::NLS::13xMYC]	

	 	 	

Fig	3C	 	 D2963		 MATa	SMC4::3xSTII::HIS3MX6	

	 	 D2563		 MATa	smc4-7A(601)::3xSTII::HIS3MX6	

	 	 D1868		 MATa	smc4-128A::3xSTII::HIS3MX6	

	 	 	

Fig	3D		 D2969		 MATa	SMC4::3xSTII::HIS3MX6	YCG1::3xFLAG::kanMX6		

	 	 	 	 cdc15-2	

	 	 D3265		 MATa	SMC4::3xSTII::HIS3MX6	YCG1::3xFLAG::kanMX6		

	 	 	 	 cdc15-2	[YCplac111-SMC4-NT::NLS::13xMYC]	

Fig	3E	 	 D3265		 MATa	SMC4::3xSTII::HIS3MX6	YCG1::3xFLAG::kanMX6		
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	 	 	 	 cdc15-2	[YCplac111-SMC4-NT::NLS::13xMYC]	

	 	 D3267		 MATa	SMC4::3xSTII::HIS3MX6	YCG1::3xFLAG::kanMX6		

	 	 	 	 cdc15-2	[YCplac111-smc4-NT-7A::NLS::13xMYC]	

	 	 	

Fig	3F	 	 D4022		 MATa	CLB1	CLB2	CLB3	CLB4		

	 	 	 	 [YCplac111-SMC4-NT::NLS::13xMYC]	

	 	 D4024		 MATa	clb1∆	clb3∆::TRP1	clb4∆::HIS3	clb2-ts		

	 	 	 	 [YCplac111-SMC4-NT::NLS::13xMYC]	

	 	 	

Fig	3G		 D2832		 MATa	YCG1::3xFLAG::kanMX6	cdc15-2	

	 	 	 	 [YCplac111-SMC4-NT::NLS::13xMYC]	

	 	 D4020		 MATa	YCG1::3xFLAG::kanMX6	cdc15-2		

	 	 	 	 [YCplac111-SMC4-rxl-NT::NLS::13xMYC]	

	 	 	

Fig	4A		 D2963		 MATa	SMC4::3xSTII::HIS3MX6	

	 	 D2563		 MATa	smc4-7E(757)::3xSTII::HIS3MX6	

	 	 	

Fig	4B	&	C	 D3272		 MATa	SMC4::3xSTII::HIS3MX6	

	 	 D2563		 MATa	smc4-7E(757)::3xSTII::HIS3MX6	

	 	 D3692		 MATa	SMC4::3xSTII::AID::HIS3MX6		

	 	 	 	 ura3-1::ADH1::OsTIR1::9xMYC::URA3	

	 	 	

Fig	4D		 D1	 	 MATa	SMC4	YCG1	

	 	 D2969		 MATa	SMC4::3xSTII::HIS3MX6	YCG1::3xFLAG::kanMX6		

	 	 	 	 cdc15-2	

	 	 D3192		 MATa	smc4-7A(601)::3xSTII::HIS3MX6		 	 	 	

	 	 	 	 YCG1::3xFLAG::kanMX6	cdc15-2	

	

Fig	4E	&	F	 D3882		 MATa	SMC4::3xSTII::HIS3MX6	HTA1-mCherry::URA3		

	 	 	 	 SPC42-GFP::TRP1	



	 73	

	 	 D3884		 MATa	smc4-7A(601)::3xSTII::HIS3MX6	HTA1-	

	 	 	 	 mCherry::URA3	SPC42-GFP::TRP1	

	 	 	

Fig	4G	&	H	 D2963		 MATa	SMC4::3xSTII::HIS3MX6	

	 	 D1817		 MATa	smc4-82::HIS3MX6	

	 	 D2563		 MATa	smc4-7E(757)::3xSTII::HIS3MX6	

	 	 	

Fig	5B		 D3321		 MATa/MATα	SMC4/SMC4::3xSTII::HIS3MX6	

	 	 D1652		 MATa/MATα	SMC4/smc4-7AP(601)::3xSTII::HIS3MX6	

	 	 D2452		 MATa/MATα	SMC4/smc4-7EP(757)::3xSTII::HIS3MX6	

	 	 D3919		 MATa/MATα	SMC4/smc4-7AE(1061)::3xSTII::HIS3MX6	

	 	 D3471		 MATa/MATα	SMC4/smc4-7AA(969)::3xSTII::HIS3MX6	

	 	 D3226		 MATa/MATα	SMC4/smc4-7EE(879)::3xSTII::HIS3MX6	

	 	 D3921		 MATa/MATα	SMC4/smc4-7QQ(1075)::3xSTII::HIS3MX6	

	 	 D3928		 MATa/MATα	SMC4/CLB2::SMC4::3xSTII::HIS3MX6	

	 	 D3971		 MATa/MATα	SMC4/clb2-	

	 	 	 	 CycBox∆::SMC4::3xSTII::HIS3MX6	

	 	 D4218		 MATa/MATα	SMC4/CLB2::smc4-	

	 	 	 	 7A(601)::3xSTII::HIS3MX6	

	 	 	

Fig	5D		 D3940		 MATa	SMC4::3xSTII::HIS3MX6	ura3-1::Pgal1::URA3	

	 	 D3941		 MATa	SMC4::3xSTII::HIS3MX6		

	 	 	 	 ura3-1::Pgal1::SMC4::3xSTII::URA3	

	 	 D3966		 MATa	SMC4::3xSTII::HIS3MX6		

	 	 	 	 ura3-1::Pgal1::smc4-1::3xSTII::URA3	

	 	 D3942		 MATa	SMC4::3xSTII::HIS3MX6		

	 	 	 	 ura3-1::Pgal1::smc4-7EE(879)::3xSTII::URA3	

	 	 D4219		 MATa	SMC4::3xSTII::HIS3MX6	

		 	 	 	 ura3-1::Pgal1::smc4-7EE-1()::3xSTII::URA3	
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Fig	5E	 	 D4364		 MATa	SMC4::3xSTII::HIS3MX6	ura3-1::Pgal1::URA3	

	 	 D4341		 MATa	SMC4::3xSTII::HIS3MX6		

	 	 	 	 ura3-1::Pgal1::smc4-7EE-NT::NLS::13xMyc::URA3	

	 	 D4366		 MATa	smc4-7A(601)::3xSTII::HIS3MX6	ura3-	

	 	 	 	 1::Pgal1::URA3	

	 	 D4345		 MATa	smc4-7A(601)::3xSTII::HIS3MX6		

	 	 	 	 ura3-1::Pgal1::smc4-7EE-NT::NLS::13xMyc::URA3	

	

Fig	6	 	 D3471		 MATa/MATα	SMC4/smc4-969::3xSTII::HIS3MX6	

	 	 D3226		 MATa/MATα	SMC4/smc4-879::3xSTII::HIS3MX6	

	 	 D3319		 MATa/MATα	SMC4/smc4-927::3xSTII::HIS3MX6	

	 	 D3567		 MATa/MATα	SMC4/smc4-983::3xSTII::HIS3MX6	

	 	 D3406		 MATa/MATα	SMC4/smc4-928::3xSTII::HIS3MX6	

	 	 D3405		 MATa/MATα	SMC4/smc4-929::3xSTII::HIS3MX6	

	 	 D3880		 MATa/MATα	SMC4/smc4-1051::3xSTII::HIS3MX6	

	 	 D3578		 MATa/MATα	SMC4/smc4-988::3xSTII::HIS3MX6	

	 	 D3654		 MATa/MATα	SMC4/smc4-1002::3xSTII::HIS3MX6	

	 	 D3576		 MATa/MATα	SMC4/smc4-986::3xSTII::HIS3MX6	

	 	 D3639		 MATa/MATα	SMC4/smc4-997::3xSTII::HIS3MX6	

	 	 D3563		 MATa/MATα	SMC4/smc4-982::3xSTII::HIS3MX6	

	 	 D3684		 MATa/MATα	SMC4/smc4-995::3xSTII::HIS3MX6	

	 	 D3637		 MATa/MATα	SMC4/smc4-996::3xSTII::HIS3MX6	

	 	 D3567		 MATa/MATα	SMC4/smc4-984::3xSTII::HIS3MX6	

	 	 D3566		 MATa/MATα	SMC4/smc4-930::3xSTII::HIS3MX6	

	 	 D3729		 MATa/MATα	SMC4/smc4-1013::3xSTII::HIS3MX6	

	

Fig	7A,	B	&	C	 D3980		 MATa/MATα	SMC4::3xGFP::kanMX6/SMC4		 	

	 	 	 	 ::3xGFP::kanMX6	[pASZ11]	

	 	 D3978		 MATa/MATα	smc4-7A(601)::3xGFP::kanMX6/	

	 	 	 	 smc4-7A(601)::3xGFP::kanMX6	[pASZ11]	
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	 	 D3993		 MATa	Pbzz1::GFP::Tadh1::kanMX6::bzz1	[pASZ11]	

	

Fig	S1	 	 D390	 	 MATa	clb1∆	clb3∆::TRP1	clb4∆::HIS3	clb2-ts	

	

Fig	S3A	 D2969		 MATa	SMC4::3xSTII::HIS3MX6	YCG1::3xFLAG::kanMX6		

	 	 	 	 cdc15-2	

	 	 D3265		 MATa	SMC4::3xSTII::HIS3MX6	YCG1::3xFLAG::kanMX6		

	 	 	 	 cdc15-2	[YCplac111-SMC4-NT::NLS::13xMYC]	

	

Fig	S3B	 D3265		 MATa	SMC4::3xSTII::HIS3MX6	YCG1::3xFLAG::kanMX6		

	 	 	 	 cdc15-2	[YCplac111-SMC4-NT::NLS::13xMYC]	

	 	 D3267		 MATa	SMC4::3xSTII::HIS3MX6	YCG1::3xFLAG::kanMX6		

	 	 	 	 cdc15-2	[YCplac111-smc4-NT-7A::NLS::13xMYC]	

	 	 	

Fig	S3C	 D4022		 MATa	[YCplac111-SMC4-NT::NLS::13xMYC]	

	 	 D4040		 MATa	clb5∆::URA3	clb6∆::LEU2		

	 	 	 	 [YCplac111-SMC4-NT::NLS::13xMYC]	

	

Fig	S3D	 D4022		 MATa	CLB1	CLB2	CLB3	CLB4		

	 	 	 	 [YCplac111-SMC4-NT::NLS::13xMYC]	

	 	 D4024		 MATa	clb1∆	clb3∆::TRP1	clb4∆::HIS3	clb2-ts		

	 	 	 	 [YCplac111-SMC4-NT::NLS::13xMYC]	

	

Fig	S3E	 D2832		 MATa	YCG1::3xFLAG::kanMX6	cdc15-2		

	 	 	 	 [YCplac111-SMC4-NT::NLS::13xMYC]	

	 	 D4020		 MATa	YCG1::3xFLAG::kanMX6	cdc15-2		

	 	 	 	 [YCplac111-SMC4-rxl-NT::NLS::13xMYC]	

	 	 	

Fig	S4A	 D2963		 MATa	SMC4::3xSTII::HIS3MX6	

	 	 D2563		 MATa	smc4-7E(757)::3xSTII::HIS3MX6	
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	 	 D1863		 MATa	smc4-S4A::3xSTII::HIS3MX6	

	 	 D1864		 MATa	smc4-T43A::3xSTII::HIS3MX6	

	 	 D1865		 MATa	smc4-T60A::3xSTII::HIS3MX6	

	 	 D1866		 MATa	smc4-S109A::3xSTII::HIS3MX6	

	 	 D4026		 MATa	smc4-S113A::3xSTII::HIS3MX6	

	 	 D1867		 MATa	smc4-S117A::3xSTII::HIS3MX6	

	 	 D1868		 MATa	smc4-S128A::3xSTII::HIS3MX6	

	 	 D1869		 MATa	smc4-T757A::3xSTII::HIS3MX6	

	 	 D1870		 MATa	smc4-T847A::3xSTII::HIS3MX6	

	 	 D1871		 MATa	smc4-T1345A::3xSTII::HIS3MX6	

	 	 	

Fig	S4B		 D3272		 MATa	SMC4::3xSTII::HIS3MX6	YCG1	

	 	 D1868		 MATa	smc4-S128A::3xSTII::HIS3MX6	YCG1	

	 	 D834	 	 MATa	SMC4	ycg1-2::3xHA::TRP1	

	 	 	

Fig	S5A	 D4334		 h+/h-	ade6-210/ade6-216	cut3/cut3::kanMX6	

	 	 D4336		 h+/h-	ade6-210/ade6-216	cut3/cut3-T19V::kanMX6	

	 	 	

Fig	S5B	 D4188		 h+/h-	ade6-210/ade6-216	cut3/cut3	

	 	 D4334		 h+/h-	ade6-210/ade6-216	cut3/cut3::kanMX6	

	 	 D4336		 h+/h-	ade6-210/ade6-216	cut3/cut3-T19V::kanMX6	

	 	 	

Fig	S5C	 D1	 	 MATa	SAN1	SMC4	

	 	 D3272		 MATa	SAN1	SMC4::3xSTII::HIS3MX6	

	 	 D2563		 MATa	SAN1	smc4-7A(601)::3xSTII::HIS3MX6	

	 	 D1849		 MATα	san1∆::HIS3MX6	SMC4	

	 	 D3739		 MATa	san1∆::HIS3MX6	SMC4::3xSTII::HIS3MX6	

	 	 D3737		 MATa	san1∆::HIS3MX6	smc4-7A(601)::3xSTII::HIS3MX6	

	 	 	

Fig	S6D	 D3321		 MATa/MATα	SMC4/SMC4::3xSTII::HIS3MX6	
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	 	 D3471		 MATa/MATα	SMC4/smc4-7AA(969)::3xSTII::HIS3MX6	

	 	 D3226		 MATa/MATα	SMC4/smc4-7EE(879)::3xSTII::HIS3MX6	

	 	 	

Fig	S7A	 D3928		 MATa/MATα	SMC4/CLB2::SMC4::3xSTII::HIS3MX6	

	 	 D3971		 MATa/MATα	SMC4/clb2-	

	 	 	 	 CycBox∆::SMC4::3xSTII::HIS3MX6	

	 	 D4218		 MATa/MATα	SMC4/CLB2::smc4-	

	 	 	 	 7A(601)::3xSTII::HIS3MX6	

	 	 	

Fig	S7B,C,D&E		

	 	 D3641		 MATa	SMC4	ura3-1::Pgal1::SMC4::3xSTII::URA3	

	 	 D3645		 MATa	SMC4	ura3-1::Pgal1::smc4-	

	 	 	 	 7EE(879)::3xSTII::URA3	

	 	 	

Fig	S7F	 D3980		 MATa/MATα	SMC4::3xGFP::kanMX6/SMC4		 	

	 	 	 	 ::3xGFP::kanMX6	[pASZ11]	

	 	 D3978		 MATa/MATα	smc4-7A(601)::3xGFP::kanMX6/	

	 	 	 	 smc4-7A(601)::3xGFP::kanMX6	[pASZ11]	

	 	 D3993		 MATa	Pbzz1::GFP::Tadh1::kanMX6::bzz1	[pASZ11]	
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2.11	 Supplemental	Figures	and	Legends:	
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Figure	 S1.	 Microtubule,	 nucleus,	 and	 rDNA	 morphology	 in	 cells	 arrested	 at	

different	stages	of	interphase	and	mitosis.		

(A)	 Schematic	 representation	 of	 the	 experimental	 set	 up.	 Cells	 carrying	 clb1	 clb3	 clb4	

clb2-VI	mutations	 (Amon	et	al.,	1993)	 (i.e.,	clb-ts	mutants)	were	arrested	 in	G1	with	α-

factor,	split	into	four	cultures,	and	released	from	the	arrest.	The	first	culture	was	shifted	

at	37	°C	and	allowed	to	grow	for	135	min	to	generate	a	prophase-like	clb-ts	arrest.	The	

second	culture	was	grown	at	23	°C	for	105	min	to	allow	most	cells	in	the	culture	to	reach	

mitosis	naturally.	The	third	culture	was	released	into	medium	containing	nocodazole	for	

150	min	at	23	°C	to	generate	a	metaphase-like	arrest.	The	fourth	culture	was	harvested	

immediately	after	the	G1	release.	Samples	of	each	culture	were	collected	and	processed	

for	 rDNA	 FISH	 analysis	 or	 indirect	 immunofluorescence	 to	 detect	 α-tubulin.	 It	 was	

necessary	 to	perform	FISH	and	 immunofluorescence	 staining	 in	different	 cells	because	

the	conditions	for	staining	the	rDNA	and	tubulin	are	incompatible.	(B)	Morphology	of	the	

rDNA	 locus	 as	 detected	 by	 FISH.	 A	 representative	 micrograph	 of	 the	 dominant	 rDNA	

species	 for	 each	 condition	 is	 shown.	 Propidium	 iodide	 (PI;	 red)	 and	 fluorescein	

isothiocyanate	(FITC;	green)	were	used	to	label	the	nucleus	and	rDNA	locus,	respectively.	

(C)	 Cell	 morphology	 (differential	 interference	 contrast	 [DIC]	 microscopy),	 nuclei	

morphology	 (4',6-diamidino-2-phenylindole;	 DAPI)	 and	 mitotic	 spindle	 length/tubulin	

staining	have	been	determined	in	the	cells	described	above.	(D–E)	Quantification	of	the	

rDNA	and	spindle/tubulin	morphologies	observed	 in	cells	described	 in	panels	B	and	C,	

respectively	(n	=	3;	error	bars	represent	S.D.).	At	least,	100	nuclei	or	cells	were	counted	

per	condition.	The	categories	"bright	spot"	and	"dot"	 in	panel	e	refer	to	duplicated	and	

unduplicated	SPB,	as	previously	described	(Fitch	et	al.,	1992;	Yin	et	al.,	2002).	
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Figure	 S2.	 The	 intertwist	 rDNA	 morphology	 is	 revealed	 in	 cells	 undergoing	

chromosome	morphogenesis	at	low	temperatures.		

(A-C).	 Cells	were	 synchronized	 in	G1	 using	 α-factor	 and	 released	 into	 a	 fresh	medium	

containing	 nocodazole	 at	 16˚C	 for	 240	 minutes.		Samples	 were	 collected	 every	 60	

minutes	and	processed	for	visualization	of	the	budding	index,	DNA	content	analysis	and	

rDNA	morphology.	(A)	Budding	 index	of	 the	cell	population	examined	during	the	time-

course.	 At	 least	 100	 cells	 were	 scored	 per	 time	 point	 (B)	 Flow	 cytometry	 analysis	 of	

cellular	DNA	 content	 at	 various	 time	points	 during	 the	 experiment.	 (C)	Morphology	of	

the	yeast	rDNA	locus	revealed	by	FISH.	Quantification	of	each	rDNA	species	is	shown	on	

the	 top.	 At	 least	 one	 hundred	 nuclei	were	 counted	 per	 condition.	 (n=3	 and	 error	 bars	

represent	 S.D.).	 Representative	micrographs	 of	 the	most	 prominent	 rDNA	morphology	

observed	during	 the	 time	 course	 is	 shown	below	 the	 graph.	PI	 (red)	 and	FITC	 (green)	

were	used	to	label	the	nucleus	and	rDNA	locus,	respectively.		
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Figure	 S3.	 The	 formation	 of	 the	 intertwist	 rDNA	 morphology	 requires	 cohesin	

activity.		

clb-ts	 or	 clb-ts	 mcd1-1	 cells	 growing	 asynchronously	 at	 23°C	 were	 arrested	 in	 early	

mitosis	 by	 shifting	 the	 culture	 at	 37°C	 for	 135	min.	 Samples	were	 then	 fixed	 and	 the	

morphology	of	 the	 rDNA	 locus	was	monitored	by	FISH.	Representative	micrographs	of	

the	most	prominent	rDNA	morphology	observed	for	each	condition	is	shown	on	the	left.	

PI	(red)	and	FITC	(green)	were	used	to	 label	 the	nucleus	and	rDNA	locus,	respectively.	

Quantification	of	each	rDNA	species	 is	shown	on	the	right.	At	 least	one	hundred	nuclei	

were	counted	per	condition.	(n=3	and	error	bars	represent	S.D.). 
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Figure	S4.	Cdk1	targets	the	evolutionarily-conserved	N-terminus	of	Smc4.		

(A)	Mass	spectra	of	Cdk1	phosphorylation	sites	identified	in	Smc4	immuno-purified	from	

mitotic	 cell	 extracts.	 Spectra	 are	 shown	 for	 phospho-residues	 Thr43,	 Thr60,	 Ser109,	

Ser113	and	Ser128	in	the	N-terminal	extension	of	Smc4.	The	blue	box	at	the	bottom	right	

corner	 of	 this	 panel	 highlights	 the	 amino-acid	 sequence	 surrounding	 the	

phosphorylation	 sites.	 Most	 of	 the	 phospho-sites	 conform	 to	 the	 optimal	 consensus	

sequence	 for	 Cdk1	 phosphorylation	 (i.e.,	 Ser/Thr-Pro-X-Arg/Lys)	 (Koivomagi	 et	 al.,	

2011),	whereas	one	conforms	to	the	core	Cdk1	consensus	(i.e.,	Ser/Thr-Pro;	Thr43)	(Holt	

et	 al.,	 2009;	 Rudner	 &	 Murray,	 2000).	 Note	 that	 several	 of	 those	 sites,	 together	 with	

Ser117,	 were	 found	 to	 be	 phosphorylated	 in	 a	 Cdk1-dependent	manner	 in	 proteome-

wide	 screens	 that	 aimed	 to	 identify	mitotic	 phosphorylation	 sites	 (Bazile	 et	 al.,	 2010;	

Holt	et	al.,	2009;	Kao	et	al.,	2014).	Interestingly,	Cdk1	phospho-sites	were	not	identified	

in	 other	 condensin	 subunits	 in	 the	 course	 of	 our	 mass	 spectrometry	 analysis.	 (B)	

Schematic	 representation	 of	 the	 SMC	 subunits	 of	 cohesin	 (Smc1	 and	 Smc3)	 and	

condensin	 (Smc2	 and	 Smc4)	 complexes	 from	budding	 yeast.	 The	 conserved	 functional	

domains	of	SMC	family	members	are	drawn	to	approximate	scale.	Note	that	only	Smc4	

carry	an	N-terminal	extension	among	this	group	of	SMC	proteins.	(C)	Conservation	of	the	

N-terminal	 extension	 among	 Smc4	 family	 members	 in	 eukaryotes.	 A	 multiple	 local	

alignment	of	the	primary	amino-acid	sequence	corresponding	to	the	N-terminal	portion	

of	H.	sapiens	(Hs),	S.	pombe	 (Sp)	and	S.	cerevisiae	 (Sc)	Smc1-4	homologs	 is	 shown.	The	

blue	 arrow	 indicates	 the	 start	 of	 the	 ATPase	 domain,	 whereas	 the	 boxed	 sequences	

correspond	 to	 the	 N-terminal	 extension	 specific	 to	 the	 Smc4	 family	members.	 Known	

phospho-sites	 that	 conform	 to	 the	 Cdk1	 consensus	 sequence	 in	 the	 N-terminal	

extensions	 of	 budding	 yeast,	 fission	 yeast	 and	 human	 Smc4	 are	 highlighted	 in	 green	

(Bazile	et	al.,	2010;	Holt	et	al.,	2009;	Kao	et	al.,	2014;	Sutani	et	al.,	1999).	
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Figure	S5.	Cdk1	regulation	of	Smc4	phosphorylation	in	mitosis.		

(A)	 Budding	 index	 and	mitotic	 spindle	 length	 of	 the	 cell	 populations	 examined	 in	 the	

time-courses	 presented	 in	 Figures	 3D.	 (B)	 Validation	 of	 antibodies	 against	

phosphoserine	4	(pSer4)	of	Smc4.	Protein	samples	from	interphase	(G1)	and	mitotic	(M)	

cells	of	the	indicated	genotypes	were	probed	by	immunoblot	analysis	for	the	presence	of	

phosphorylated	 Smc4.	 The	 Smc4-3xSTII	 signal	 serves	 as	 loading	 control	 (C)	 Budding	

index	 and	mitotic	 spindle	 length	 of	 the	 cell	 populations	 examined	 in	 the	 time-courses	

presented	 in	 Figures	 3E.	 (D)	 Smc4	 phosphorylation	 is	 delayed	 and	 reduced	 in	 strains	

carrying	 clb5∆	clb6∆	mutations.	 Cells	 expressing	 the	 Smc4-NT	 fragment	were	 released	

from	 a	 G1	 arrest	 into	 fresh	 medium	 containing	 nocodazole	 at	 37	 °C.	 Samples	 were	

collected	every	30	minutes	and	processed	for	immunoblotting.	The	intensity	of	the	signal	

for	 the	 electrophoretically-retarded	 phospho-species	 of	 Smc4	 was	 quantified	 using	

ImageJ	 software,	 and	 is	 shown	 below	 the	 gels.	 A	 red	 arrow	 indicates	 the	 peaks	

corresponding	 to	 the	 most	 retarded	 phospho-species	 of	 Smc4.	 These	 species	 usually	

appear	 60	minutes	 after	 release	 in	 the	 control	 wild-type	 situation,	 but	 is	 significantly	

delayed	and	reduced	in	the	clb5∆	clb6∆	mutant.	Percentages	of	budded	cells	are	shown	

below	 the	 gels.	We	noticed,	 as	 previously	 observed	 (Schwob	 and	Nasmyth	1993),	 that	

clb5	clb6	mutants	show	delayed	kinetics	of	cell	cycle	entry	and	that	this	may	indirectly	

affect	the	appearance	of	Smc4	phospho-species	in	these	mutants.	This	limitation	can	be	

addressed	by	testing	for	Smc4	phosphorylation	in	a	mutant	lacking	its	RxL	docking	sites,	

as	shown	in	Figure	3G.	These	motifs	are	used	by	early	B-type	cyclins	to	selectively	target	

their	 substrates	 in	 vivo,	 and	 removal	 of	 RxL	 motifs	 has	 been	 shown	 to	 reduce	

phosphorylation	of	Clb5	substrates	in	yeast	(Archambault	et	al.	2005;	Loog	and	Morgan	

2005).	 (E–F)	 Budding	 indexes	 of	 the	 cell	 populations	 examined	 in	 the	 time-courses	

presented	 in	 Figures	 3F	 and	 G,	 respectively.	 (G-H)	 Smc4	 phosphorylation	 is	 not	

dependent	on	Cdc5	activity.	 (G)	Cells	 expressing	 the	Smc4-NT	 fragment	were	 released	

from	a	G1	 arrest	 at	 23°C	 into	 fresh	medium	at	 37°C.	 Samples	were	 collected	 every	30	

minutes	 and	 processed	 for	 immunoblot	 analysis	 and	 budding	 index.	 Pgk1	 serves	 as	

loading	control.	(H)	Cells	expressing	the	Smc4-NT	fragment	were	arrested	in	metaphase	

(nocodazole)	at	23°C,	shifted	to	37°C	maintaining	nocodazole	arrest	for	1	hour.	Samples	
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were	 collected	 every	 30	minutes	 and	 processed	 for	 immunoblot	 analysis	 and	 budding	

index.	Pgk1	serves	as	loading	control.	Note	how	removal	of	Cdk1	activity	in	the	cdc5-99	

cdc28-4	double	mutant	 leads	to	a	rapid	dephosphorylation	of	Smc4	 in	dividing	cells.	 In	

contrast,	 the	cdc5-99	 single	mutant	maintains	 full	 Smc4-NT	phosphorylation	under	 the	

same	conditions.	
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Figure	 S6.	 Phenotype	 of	 yeast	 carrying	 single-mutations	 in	 condensin	

phosphosites.		

(A)	 Loss	 of	 individual	 Cdk1	 sites	 in	 Smc4	 does	 not	 affect	 cell	 proliferation.	 Five-fold	

dilution	 series	 of	 wild-type	 and	 smc4	 mutant	 yeast	 strains	 defective	 in	 single	 Cdk1	

phosphorylation	 sites	 were	 spotted	 on	 solid	 medium	 to	 evaluate	 growth	 at	 different	

temperatures.	Plates	were	grown	2-3	days	until	individual	colonies	were	clearly	visible.	

(B)	Morphology	of	the	yeast	rDNA	locus	at	37	°C	in	the	smc4-S128A	mutant	as	revealed	

by	FISH.	Representative	micrographs	of	the	most	prominent	rDNA	morphology	observed	

for	 each	 condition	 is	 shown	 on	 the	 left.	 Propidium	 iodide	 (PI;	 red)	 and	 fluorescein	

isothiocyanate	(FITC;	green)	were	used	to	label	the	nucleus	and	rDNA	locus,	respectively.	

Quantification	of	each	rDNA	species	 is	shown	on	the	right.	At	 least	one	hundred	nuclei	

were	counted	per	condition.	(n=3	for	all	experiments	and	error	bars	represent	S.D.)	The	

ycg1-2	 mutant	 was	 used	 as	 positive	 control	 to	 induce	 a	 typical	 chromosome	

condensation	 defect	 (Lavoie	 et	 al.	 2002).	 The	 lack	 of	 condensation	 defect	 in	 our	 FISH	

experiment	 with	 the	 smc4-S128A	 single	mutant	 is	 consistent	 with	 a	 previous	 analysis	

showing	no	increase	in	cells	showing	decondensed	DNA	(i.e.,	“2-dot	phenotype”	using	the	

dual	LacO	repeats	system)	 in	the	absence	of	Ser128	phosphorylation	(Kao	et	al.	2014).	

We	 note	 that	 the	modest	 ~20%	 increase	 in	 “3-dot	 phenotype”	 previously	 linked	with	

loss	of	Ser128	phosphorylation	(Kao	et	al.	2014)	likely	reflects	difference	in	the	timing	of	

sister-chromatid	segregation	at	different	loci,	as	previously	shown	(Straight	et	al.	1997).	

Indeed,	condensin	is	a	known	regulator	of	chromosome	arm	cohesion	(Lam	et	al.	2006),	

and	the	simplest	 interpretation	of	a	3-dot	phenotype	 in	 this	context	 is	 that	 it	reflects	a	

cohesion	defect.	Interestingly,	the	strong	condensin	mutant	smc2-8	(Freeman	et	al.	2000)	

did	not	exhibit	 any	chromosome	condensation	defects	 in	 the	assays	performed	by	Kao	

and	collaborators.	
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Figure	S7.	Genetic	analysis	of	phosphorylation	mutants	of	Smc4/Cut3	 in	budding	

and	fission	yeasts.		

(A)	Inactivation	of	the	protein	quality	control	pathway	does	not	rescue	the	temperature-

sensitive	 (ts)	 growth	phenotype	of	 smc4-7A	mutants.	 Five-fold	dilution	 series	of	SMC4,	

SMC4-3xSTII	 and	 smc4-7A-3xSTII	 strains	 carrying	either	 san1∆	or	wild-type	SAN1	were	

spotted	 on	 solid	 medium	 to	 evaluate	 growth	 at	 different	 temperatures.	 Loss	 of	 the	

protein	quality	control	pathway	in	san1∆	cells	did	not	suppress	the	ts	phenotype	of	the	

smc4-7A-3xSTII	mutant,	thereby	indicating	that	the	phenotype	of	this	strain	is	not	due	to	

protein	instability	(Gardner	et	al.	2005).	(B)	A	heterozygous	diploid	fission	yeast	strain	

carrying	 the	 cut3-T19V:Tadh1:kanMX6	 phosphomutant	 allele	was	 induced	 to	 sporulate	

and	the	viability	of	the	resulting	haploid	spores	was	determined	after	3	days	of	growth	

on	solid	medium.	Three	typical	tetrads	of	spores	are	shown.	The	genotype	of	spores	was	

deduced	 using	 the	 kanMX6	marker	 associated	with	 the	 cut3	 locus	 (i.e.,	 +	 sign	 indicate	

spores	that	have	inherited	the	wild-type	cut3+	allele).	Note	that	the	cut3-T19V	allele	also	

has	a	weak	meiotic	effect,	thereby	causing	some	tetrads	to	exhibit	less	than	2	live	spores.	

A	 heterozygous	 wild-type	 cut3/cut3:Tadh1:kanMX6	 strain	 was	 included	 as	 control.	

Haploid	 G418-resistant	 (i.e.,	 kanMX6	 positive)	 spores	 were	 never	 recovered	 after	

sporulation	of	the	mutant,	whereas	the	kanMX-linked	wild-type	cut3	allele	segregated	in	

a	perfect	Mendelian	manner	after	 sporulation.	 (C)	Five-fold	dilution	 series	of	 the	cut3-

T19V:Tadh1:kanMX6/	 cut3	 heterozygous	 diploid	 and	 control	 strains	 were	 spotted	 on	

solid	YES-A	medium	to	evaluate	growth	at	different	 temperatures.	Note	 the	absence	of	

dominant	growth	defect	associated	with	the	cut3-T19V:Tadh1:kanMX6	allele. 
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Figure	 S8.	 Constitutive	 phosphorylation	 of	 Smc4	 –	 Structural	 implications	 and	

effects.		

Secondary	 structure	 analysis	 of	 Smc4	N-terminal	 extension.	 Smc4	 primary	 amino-acid	

sequence	 was	 analyzed	 in	 silico	 to	 determine	 the	 position	 and	 nature	 of	 structural	

landmarks	 in	 the	 protein.	 The	 presence	 of	 extended	 antiparallel	 coiled-coil	 regions	 in	

Smc4	 was	 determined	 using	 the	 COILS	 program	 (Lupas	 et	 al.	 1991),	 whereas	 the	

propensity	 of	 particular	 regions	 of	 the	protein	 to	 adopt	 an	unstructured	 conformation	

was	determined	using	 IUPred	(Dosztanyi	et	al.	2005).	 (A)	The	graph	on	 top	shows	 the	

regions	of	Smc4	predicted	to	adopt	a	coiled-coil	structure.	(B)	The	secondary	structure	

prediction	is	consistent	with	the	known	boundaries	of	the	ATPase	and	hinge	domains	of	

SMC	 family	members	(Hirano	and	Mitchison	1994;	Saitoh	et	al.	1994;	Saka	et	al.	1994;	

Strunnikov	et	al.	1995),	as	highlighted	in	the	protein	schematic.	(C)	This	graph	shows	the	

propensity	 of	 the	 various	 regions	 of	 Smc4	 to	 adopt	 an	 unstructured	 conformation.	

According	 to	 this	 analysis,	 the	 N-terminal	 extension	 of	 Smc4	 shows	 a	 very	 high	

probability	 of	 being	 unstructured	 relative	 to	 other	 parts	 of	 the	 protein.	 This	 property	

correlates	 well	 with	 the	 observation	 that	 most	 Cdk1	 sites	 in	 cells	 are	 found	 within	

unstructured	 parts	 of	 proteins	 (Holt	 et	 al.	 2009).	 (D)	 The	 lethality	 of	 Smc4	 charge-

mimetic	 mutations	 is	 not	 due	 to	 lower	 protein	 abundance.	 A	 culture	 of	 heterozygous	

diploid	 cells	 expressing	 Smc4-7EE-3xSTII/Smc4	 where	 grown	 at	 23	 °C	 and	 split	 into	

three	subcultures.	The	first	subculture	was	grown	for	an	additional	120	min	at	23	°C	and	

corresponds	 to	 an	 exponential	 population	 of	 cells	 (Exp).	 The	 second	 subculture	 was	

blocked	 in	 metaphase	 using	 nocodozole	 for	 150	 min	 (NZ).	 The	 third	 subculture	 was	

blocked	in	S	phase	using	0.2M	hydroxyurea	for	120	min	(HU).	Samples	were	taken	and	

analysed	by	 immunoblot	with	an	anti-STII	antibody.	Cdc5	serves	as	marker	 for	mitotic	

cells	and	Pgk1	levels	are	used	as	loading	control.	
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Figure	S9.	Phenotypes	of	phospho-defective	and	charge-mimetic	mutants	of	Smc4.		

(A)	 Quantification	 of	 the	 fraction	 of	 tetrads	 showing	 a	 2:2	 lethality	 phenotype	 co-

segregating	 with	 smc4	 fusion	 alleles.	 Tetrads	 were	 derived	 from	 the	 dissection	 of	

heterozygous	 diploid	 strains	 expressing	 Clb2-Smc4	 fusion	 derivatives	 that	 drives	

constitutive	 phosphorylation	 of	 Smc4	 by	 Cdk1	 (i.e.,	 CLB2::SMC4::HIS3MX6/SMC4).	 The	

clb2-CycBox∆::SMC4::HIS3MX6	and	CLB2::smc4-7A::HIS3MX6	alleles	are	used	as	negative	

controls	since	the	former	lacks	part	of	the	cyclin	box	region	necessary	for	its	interaction	

with	 Cdk1	 (Lees	 and	 Harlow	 1993),	 whereas	 the	 latter	 lacks	 the	 N-terminal	 Cdk1	

phospho-sites	of	Smc4.	The	ability	of	cells	to	grow	on	solid	medium	lacking	histidine	(i.e.,	

HIS+	phenotype)	was	used	to	score	the	segregation	of	the	fusion	alleles	after	meiosis	and	

sporulation.	 The	 genotype	 of	 unviable	 spores	 was	 deduced	 based	 on	 Mendelian	

inheritance	of	SMC4	 alleles.	At	 least	70	 tetrads	were	 counted	 for	each	genotype.	 (B–E)	

Overexpression	 of	 the	 charge-mimetic	 mutant	 of	 Smc4	 does	 not	 induce	 unscheduled	

condensation	of	chromosomes	in	interphase.	Strains	containing	inducible	ectopic	copies	

of	SMC4	or	smc4-7EE	were	synchronized	in	G1	with	alpha-factor	in	raffinose-containing	

media.	 Overexpression	 of	 SMC4	 or	 smc4-7EE	 was	 induced	 by	 adding	 2%	 galactose	 in	

medium	 for	 90	 min.	 (B)	 FISH	 analysis	 of	 rDNA	 locus	 morphology	 after	 SMC4	

overexpression.	Representative	micrographs	of	G1-arrested	cells	are	shown	after	90	min	

of	 overexpression	 of	 smc4-7EE	 or	 SMC4.	 (C)	 Quantification	 of	 rDNA	 locus	morphology	

after	smc4-7EE	or	SMC4	overexpression.	Most	cells	show	the	typical	uncondensed	“puff”	

rDNA	morphology	in	G1	despite	SMC4	overexpression.	(D)	Immunoblot	analysis	of	Smc4	

abundance	before	and	after	induction	with	galactose	in	G1.	Nsp1	protein	levels	are	used	

as	 loading	 control.	 (E)	 Flow	 cytometry	 analysis	 of	 cellular	 DNA	 content	 after	 90	 min	

overexpression	of	smc4-7EE	 or	SMC4.	Most	 cells	 show	a	 typical	1C	DNA	content	under	

these	experimental	conditions.	
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Figure	 S10.	 Impact	 of	 the	 smc4	 charge	 mimetic	 mutant	 on	 the	 intertwist	

morphology.		

(A)	 clb-ts	 cells	 expressing	 smc4-7EE	 (or	 an	 empty	 vector)	 from	 an	 ectopic	 locus	were	

grown	 asynchronously	 at	 23°C	 before	 being	 arrested	 in	 early	 mitosis	 by	 shifting	 the	

culture	at	37°C	 for	135	min.	The	morphology	of	 the	yeast	 rDNA	 locus	was	revealed	by	

FISH.	 Representative	micrographs	 of	 the	most	 prominent	 rDNA	morphology	 observed	

for	each	condition	is	shown	on	the	left.	PI	(red)	and	FITC	(green)	were	used	to	label	the	

nucleus	and	rDNA	 locus,	 respectively.	Quantification	of	each	rDNA	species	 is	shown	on	

the	right.	At	 least	one	hundred	nuclei	were	counted	per	condition.	(n=3	and	error	bars	

represent	 S.D.).	 (B)	 Turnover	 of	 phosphorylation	 sites	 on	 condensin	 regulates	 rDNA	

condensation.	Quantification	of	rDNA	morphologies	in	yeast	phosphatase	mutants	grown	

at	 non-permissive	 temperature.	 Cells	 were	 grown	 asynchronously	 at	 23°C	 until	

exponential	phase	and	subsequently	shifted	at	37°C	for	150	min.	Nocodazole	was	used	to	

block	 cells	 in	metaphase.	At	 least	 100	 cells	 have	 been	 counted	 for	 each	 genotype	 in	 3	

independent	experiments	(error	bars	are	S.D.).	
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Figure	 S11.	 Loss	of	 Cdk1	phosphorylation	 in	 the	 smc4-7A	 phosphomutant	 affects	

its	interaction	with	chromatin.		

(A)	 Decay	 of	 fluorescence	 after	 photobleaching	 of	 cells	 expressing	 Smc4-3xGFP.	

Histogram	showing	the	calculated	decay	constant	d	of	wild-type	Smc4,	Smc4-7A	mutant	

and	cytosolic	GFP	(c.f.,	Equation	1	above).	Data	 for	 this	decay	constant	comes	 from	the	

experiment	shown	in	Fig.	7.	Triple	star	symbols	indicate	a	significant	difference	in	decay	

constant	for	cells	expressing	Smc4-3xGFP	relative	to	cells	expressing	cytosolic	GFP	or	the	

Smc4-7A-3xGFP	mutant	(***p	<	0.001).	Error	bars	indicate	S.D.	over	three	independent	

experiments	(n≥12	cells	per	experiment).	(B)	Expended	model	for	the	role	of	Cdk1	in	the	

activation	of	condensin	during	early	mitosis.	During	interphase,	the	condensin	complex	

is	 not	 targeted	 for	 phosphorylation	 by	 cyclin-dependent	 kinases	 and	 remains	 inactive.	

Upon	 mitotic	 entry,	 the	 progressive	 activation	 of	 Cdk1	 activity	 leads	 to	 Smc4	

phosphorylation	 and	 initial	 formation	 of	 condensed	 chromosomes	 (Figs.	 1–3).	 We	

propose	that	condensin	responds	to	Cdk1	activity	in	a	sensitive	and	proportional	manner	

due	 to	 the	 multisite	 nature	 of	 this	 phosphoregulatory	 event	 (Figs.	 2,	 S4A,	 S6A).	 The	

relative	 hypersensitivity	 of	 condensin	 to	 low	 levels	 of	 Cdk1	 activity	 explains	 why	 the	

process	of	 chromosome	condensation	occurs	earlier	 in	 the	mitotic	program	than	other	

processes	 that	 require	 more	 Cdk1	 activity	 for	 completion	 (Figs.	 1,	 6,	 S1).	 From	 a	

molecular	perspective,	the	phosphorylation	of	N-terminal	part	of	Smc4	by	Cdk1	leads	to	

a	change	 in	condensin	dynamic	 interaction	with	chromatin.	The	phosphorylation	slows	

down	 the	 interactions	 between	 condensin	 and	 chromatin,	 effectively	 stabilizing	

condensin	on	chromosomes	for	longer	periods	of	time	(Fig.	7).	Ultimately,	this	increased	

residency	 time	 allows	 condensin	 to	 act	 on	 its	 substrate	 more	 effectively,	 thereby	

triggering	chromosome	condensation.		
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Figure	S12.	Conservation	of	the	C-terminal	extensions	of	CAP-D2	family	members	from	

various	eukaryotes.		

Schematic	 representation	 of	 CAP-D2/Ycs4	 proteins	 from	 different	 species.	 Clusters	 of	

HEAT	 domains	 conserved	 in	 all	 eukaryotic	members	 of	 the	 CAP-D2	 family	 (Onn	 et	 al.	

2007)	 are	 shown	 in	 red.	 The	 light	 blue	 box	 marks	 the	 boundaries	 of	 the	 C-terminal	

extension	 in	 CAP-D2	 homologs,	 whereas	 the	 dark	 blue	 box	 indicates	 the	 presence	 of	

condensin	II/CAP-D3	in	the	selected	species.	Known	or	putative	(Holt	et	al.	2009)	Cdk1	

phosphorylation	 sites	 located	 in	 the	 C-terminal	 extension	 of	 CAP-D2	 homologs	 are	

represented	as	green	circles	above	the	protein	schematics.	In	human	CAP-D2,	Thr1339	is	

a	 putative	 Cdk1	 site	 whereas	 Thr1384	 and	 Thr1389	 are	 likely	 Cdk1	 phospho-sites	

(Bazile	et	al.	2010),	while	 in	drosophila,	Thr1328	is	a	putative	Cdk1	site.	HEAT	domain	

positions	 and	 phospho-residue	 locations	 within	 CAP-D2	 homologs	 are	 drawn	 to	

approximate	scale.	Note	the	absence	of	putative	Cdk1	consensus	sites	in	the	C-terminal	

extensions	of	a	number	of	 important	exemplar	species	 found	within	4	kingdoms	of	 the	

eukaryotic	domain.	In	some	of	these	species,	condensin	is	monomorphic	as	evidenced	by	

the	 absence	 of	 CAP-D3	 homologs	 (Hirano	 2012).	 Species	 names	 are	 abbreviated	 as	

follows:	 Hs,	Homo	 sapiens;	 Dm,	Drosophila	melanogaster;	 Sc,	 Saccharomyces	 cerevisiae;	

Sp,	 Schizosaccharomyces	 pombe;	 Os,	 Oryza	 sativa;	 Si,	 Setaria	 italica;	 Li,	 Leishmania	

infantum;	and	Tb,	Trypanosoma	brucei	brucei.	
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3.1	 Summary	

	

The	morphological	 transformation	of	amorphous	chromatin	 into	distinct	chromosomes	

is	a	hallmark	of	mitosis.	To	achieve	this,	chromatin	must	be	compacted	and	remodeled	by	

a	 ring-shaped	 enzyme	 complex	 known	 as	 condensin.	 However,	 the	 mechanistic	 basis	

underpinning	 condensin’s	 role	 in	 chromosome	 remodeling	 has	 remained	 elusive.	Here	

we	show	that	condensin	has	a	strong	tendency	to	trap	itself	in	its	own	reaction	product	

during	 chromatin	 compaction,	 and	 yet	 is	 capable	 of	 interacting	 with	 chromatin	 in	 a	

highly-dynamic	manner	in	vivo.	To	resolve	this	apparent	paradox,	we	identified	specific	

chromatin	 remodelers	 and	 AAA-class	 ATPases	 that	 act	 in	 a	 coordinated	 manner	 to	

release	 condensin	 from	 chromatin	 entrapment.	 The	 Cdc48	 segregase	 is	 the	 central	

linchpin	 of	 this	 regulatory	 mechanism	 and	 promotes	 ubiquitin-dependent	 cycling	 of	

condensin	 on	 mitotic	 chromatin	 as	 well	 as	 effective	 chromosome	 condensation.	

Collectively,	 our	 results	 show	 that	 condensin	 inhibition	by	 its	 own	 reaction	product	 is	

relieved	by	forceful	enzyme	extraction	from	chromatin.	
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3.2	 Introduction	

	

Faithful	transmission	of	genetic	material	during	sister-chromatid	separation	is	essential	

for	 cell	 survival.	 Errors	 in	 the	 segregation	of	 sister	 chromatids	 lead	 to	 aneuploidy	 and	

genome	 instability,	 key	 features	associated	with	pathologies	 in	humans	 (Pfau	&	Amon,	

2012).	 During	 cell	 division,	 chromatin	 undergoes	 major	 structural	 changes	 that	 are	

responsible	for	the	formation	of	visible	chromosomes,	a	process	known	as	chromosome	

morphogenesis	(Robellet	et	al.,	2015;	van	Heemst	et	al.,	1999;	Yu	&	Koshland,	2005).	To	

achieve	 this	 higher-order	 reorganization,	 chromatin	 must	 be	 compacted	 by	 the	

condensin	complex,	a	highly	conserved	ring-shaped	ATPase	(Bazile	et	al.,	2010;	Hirano,	

2016;	Piskadlo	&	Oliveira,	2016).	In	Saccharomyces	cerevisiae,	the	condensin	complex	is	

composed	of	 the	two	ATPases	Smc2	and	Smc4,	 the	heat	repeat	proteins	Ycs4	and	Ycg1	

and	the	kleisin	subunit	Brn1.	Condensin	is	associated	with	chromatin	throughout	the	cell	

cycle	 (D'Ambrosio	 et	 al.,	 2008)	 and	 its	 loading	 on	 chromatin	 is	 promoted	 by	 several	

factors,	 including	 Scc2/4,	 TFIIIC,	 and	 Monopolin	 (D'Ambrosio	 et	 al.,	 2008;	 Johzuka	 &	

Horiuchi,	 2009).	 At	 the	 onset	 of	 mitosis,	 the	 condensin	 enzyme	 is	 activated	 by	 Cdk1	

phosphorylation	of	the	Smc4	and	CapD2/3	subunits,	which	leads	to	the	initial	stages	of	

chromosome	condensation	(Ono	et	al.,	2004;	Robellet	et	al.,	2015).	When	Cdk1	becomes	

inactive	 later	 in	 mitosis,	 Cdc5/Polo	 kinase	 assumes	 the	 role	 of	 condensin	

phosphorylation	and	promoting	condensation	(Lavoie	et	al.,	2004;	St-Pierre	et	al.,	2009).	

Once	activated	by	phosphorylation,	however,	 it	 is	unclear	how	condensin	catalyzes	 the	

compaction	 of	 chromatin	 into	 visible	 chromosomes.	 Recent	 proposals	 for	 the	mode	 of	

action	of	this	enzyme	include	topological	entrapment	of	DNA	(Cuylen	et	al.,	2011;	Cuylen	

et	al.,	2013)	and	chromatin	loop	extrusion	models	(Goloborodko	et	al.,	2016).	

	 	

	 Many	 proposals	 for	 the	 mechanism	 of	 action	 of	 condensin	 are	 focused	 on	

structural	considerations	and	how	the	relationship	of	the	complex	to	DNA	could	explain	

its	 chromosome	 compaction	 activity.	However,	 condensin	 function	 also	depends	on	 its	

ATPase	 activity,	 since	 abrogation	 of	 ATP	 hydrolysis	 by	 Smc2	 or	 Smc4	 is	 incompatible	

with	 chromosome	 segregation	 and	 cell	 viability	 (Hudson	 et	 al.,	 2008;	 Kinoshita	 et	 al.,	
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2015).	 Consistent	 with	 this	 view,	 recent	 evidence	 shows	 that	 condensin	 binding	 to	

mitotic	chromosome	is	highly	dynamic,	suggesting	that	 it	 is	not	merely	a	static	scaffold	

(Gerlich	 et	 al.,	 2006;	 Oliveira	 et	 al.,	 2007;	 Robellet	 et	 al.,	 2015).	 Rather,	 condensin	

promotes	chromosome	condensation	through	repeated	cycles	of	binding	to,	and	release	

from	 its	 chromatin	 substrate.	 This	 implies	 the	 existence	 of	 an	 active	 unloading	

mechanism	 that	 ensures	 condensin	 can	 dissociate	 effectively	 from	 chromatin	 once	 its	

enzymatic	 cycle	of	 compaction	 is	 completed.	 Interestingly,	 the	nature	of	 the	chromatin	

product	 generated	 by	 a	 cycle	 of	 condensin	 activity	 –namely,	 highly	 condensed	

chromatin–	 and	 the	 need	 for	 condensin	 to	 be	 unloaded	 efficiently	 from	 its	 reaction	

product	 to	 engage	 in	 a	 subsequent	 catalytic	 cycle	 may	 be	 incompatible.	 Indeed,	

condensin	 initially	 binds	 to	 uncondensed	 chromatin	 that	 is	 highly	 accessible	 to	 other	

DNA	 binding	 proteins	 (reviewed	 in	 (Bell	 et	 al.,	 2011)).	 In	 contrast,	 after	 condensin	

completes	 its	 condensation	 cycle,	 the	 chromatin	 reaction	 product	 is	 rendered	

inaccessible	to	other	DNA	binding	factors	(Fig.	1a)	(Chen	et	al.,	2005;	Chen	et	al.,	2002;	

Cheutin	 et	 al.,	 2003;	 Martin	 &	 Cardoso,	 2010).	 How	 condensin	 is	 extracted	 from	 the	

compact	 chromatin	 environment	 that	 it	 generates	 is	 currently	 unknown	 but	 likely	

represents	a	critical	regulatory	step	in	the	process	of	chromosome	condensation.	

	 	

	 The	 observations	 highlighted	 above	 hint	 that	 specific	 chromatin-associated	

factors,	 such	 as	 remodelers	 or	 chaperones,	 may	 assist	 in	 the	 process	 of	 chromosome	

morphogenesis	 by	 promoting	 the	 removal	 of	 condensin	 from	 chromatin,	 and	 thereby	

allow	on-going	rounds	of	condensin	activity	during	mitosis.	Here,	we	test	this	hypothesis	

by	conducting	a	genetic	screen	to	identify	chromatin-associated	proteins	that	promote	a	

dynamic	 condensin	 state	 on	 mitotic	 chromosomes.	 This	 screen	 uncovered	 the	 Cdc48	

segregase,	also	known	as	Vasolin-containing	protein	(VCP)/p97	in	humans	(Barthelme	&	

Sauer,	 2016;	 Franz	 et	 al.,	 2016;	 Meyer	 &	 Weihl,	 2014),	 as	 a	 critical	 new	 effector	 of	

chromosome	 condensation.	We	 show	 that	 Cdc48	 acts	 together	 with	 its	 Ufd1-Npl4	 co-

factor	 to	 stimulate	 dynamic	 cycles	 of	 condensin	 loading	 and	 unloading	 on	 compacted	

chromatin	in	order	to	promote	chromosome	condensation	in	mitosis.	
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3.3	 Results	

	

3.3.1	 A	 candidate-based	 screen	 for	 novel	 regulators	 of	 condensin	 mobility	 on	

chromatin	

	

To	 identify	 effectors	 of	 condensin	 dynamics	 in	 chromatin,	 we	 performed	 a	 candidate-

based	 genetic	 screen	 for	 mutants	 that	 show	 defects	 in	 chromosome	 morphology	

specifically	 in	 mitosis.	 We	 focused	 our	 screen	 on	 known	 effectors	 of	 chromatin	

transactions,	 including	 chromatin	 remodelers,	 chaperones,	 and	 other	 regulators	 of	

nucleosome	behavior.	Yeast	cells	carrying	temperature	sensitive	or	deletion	mutants	for	

candidate	 genes	were	 synchronized	 in	metaphase	 at	 37	 °C	 and	 the	morphology	 of	 the	

ribosomal	DNA	(rDNA)	repeat	locus	was	monitored	by	fluorescence	in	situ	hybridization	

(FISH).	This	assay	takes	advantage	of	a	well-defined	series	of	condensin-induced	changes	

in	 rDNA	 shape	 that	 reflect	 functional	 or	 dysfunctional	 chromosome	 condensation,	

namely	the	“loop”	and	“puff”	phenotypes,	as	defined	by	Guacci	and	Koshland	(Guacci	et	

al.,	1994)	(Fig	1b).	The	screen	uncovered	4	novel	effectors	of	chromosome	condensation,	

namely	 CDC48,	RVB2/reptin,	 SWR1	 and	ESA1.	 Cells	 carrying	mutations	 in	 these	 genes	

showed	 various	 degrees	 of	 abnormality	 in	 chromosome	 morphology,	 from	 a	 mild	

increase	 in	 puff/uncondensed	 phenotype	 (swr1Δ)	 to	 completely	 defective	

loop/condensed	 chromosome	 formation	 (cdc48-3	 and	 esa1-L327L;	 Fig	 1b).	 ESA1	 and	

SWR1	 encode	 components	 of	 the	 NuA4	 and	 SWR	 complexes,	 which	 have	 previously-

described	roles	in	sister-chromatid	cohesion	(Sharma	et	al.,	2013).	These	genes	were	not	

studied	further	because	the	condensation	defect	could	be	secondary	to	effects	on	sister-

chromatid	cohesion.	However,	one	very	interesting	candidate	identified	in	our	screen	is	

Cdc48,	 an	 AAA-type	 ATPase	 known	 for	 its	 role	 in	 extracting	 proteins	 from	 chromatin	

(Franz	 et	 al.,	 2016).	 Cdc48	 has	 been	 predominantly	 studied	 for	 its	 role	 in	 the	 ERAD	

pathway,	 but	 is	 also	 involved	 in	 other	 cellular	 functions	 including	 cell	 cycle	 regulation	

and	 organelle	 biogenesis	 (Barthelme	 &	 Sauer,	 2016;	 Meyer	 &	 Weihl,	 2014).	 Because	

Cdc48	 has	 not	 been	 previously	 connected	 with	 chromosome	 morphogenesis	 in	 early	
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mitosis,	we	decided	to	focus	further	analyses	on	this	protein.	

	

Since	the	cdc48	mutants	were	not	identified	in	previous	screens	for	chromosome	

condensation	 effectors,	 we	 wondered	 whether	 the	 defect	 we	 observed	 in	 cdc48-3	

mutants	 was	 allele	 specific.	 Assessment	 of	 chromosome	 morphology	 in	 two	 other	

mutants,	 cdc48-6	 and	 cdc48-9	 arrested	 in	 metaphase	 at	 37°C	 (Fig	 2a)	 confirmed	 that	

defects	 in	 chromosome	 condensation	were	 a	 general	 phenotype	 associated	with	 cdc48	

inactivation	 (Fig	 2b).	 A	 previous	 study	 reported	 that	 unloading	 of	 the	 CMG	 replicative	

helicase	 from	 chromatin	 after	 completion	 of	 DNA	 replication	 is	 dependent	 on	 Cdc48	

(Maric	et	al.,	2014),	providing	a	possible	cause	for	the	condensation	defects	observed	in	

cdc48	mutants.	However,	 inactivating	CMG	disassembly	in	a	dia2D	mutant	(Maric	et	al.,	

2014)	did	not	 lead	 to	 condensation	defects	 (Fig	 S1a),	whereas	 inactivating	cdc48	 after	

CMG	 unloading	 had	 occurred	 (Maric	 et	 al.,	 2014)	 did	 not	 suppress	 the	 chromosome	

condensation	phenotype	(Fig	S1b).		

	

Cdc48	is	known	to	promote	multiple	cellular	functions	through	interactions	with	

a	 variety	 of	 substrate-recruiting	 or	 substrate-processing	 co-factors	 (Jentsch	 &	 Rumpf,	

2007).	To	address	this,	we	constructed	an	isogenic	collection	of	15	mutants	defective	in	

known	 Cdc48	 substrate-recruiting	 cofactors	 (Ufd1,	 Shp1/Ubx1,	 Ubx2-7	 and	 Npl4),	

substrate-processing	 cofactors	 (Ufd2,	 Ufd3	 and	 Otu1),	 the	 SUMO	 specific	 cofactor	

(Wss1),	 the	mitochondrial	 associated	cofactor	 (Vms1),	 and	screened	 these	mutants	 for	

defects	 in	 chromosome	 morphology	 during	 mitosis.	 We	 found	 that	 ufd1-2	 and	 npl4-1	

mutants	 showed	 strong	 defects	 in	 chromosome	 morphology	 in	 mitosis	 (Fig	 2c).	

Interestingly,	Ufd1	 interacts	with	Cdc48	as	a	heterodimer	with	Npl4	 (Pye	et	al.,	2007),	

consistent	with	the	fact	that	both	mutants	phenocopied	the	cdc48-3	mutant	in	our	assay.	

The	rDNA	morphology	defects	observed	in	ubx7Δ	and	ufd3Δ	mutants	(Fig	2c)	were	not	

studied	further	since	these	mutants	could	not	be	synchronized	effectively	in	metaphase	

(ubx7Δ;	 our	 unpublished	 observation)	 or	 had	 abnormal	 levels	 of	 ubiquitin	 (ufd3Δ;	

(Mullally	et	al.,	2006)).	We	concluded	from	the	above	results	that	the	Ufd1-Npl4	dimer	is	

the	specific	co-factor	that	assists	Cdc48	in	the	regulation	of	chromosome	morphogenesis	
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in	mitosis.	

	

3.3.2	 Cdc48Ufd1-Npl4	 regulates	 chromosome	 condensation	 through	 a	 novel	

mechanism	

	

We	next	asked	if	condensation	defects	identified	in	cdc48	mutants	were	due	to	defects	in	

sister	 chromatid	 cohesion,	 since	 a	 previous	 report	 indicated	 that	 Cdc48	 stabilizes	

Cut1/separase	in	fission	yeast	(Ikai	&	Yanagida,	2006)	and	cohesion	defects	can	lead	to	

indirect	effects	on	condensation	(Guacci	et	al.,	1997).	To	test	this,	we	assayed	for	sister	

chromatid	 cohesion	 defects	 in	 cdc48-3	mutant	 arrested	 in	metaphase	with	 nocodazole	

using	tetO	arrays	integrated	adjacent	to	CEN4	and	RDN1	loci	(D'Amours	et	al.,	2004).	We	

scored	 cohesion	 defects	 by	 monitoring	 one	 or	 two	 GFP	 spots	 in	 those	 strains,	 and	

observed	that	the	cdc48-3	mutant	did	not	show	any	cohesion	defects	at	CEN4	and	RDN1	

(Fig	 3a).	 In	 contrast,	 the	 cohesin	mutant	mcd1-1	 showed	 the	 expected	CEN4	 cohesion	

defect	 in	 this	 assay.	 Together,	 these	 results	 indicated	 that	 chromosome	 condensation	

defects	observed	in	cdc48-3	were	not	due	to	impaired	cohesion	in	this	strain.	

	

Cdc48	 has	 many	 substrates	 and	 is	 implicated	 in	 numerous	 cellular	 processes	

(Barthelme	 &	 Sauer,	 2016;	 Franz	 et	 al.,	 2016;	 Meyer	 &	Weihl,	 2014).	 We	 next	 asked	

whether	 any	 known	 Cdc48	 substrates	 could	 explain	 its	 involvement	 in	 chromosome	

condensation.	 In	particular,	 it	 has	been	previously	 shown	 that	Cdc48	 can	 regulate	 late	

mitotic	steps,	 including	nuclear	envelope	reformation	and	chromatin	decompaction,	by	

controlling	Aurora	B	kinase	 association	with	 chromosomes	 (Ramadan	et	 al.,	 2007).	To	

examine	whether	Cdc48	might	regulate	chromosome	morphogenesis	 through	Aurora	B	

in	yeast,	we	monitored	rDNA	morphology	in	strong	Aurora	B	(ipl1)	mutants	arrested	in	

mitosis	by	nocodazole.	FISH	analysis	did	not	reveal	any	rDNA	morphological	defects	 in	

ipl1-2	and	ipl1-85	strains	at	the	restrictive	temperature	of	32	°C	for	these	mutant	alleles	

(Fig	3b	&	Fig	3c).	This	result	 is	consistent	with	an	earlier	report	showing	no	 impact	of	

ipl1-321	(a	weaker	allele	of	yeast	Aurora	B)	on	rDNA	morphology	in	early	mitosis	(Lavoie	

et	al.,	2004).	Since	none	of	the	other	known	substrates	of	Cdc48	could	readily	explain	the	
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changes	we	observed	in	chromosome	morphology,	our	results	suggested	a	novel	role	for	

Cdc48	in	chromosome	condensation.	

	

3.3.3	 Chromosome	condensation	is	ubiquitin-dependent	

	

It	 is	 known	 that	 substrate	 recognition	 by	 Cdc48	 depends	 on	 SUMOylation	 or	

ubiquitylation	(Franz	et	al.,	2016),	raising	the	possibility	 that	condensin	 is	modified	by	

ubiquitin	 or	 SUMO	 moieties	 in	 vivo.	 We	 investigated	 these	 modifications	 might	 be	

important	for	chromosome	condensation	in	metaphase.	To	test	this,	we	monitored	rDNA	

morphology	by	FISH	in	uba1-204	and	ubc9-1	mutants	arrested	in	metaphase.	These	two	

conditional	 mutants	 encode	 the	 sole	 E1	 activating	 and	 E2	 conjugating	 enzymes	 for	

ubiquitylation	and	SUMOylation	of	proteins	in	yeast,	respectively	(Ghaboosi	&	Deshaies,	

2007;	 Seufert	 et	 al.,	 1995).	 General	 disruption	 of	 ubiquitylation	 caused	 severe	

chromosome	condensation	defects,	whereas	loss	of	SUMOylation	has	no	detectable	effect	

in	 our	 assay	 (Fig	 4a	 &	 4b).	 This	 result	 was	 consistent	 with	 the	 condensation	 defect	

associated	with	 the	 loss	of	UFD3	 (Fig	2c),	which	 is	known	to	reduce	ubiquitin	 levels	 in	

vivo	(Mullally	et	al.,	2006).	These	observations	prompted	us	to	investigate	whether	any	

subunit	 of	 condensin	 complex	 was	 ubiquitylated	 in	 vivo.	 We	 expressed	 His-tagged	

ubiquitin	 from	 the	GAL1	 promoter	 on	 a	 high	 copy	 plasmid	 and	 subsequently	 purified	

ubiquitylated	 proteins	 from	 cell	 lysates	 using	 nickel-conjugated	 beads.	 Immunoblot	

analysis	 for	 condensin	 subunits	 revealed	 the	presence	of	Brn1-HA	 in	 the	ubiquitylated	

fraction	(Fig	4c).	We	also	investigated	whether	we	could	detect	condensin	modification	

without	 ubiquitin	 overexpression.	 We	 immunoprecipitated	 epitope-tagged	 Ycs4	 from	

wild-type	 and	 cdc48-3	 mutant	 cells	 followed	 by	 immunoblot	 with	 an	 anti-ubiquitin	

antibody	 on	 denatured	membrane.	 Although	 we	 did	 not	 detect	 a	 significant	 ubiquitin	

signal	 on	 Ycs4	 from	 wild-type	 cells,	 we	 observed	 a	 robust	 signal	 for	 high-molecular	

weight	 ubiquitin	 conjugates	 Ycs4	 from	 the	 cdc48-3	 strain	 (Fig	 4d).	 Together,	 these	

results	 indicate	 that	condensin	subunits	are	either	ubiquitylated	and/or	associate	with	

an	 ubiquitylated	 protein,	 and	 that	 the	 process	 of	 ubiquitylation	 is	 essential	 for	

chromosome	 morphogenesis.	 These	 results	 are	 consistent	 with	 proteome-wide	 mass	
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spectrometry	analyses	that	have	found	condensin	subunits	to	be	ubiquitylated	in	vivo	in	

yeast	(Kim	et	al.,	2011;	Oshikawa	et	al.,	2012;	Povlsen	et	al.,	2012;	Swaney	et	al.,	2013;	

Wagner	et	al.,	2011).	

	

3.3.4	 Condensin	interacts	with	Cdc48	during	mitosis	

	

Could	condensin	be	a	direct	substrate	for	Cdc48	in	mitosis?	To	address	this	possibility,	

we	 tested	 if	 an	 interaction	 between	 condensin	 and	 Cdc48	 could	 be	 detected	 by	 co-

immunoprecipitation.	 Lysates	were	prepared	 from	mitotic	 cells	 expressing	unmodified	

or	epitope	tagged	Ycs4	and/or	cdc48-3.	We	used	cdc48-3	mutants	rather	than	the	wild-

type	protein	for	this	analysis	because	previous	studies	indicated	that	it	has	properties	of	

substrate-trapping	mutant	(Nakatsukasa	et	al.,	2013).	Remarkably,	Cdc48-3	protein	was	

found	to	specifically	co-precipitate	with	Ycs4	in	mitotic	cells	(Fig	5a).	These	results	are	

consistent	with	earlier	proteome-wide	studies	that	documented	an	interaction	between	

condensin	subunits	and	Cdc48/p97	in	humans	(Hein	et	al.,	2015;	Raman	et	al.,	2015;	Yu	

et	al.,	2013).	These	results	imply	that	the	condensin	complex	may	be	a	substrate	of	Cdc48	

during	mitosis.	

	

We	then	 investigated	whether	Cdc48	might	regulate	condensin	abundance	since	

some	 of	 its	 known	 substrates	 are	 targeted	 for	 degradation	 by	 the	 proteasome	

(Barthelme	&	Sauer,	2016;	Franz	et	al.,	2016;	Meyer	&	Weihl,	2014).	Each	subunit	of	the	

condensin	 complex	 was	 epitope-tagged	 and	 protein	 abundance	 monitored	 by	

immunoblot	 analysis	 of	 cell	 lysates.	 Wild-type	 and	 cdc48-3	 mutant	 cells	 were	

synchronized	 at	 G1	 and	 released	 into	 fresh	 medium	 containing	 nocodazole	 at	 37	 °C.	

Analysis	 of	 protein	 samples	 at	 various	 time	 points	 after	 G1	 release	 revealed	 similar	

protein	levels	for	condensin	subunits	in	cdc48-3	mutant	and	control	cells	(Fig	5b).	Cdc48	

thus	did	not	appear	to	modulate	condensin	protein	abundance	or	stability	in	mitosis.	

	

3.3.5	 Cdc48	drives	dynamic	binding	of	condensin	on	chromatin	during	mitosis	
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Unlike	the	cohesin	complex,	condensins	in	yeast,	flies	and	humans	are	known	to	interact	

dynamically	 with	 metaphase	 chromatin	 (Gerlich	 et	 al.,	 2006;	 Oliveira	 et	 al.,	 2007;	

Robellet	et	al.,	2015).	This	evolutionarily	conserved	behavior	suggests	that	high	mobility	

on	 chromatin	 is	 an	 important	 feature	 for	 condensin	 function	 in	 vivo.	 Given	 that	

compacted	chromatin	 is	an	 inherently	 low	accessibility/mobility	environment	(Chen	et	

al.,	 2005;	 Chen	 et	 al.,	 2002;	 Cheutin	 et	 al.,	 2003;	 Martin	 &	 Cardoso,	 2010),	 it	 seemed	

plausible	 that	 other	 factors	 might	 be	 required	 for	 the	 highly	 dynamic	 interactions	 of	

condensin	 with	 mitotic	 chromatin.	 As	 Cdc48	 has	 been	 shown	 to	 extract	 DNA-binding	

factors	from	chromosomal	regions	with	hard-to-access	chromatin	configurations	(Franz	

et	al.,	2016),	we	therefore	asked	if	Cdc48	could	promote	condensin	mobility	on	mitotic	

chromatin.	We	 investigated	 the	 dynamics	 of	 condensin	 in	 live	 yeast	 cells	 using	 raster	

image	 correlation	 spectroscopy	 (RICS),	 a	 variant	 of	 fluorescence	 correlation	

spectroscopy,	 in	 which	 space-time	 fluorescence	 correlations	 are	 analyzed	 in	 order	 to	

quantify	 the	mobility	of	 fluorescent	molecules	at	a	subcellular	resolution	(Brown	et	al.,	

2008;	 Digman	 et	 al.,	 2009).	 Metaphase	 cells	 expressing	 triple	 GFP-tagged	 Smc4	 were	

subjected	 to	 RICS	 imaging	 in	wild	 type	 and	mutant	 cdc48	 strains	 (Figs	 6a,b	 &	 S2).	 As	

expected,	Smc4-3GFP	from	wild-type	cells	showed	mobile	behavior	on	mitotic	chromatin	

on	 the	millisecond	 (ms)	 timescale,	 such	 that	 correlated	motion	 could	be	 fitted	with	an	

effective	 free	 diffusion	model	 (Fig	 6a).	 Importantly,	 Smc4-3GFP	 showed	 a	 significantly	

slower	effective	diffusion	 in	 the	cdc48-3	mutant	(0.75	µm2/s,	N=31)	compared	to	wild-

type	cells	(1.16	µm2/s,	N=32,	Mann-Whitney-Wilcoxon	rank	test	p-value	<	0.01)	(Fig	6b).	

As	a	control,	we	performed	similar	imaging	experiments	and	analysis	in	cells	expressing	

cytoplasmic	 GFP	 (Fig	 6a	 &	 S3a),	 and	 we	 found	 a	 median	 diffusion	 coefficient	 of	 8.98	

µm2/s	(N=35),	in	agreement	with	an	earlier	study	(Slaughter	et	al.,	2007).		

	

Complex	 microscopic	 dynamics	 including	 binding/unbinding	 of	 freely	 diffusing	

molecules	 to	 immobile	 target	 sites	 often	 result	 in	 an	 effective	 free	 diffusion	 regime	 at	

larger	 timescales.	The	effective	diffusion	coefficient	(as	measured	by	RICS)	depends	on	

both	the	free	diffusion	coefficient	and	the	relative	fractions	of	bound	and	free	molecules	

(Pando	et	al.,	2006;	Sigaut	et	al.,	2014).	Hence,	the	apparent	slower	Smc4-3GFP	mobility	
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in	 cdc48-3	 vs	 wild-type	 cells	 could	 be	 a	 passive	 consequence	 of	 an	 overall	 slower	

diffusion	 in	 the	 nuclei	 of	 the	 mutant	 cells.	 To	 rule	 out	 this	 possibility,	 we	 performed	

identical	experiments	and	analyses	on	wild-type	and	cdc48-3	 strains	expressing	3xGFP	

fused	 to	 a	 NLS	 (nuclear	 localization	 signal).	 The	 analysis	 of	 the	 diffusion	 dynamics	 of	

NLS-3GFP	provides	 a	 reasonable	measure	of	 free	diffusion	 in	 the	nucleus	 (Fig	6a).	We	

saw	no	significant	difference	between	NLS-3GFP	diffusion	coefficient	in	wild-type	(2.73	

µm2/s,	 N=56)	 and	 cdc48-3	 cells	 (3.23	 µm2/s,	 N=56,	 MWW	 rank	 test	 p-value	 >	 0.01),	

indicating	 that	 the	 slower	 Smc4-3GFP	 mobility	 in	 the	 cdc48-3	 strain	 was	 due	 to	 an	

increased	 fraction	 of	 chromatin-bound	 condensin,	 or	 equivalently	 of	 condensin	

residency	time	on	chromatin	(Fig	6c).	

	

If	 more	 condensin	 interacts	 with	 compacted	 chromatin	 at	 any	 given	 time,	 one	

prediction	 would	 be	 that	 it	 should	 be	 possible	 to	 detect	 increased	 abundance	 of	 the	

complex	 on	 mitotic	 chromosomes.	 This	 is	 a	 strong	 prediction	 because	 such	 behavior	

would	 represent	 a	 gain-of-function	 from	 a	 DNA-binding	 perspective.	 To	 test	 this,	 we	

performed	chromatin	immunoprecipitation	(ChIP)	experiments	to	assess	the	abundance	

of	 condensin	 at	 the	 rDNA	 and	 CEN6	 loci.	 The	 Smc4	 subunit	 of	 condensin	 showed	 an	

increased	 enrichment	 at	 these	 two	 chromosomal	 binding	 sites	 in	 cdc48-3	mutant	 cells	

relative	 to	 wild-type	 cells	 synchronized	 in	 metaphase	 (Fig	 6d).	 We	 also	 observed	 a	

similar	increase	in	condensin	chromosomal	occupancy	by	analysis	of	chromatin	spreads	

from	 cells	 arrested	 at	 metaphase	 (Fig	 S3b).	 Collectively,	 these	 results	 indicated	 that	

Cdc48	 governs	 the	 dynamic	 interactions	 of	 condensin	 with	 mitotic	 chromatin	 in	 live	

cells.	

	

3.4	 Discussion	

	

The	 mechanistic	 basis	 for	 the	 compaction	 of	 chromatin	 into	 visible	 chromosomes	

remains	 one	 of	 the	 most	 enduring	 mysteries	 of	 mitosis.	 Specifically,	 how	 condensin	

promotes	 chromosome	 remodeling	 and	 how	 chromatin	 is	 folded	 in	 condensed	

chromosomes	 represent	 outstanding	 questions	 (Hirano,	 2016;	 Piskadlo	 &	 Oliveira,	
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2016).	 In	 this	 study,	 we	 address	 the	 mechanism	 of	 chromosome	 condensation	 by	

condensin.	 Previous	 work	 on	 this	 enzyme	 has	 focused	 on	 its	 regulation	 by	 different	

kinases,	on	the	nature	of	its	chromatin	loading	factors,	and	on	its	topological	relationship	

with	 DNA	 during	 the	 chromosome	 condensation	 process	 (Bazile	 et	 al.,	 2010;	 Hirano,	

2016;	Piskadlo	&	Oliveira,	2016).	By	analogy	with	cohesin,	it	has	been	recently	proposed	

that	 condensin	 acts	 as	 a	molecular	 ring	 (Cuylen	 et	 al.,	 2011;	 Cuylen	 et	 al.,	 2013)	 that	

traps	 distant	 chromosomal	 regions	 and	 promotes	 compaction	 of	 chromatin	 via	 a	 loop	

extrusion	mechanism	(Goloborodko	et	al.,	2016).	However,	once	it	completes	its	loading	

and	activation	in	S-phase,	cohesin	remains	associated	with	chromosomes	and	show	very	

little	 net	 dissociation	 from	 chromatin	 until	 anaphase,	 despite	 its	 evident	 dynamic	

interaction	 with	 chromatin	 (Haering	 et	 al.,	 2004;	 Yeh	 et	 al.,	 2008).	 This	 particular	

dynamic	aspect	is	unlikely	to	apply	to	condensin	and	prompted	us	to	ask:	What	happens	

with	condensin	when	its	first	cycle	of	chromatin	compaction	is	completed?	Considering	

the	 mechanism	 of	 action	 of	 condensin	 from	 an	 enzymatic	 standpoint	 requires	 one	 to	

explain	how	multiple	rounds	of	chromatin	compaction	might	occur	in	mitosis,	and	how	

this	 enzyme	might	be	efficiently	unloaded	 from	compacted	 chromatin	at	 each	 catalytic	

cycle.	This	question	is	mechanistically	relevant	for	at	least	three	reasons.	First,	we	now	

know	that	the	condensin	complex	shows	highly	dynamic	chromatin	binding	behavior	in	

many	eukaryotes	during	mitosis	(Gerlich	et	al.,	2006;	Oliveira	et	al.,	2007;	Robellet	et	al.,	

2015),	which	require	effective	loading	and	unloading	of	the	enzyme	from	chromosomes.	

Second,	the	sparse	abundance	of	condensin	in	relationship	with	chromosomal	DNA	(~1	

complex	per	5-10	kb	DNA;	(MacCallum	et	al.,	2002;	Wang	et	al.,	2005))	makes	it	unlikely	

that	condensin	can	provide	sufficient	structural	constraint	 to	compact	chromatin	when	

acting	 at	 a	 single	 chromosomal	 locus	 throughout	mitosis,	 as	 implied	by	 a	purely	 static	

mode	of	action.	Finally,	by	its	fundamental	nature,	the	product	of	the	condensin	reaction	

–compacted	chromatin–	significantly	reduces	the	effectiveness	with	which	proteins	can	

exchange	in	and	out	of	this	dense	macromolecular	assembly	(Chen	et	al.,	2005;	Chen	et	

al.,	 2002;	 Cheutin	 et	 al.,	 2003;	 Martin	 &	 Cardoso,	 2010).	 This	 contrast	 with	 the	 easy	

access	condensin	has	with	its	substrate	–open/uncondensed	chromatin–	at	mitotic	onset.	

As	 such,	 the	 product	 of	 the	 condensin	 reaction	 has	 the	 potential	 to	 inhibit	 reaction	



	 116	

progression	by	local	trapping	of	condensin	and	preventing	effective	catalytic	turnover.	

	 	

	 The	observations	highlighted	above	 led	us	 to	 speculate	about	 the	existence	of	a	

previously	 unanticipated	 activity	 that	 might	 release	 of	 condensin	 from	 chromatin	

entrapment	 (Fig.	 7).	 We	 show	 herein	 that	 the	 Cdc48	 segregase,	 together	 with	 its	

ubiquitin-adaptor	complex	Ufd1-Npl4,	is	a	condensin	“extractase”	that	acts	on	compacted	

chromatin	 in	 early	 mitosis.	 Importantly,	 this	 chromatin	 extraction	 mechanism	 is	

essential	 for	 chromosome	 morphogenesis	 as	 inactivation	 of	 any	 component	 of	 this	

pathway	(Cdc48,	 its	co-factors,	or	ubiquitylation)	abrogates	chromatin	compaction	and	

reduces	condensin	mobility	on	chromosomes	in	 live	cells.	Disruption	of	Cdc48	function	

consequently	 leads	 to	 the	 entrapment	 of	 condensin	 on	 its	 preferred	 chromosomal	

binding	 sites	 (rDNA	 array	 and	 CEN)	 in	 an	 inactive	 sequestered	 state.	 Our	 results	

illustrate	the	physiological	relevance	of	promoting	high	mobility	of	condensin	on	mitotic	

chromosomes,	 as	 previously	 observed	 in	 yeast,	 flies,	 and	 humans	 (for	 condensin	 I)	

(Gerlich	 et	 al.,	 2006;	 Oliveira	 et	 al.,	 2007;	 Robellet	 et	 al.,	 2015).	 Our	 results	 are	 not	

inconsistent	with	 the	 notion	 that	 some	 fraction	 of	 condensin	might	 still	 act	 in	 a	 static	

manner	 to	 provide	 structural	 constrains	 important	 for	 maintenance	 of	 chromosome	

condensation.	 Indeed,	 it	 has	 been	 observed	 that	 a	 pool	 of	 human	 condensin	 II	 is	 less	

dynamic	on	chromosomes	in	mitosis	(Gerlich	et	al.,	2006)	and	we	envision	that	his	may	

represent	 a	 specialized	 pool	 contributing	 a	 qualitatively	 different	 function	 to	

chromosome	condensation	than	the	dynamic	pool	of	condensin.	

	

The	mode	 of	 action	we	 propose	 for	 Cdc48	 in	 condensin	 dynamics	 is	 consistent	

with	 its	 role	 in	 the	 unloading	 of	 other	 chromatin-bound	 proteins	 from	 chromosomes	

(reviewed	 in	 (Franz	 et	 al.,	 2016)).	 However,	 there	 is	 a	 major	 distinction	 between	

condensin	 and	 other	 substrates	 of	 Cdc48	 in	 that	 the	 latter	 are	 passively	 trapped	 into	

chromatin,	 whereas	 condensin	 engenders	 its	 own	 steric	 entrapment	 by	 virtue	 of	 its	

chromatin	 condensation	 activity.	 Without	 an	 active	 release	 mechanism,	 this	 self-

entrapment	would	 effectively	 freeze	 the	 compaction	 cycle	 at	 an	 early	 stage	due	 to	 the	

limiting	 abundance	 of	 condensin.	 In	 this	 sense,	 the	 mode	 of	 action	 of	 condensin	 and	
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cohesin	diverge,	since	cohesin	binds	stably	to	its	chromosomal	substrate	from	S-phase	to	

mid-mitosis	(Haering	et	al.,	2004;	Yeh	et	al.,	2008).	In	the	absence	of	Cdc48	activity,	the	

unloading	of	condensin	from	chromatin	becomes	markedly	slower,	as	evidenced	by	the	

reduced	diffusion	rates	of	the	enzyme	in	cdc48-3	mutants,	consistent	with	observations	

that	 compacted	 chromosomes	 impede	 the	 unloading	 of	 other	 DNA	 binding	 proteins	

(Chen	et	al.,	2005;	Chen	et	al.,	2002;	Cheutin	et	al.,	2003;	Martin	&	Cardoso,	2010).	

	 	

	 The	 mechanism	 of	 condensin	 unloading	 revealed	 in	 this	 study	 is	 likely	 to	 be	

conserved	 throughout	 eukaryotic	 evolution	 since	 the	 homologs	 of	 Cdc48Ufd1-Npl4,	

VCP/p97	and	its	Ufd1L-Npl4	cofactors,	are	present	in	humans	and	also	implicated	in	the	

extraction	 of	 chromatin-associated	 proteins	 (reviewed	 in	 (Barthelme	 &	 Sauer,	 2016;	

Franz	et	al.,	2016;	Meyer	&	Weihl,	2014)).	Consistently,	unbiased	proteome-wide	mass	

spectrometry	analyses	have	 identified	condensin	subunits	as	 interactors	of	human	VCP	

(Hein	 et	 al.,	 2015;	 Raman	 et	 al.,	 2015;	 Yu	 et	 al.,	 2013).	 The	 ubiquitin-dependent	

extraction	mechanism	we	propose	also	explains	the	observation	that	condensin	subunits	

are	heavily	ubiquitylated	in	humans	(65	sites	identified;	see	Table	S1)	and	yet	appear	to	

be	stable	throughout	the	cell	cycle	(Takemoto	et	al.,	2004).	The	identity	of	the	ubiquitin	

ligases	that	modify	condensin	subunits,	the	deubiquitinating	enzymes	that	may	reverse	

this	 modification,	 and	 the	 precise	 role	 that	 these	 enzymes	 play	 in	 facilitating	 Cdc48-

dependent	extraction	of	condensin	from	compacted	chromatin	remain	to	be	determined.	

Given	that	Cdc48/VCP	inhibitors	hold	promise	in	cancer	therapy	(Ramadan	et	al.,	2007),	

it	will	be	important	to	consider	the	effect	of	these	agents	on	the	condensin	catalytic	cycle	

and	mitotic	chromosome	compaction.	

	

3.5	 Methods	

	

Methods,	 including	 statements	 of	 data	 availability	 and	 associated	 references,	 are	

available	in	the	Supplementary	Information.	
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3.8	 Figure	Legends	
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Figure	1.	A	candidate-based	genetic	screen	for	mutants	that	traps	condensin	in	an	

inactive	 state	 in	 chromatin.	 a.	 Chromatin	 compaction	 and	 its	 effect	 on	 condensin	

mobility	hypothesis.	Dynamic	behavior	of	condensin	complex	results	 in	multiple	cycles	

of	 binding	 and	 release	 from	 the	 chromatin	 during	 mitosis	 and	 it	 catalyzes	 chromatin	

compaction	reaction	upon	ATP	hydrolysis.	The	model	depicts	 the	process	of	chromatin	

compaction,	 which	 makes	 the	 immediate	 chromatin	 environment	 less	 accessible	 and	

eventually	 trap	 condensin	 onto	 chromatin.	 To	 resume	 the	 next	 cycle	 of	 condensation,	

condensin	 extraction	 from	 compacted	 chromatin	 environment	 is	 essential.	 b.	

Chromosome	condensation	defects	of	esa1,	swr1,	rvb2	and	cdc48	mutants.	The	heat	map	

depicts	the	frequencies	of	specific	rDNA	morphology	classes	observed	in	yeast	mutants,	

from	low	(red)	to	high	(green).	Mutants	used	in	the	screen	are	described	in	the	table	on	

the	 left.	Micrographs	 show	 the	most	prominent	 rDNA	morphology	observed	with	 each	

mutant.	Cells	were	grown	asynchronously	until	exponential	phase	at	23°C	and	shifted	to	

37°C	to	block	in	metaphase	by	nocodazole	for	150	min.	Samples	were	processed	for	FISH	

analysis,	 as	 described	 previously	 (Robellet	 et	 al.,	 2015).	 Nuclei	 were	 strained	 with	

propidium	 iodide	 (PI;	 red),	 whereas	 the	 rDNA	 locus	 was	 labelled	 using	 a	 probe	

conjugated	 to	 fluorescein	 isothiocyanate	(FITC;	green).	At	 least	100	cells	were	counted	

for	each	mutant	(n=3;	error	bars	represent	standard	error	of	the	mean).	
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Figure	2.	The	Cdc48Ufd1-Npl4	complex	is	a	novel	chromosome	condensation	effector.	

a.	Experimental	set	up	for	FISH	analysis.	Cells	were	grown	asynchronously	at	23°C	and	

then	shifted	 to	37°C	with	nocodazole	 for	150	min	 to	arrest	 the	cells	at	metaphase	and	

proceeded	to	FISH	analysis.	b-c.	Cells	were	processed	for	rDNA	morphology	analysis	as	

described	before.	a.	 Chromosome	condensation	defects	observed	 in	cdc48	mutants	 are	

not	 allele-specific.	 Micrographs	 on	 the	 left	 represent	 the	 most	 prominent	 rDNA	

morphology	class	for	each	mutant,	whereas	the	graph	on	the	right	reports	morphology	

quantification.	b.	The	Ufd1-Npl4	heterodimer	is	essential	for	chromosome	condensation.	

Micrographs	 on	 the	 top	 panel	 illustrate	 the	most	 frequent	 rDNA	morphology	 for	 each	

genotype	 and	 graph	 on	 the	 lower	 panel	 represents	 the	 quantification	 of	 rDNA	

morphologies.	 At	 least	 100	 cells	 were	 counted	 for	 each	 genotype	 (n=3;	 error	 bars	

represent	standard	error	to	mean).	
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Figure	 3.	 Condensation	 defects	 observed	 in	 Cdc48	 are	 independent	 of	 Ipl1	 and	

sister	 chromatid	 cohesion	 defects.	 a.	 The	 cdc48-3	 mutant	 does	 not	 show	 defects	 in	

sister	chromatid	cohesion.	Wild-type,	cdc48-3	 and	mcd1-1	mutants	carrying	a	 tetR-GFP	

fusion	and	 tetO	repeats	adjacent	 to	CEN4	 and/or	rDNA	array	were	synchronized	 in	G1	

with	alpha-factor	 treatment	at	23	°C.	Next,	cells	were	released	 into	medium	containing	

nocodazole	at	37	°C	to	arrest	at	metaphase.	Samples	were	collected	at	150	min	and	large	

budded	cells	were	analyzed	for	the	presence	of	one	or	two	GFP	spots.	For	each	genotype,	

at	 least	 100	 cells	were	 counted	 (n=3;	 error	 bars	 are	 represented	 in	 standard	 error	 to	

mean).	b.	FISH	analysis	of	rDNA	morphology	in	 ipl1	mutants.	Cells	were	grown	at	23°C	

and	shifted	to	32	°C	to	synchronize	at	metaphase	with	nocodazole	treatment	for	150	min.	

Nuclei	 and	 rDNA	 were	 labelled	 with	 PI	 (red)	 and	 FITC	 (green)	 respectively.	 The	

micrograph	on	the	 left	represents	most	prominent	rDNA	morphology	observed	 in	each	

mutant	 and	graph	on	 the	 right	 reports	 the	quantification	of	 rDNA	morphology	 classes.	

For	each	genotype,	100	cells	were	counted.	c.	Phenotype	of	strong	ipl1	mutants.	Fivefold	

serial	dilutions	of	yeast	culture	were	spotted	on	solid	media	and	grown	at	23°C,	30°C	and	

32°C	for	2-3	days.		
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Figure	 4.	 Chromosome	 condensation	 requires	 active	 ubiquitylation.	 a-b.	 rDNA	

morphology	was	analyzed	by	FISH	in	ubiquitylation-	and	sumoylation-deficient	mutants.	

At	least	100	cells	were	counted	for	each	experiment	(n=3;	error	bars	represent	standard	

error	to	mean).	Upper	panels	show	pictures	of	the	most	prominent	rDNA	morphology	for	

each	 genotype,	 whereas	 lower	 panels	 report	 morphology	 quantification.	 a.	

Ubiquitylation-defective	E1	mutant,	uba1-204,	shows	strong	chromosome	condensation	

defects.	 b.	 Sumoylation-defective	 E2	 mutant,	 uba9-1,	 does	 not	 show	 detectable	

condensation	 defects.	 c.	 Cells	 carrying	HA-tagged	 Brn1	 and	 galactose-inducible	 6xHIS-

ubiquitin	were	grown	until	exponential	phase	before	adding	2%	galactose	to	the	medium	

to	 induce	 ubiquitin	 overexpression	 for	 4	 hours.	 The	 ubiquitylated	 proteins	were	 then	

enriched	by	Ni-NTA	affinity	chromatography	and	analyzed	 for	 the	presence	of	Brn1	by	

immonoblotting	with	an	anti-HA	antibody.	d.	Asynchronously-growing	cultures	of	wild-

type	 and	 cdc48-3	 mutant	 cells	 carrying	 Myc-tagged	 Ycs4	 were	 shifted	 to	 37	 °C	 and	

synchronized	 at	 metaphase	 using	 nocodazole	 treatment	 for	 150	 min.	 Ycs4	 was	

immunoprecipitated	 from	 cell	 lysates	 with	 an	 anti-Myc	 tag	 antibody	 and	 the	 purified	

material	analyzed	by	western	blotting	using	an	anti-ubiquitin	antibody.		
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Figure	5.	Condensin	interacts	with	Cdc48	in	vivo.	a.	Condensin	complex	interacts	with	

Cdc48.	Cultures	of	cells	carrying	YCS4-13Myc	with	or	without	cdc48-3FLAG	were	grown	

at	 23	 °C	 until	 exponential	 phase	 and	 shifted	 to	 37	 °C	 to	 block	 at	 metaphase	 with	

nocodazole	 treatment	 for	 150	 min.	 Ycs4	 was	 immunoprecipitated	 with	 an	 anti-Myc	

antibody	 and	 the	 purified	 material	 analyzed	 by	 immunoblotting	 with	 anti-FLAG/Myc	

antibodies.	Untagged	cells	and	beads	serve	as	negative	controls.	b.	Condensin	subunits	

levels	 are	 not	 influenced	 by	 Cdc48.	 Cells	 carrying	 epitope-tagged	 condensin	 subunits	

were	 synchronized	 in	 G1	 with	 alpha-factor	 treatment	 and	 released	 into	 medium	

containing	 nocodazole	 at	 37°C.	 Samples	 were	 collected	 at	 every	 30	 min	 and	 protein	

abundance	was	monitored	by	immunoblotting.	Pgk1	serves	as	a	loading	control.	
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Figure	 6.	 Cdc48	 promotes	 condensin	 turnover	 on	 chromatin.	 a.	 RICS	 analysis	 of	

condensin	 mobility	 on	 mitotic	 chromatin.	 Fluorescence	 spatial	 auto-correlations	 were	

normalized	to	the	0-shift	correlation	as	a	function	of	the	pixel	shift	along	the	vertical	axis	

(ms	 timescale).	 Fluorophores	 were	 Smc4-3GFP	 (CDC48:	 blue	 and	 cdc48-3:	 red),	 NLS-

3GFP	(CDC48:	dashed	blue	 line	and	cdc48-3:	dashed	red	 line)	and	cytosolic	GFP	(grey).	

Data	points	and	error	bars	correspond	respectively	to	average	and	standard	error	over	

>20	individual	cells	imaged	under	the	same	conditions	in	the	same	experiment.	b-c.	Box	

and	whisker	plots	of	the	distribution	of	fitted	diffusion	coefficients	over	>30	CDC48	(solid	

blue	box)	 and	cdc48-3	 (solid	 red	box)	metaphase	 cells	 expressing	 Smc4-3GFP	 (B),	 and	

>50	CDC48	(open	blue	box)	and	cdc48-3	(open	red	box)	metaphase	cells	expressing	NLS-

3GFP	(C).	The	box	is	defined	by	the	first	and	third	quartiles	of	the	distributions	(Q1,	Q3),	

while	 lower	and	upper	whiskers	were	 respectively	 set	 to	Q1-3	 (median-Q1)	and	Q3+3	

(Q3-median).	d.	Condensin	occupancy	on	mitotic	chromosomes.	Wild	 type	and	cdc48-3	

mutant	strains	were	synchronized	in	metaphase	at	37°C	for	150	min	and	processed	for	

chromatin	 immunoprecipitation	 (Johzuka	 &	 Horiuchi,	 2009).	 Top	 panel	 shows	

enrichment	of	Smc4	at	the	CEN6	and	rDNA	loci	(compounded	score),	as	revealed	by	ChIP	

and	qPCR	analysis	of	wild-type	and	mutant	cells	(p>0.05;	error	bars	represent	standard	

error	 on	 the	 mean).	 Lower	 panel	 indicates	 enrichment	 of	 Smc4	 at	 different	 positions	

along	 the	 rDNA	 array	 repeat.	 The	 location	 of	 primers	 used	 for	 qPCR	 analysis	 are	

indicated	as	black	bars.	
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Figure	7.	Model	of	the	mechanism	of	chromosome	condensation	by	condensin	and	

Cdc48.	 	 a.	 Upon	 ATP	 hydrolysis,	 condensin	 encompasses	 its	 substrate	 to	 catalyze	 the	

compaction	of	proximal	 chromatin,	 thereby	 restricting	 its	mobility.	After	 a	 compaction	

cycle,	condensin	 is	ubiquitylated	by	an	uncharacterized	ubiquitin	 ligase,	which	recruits	

the	 Cdc48-Ufd1-Npl4	 complex	 for	 condensin	 extraction.	 The	 release	 of	 free	 condensin	

enables	a	new	cycle	of	chromosome	condensation	process.	
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3.10	 Supplemental	materials	and	methods	

	

3.10.1	Yeast	strains,	plasmids	and	growth	conditions:	

	

All	 yeast	 strains	 used	 in	 this	 study	 are	 derived	 from	 the	 W303/Κ699	 background.	

Standard	conditions	were	used	to	grow	yeast	 (Gutherie,	1991).	For	 the	construction	of	

deletion	strains,	a	PCR-based	method	was	used	as	described	previously	(Longtine	et	al.,	

1998).	 Cell	 synchronization	 in	 G1	 (50	 ng/ml	 of	 alpha	 factor	 for	 180	min)	 at	 23	 °C;	 in	

metaphase	 (30	 μg/ml	 of	 nocodazole	 for	 150	 min)	 at	 23	 °C,	 32	 °C	 and	 37	 °C	 were	

performed	 as	 described	 earlier	 (Robellet	 et	 al.,	 2015).	 Five-fold	 serial	 dilution	 was	

performed	on	solid	media	as	described	earlier	(Ratsima	et	al.,	2011).	For	overexpression	

of	 ubiquitin,	 cells	 were	 grown	 in	 synthetic	 media	 containing	 2%	 galactose.	 For	

fluorescence	 correlation	 spectroscopy	 experiments,	 cells	 were	 grown	 in	 synthetic	

complete	media.	

	 For	the	construction	of	a	ubiquitin	overexpression	plasmid	(YEpFAT4-10His-UBI),	

a	fragment	encoding	one	copy	of	ubiquitin	(i.e.,	one	repeat	of	76	amino	acids)	with	an	N-

terminal	His-tag	was	subcloned	into	a	YEp-based	plasmid	carrying	a	galactose-inducible	

promoter.	 The	 temperature	 sensitive	 allele	 rvb2-119	 was	 constructed	 by	 random	

mutagenesis	(GeneMorph	II	Kit	from	Agilent).	

	

3.10.2	Fluorescence	in	situ	hybridization	(FISH):	

	

Fluorescence	in	situ	hybridization	was	performed	as	described	previously	(Guacci	et	al.,	

1994;	 Lavoie	 et	 al.,	 2004;	 Robellet	 et	 al.,	 2015).	 For	 all	 experiments,	 cells	 were	 fixed	

(3.7%	formaldehyde	in	0.1M	KPO4	pH	6.4)	for	2	hours	at	23°C	and	then	spheroplasted.	

For	 probe	 preparation,	 a	 rDNA	 sequence	 (~9.1	 Kb)	 was	 amplified	 and	 labelled	 with	

digoxigenin	using	BioNick	labeling	system	(Invitrogen).	The	rDNA	probes	were	detected	

using	 a	 mouse	 anti-digoxigenin	 antibody	 (Boeheringer	 Manheim	 Biochemicals),	 FITC-

conjugated	 goat	 anti-mouse	 (Jackson	 Immunoresearch	 Laboratories)	 and	 Alexa	 Fluor	

488-conjugated	 swine	 anti-goat	 antibodies.	 All	 three	 antibodies	 were	 diluted	 in	 10%	
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horse	 serum	 (1:250).	 Nucleus	 was	 counter-stained	 with	 propidium	 iodide	 (5	 mg/ml;	

Sigma).	 For	 visualizing	 rDNA	 morphology,	 DeltaVision	 microscopy	 was	 used.	 Images	

were	acquired	using	oil	immersion	60x	objective.	

	

3.10.3	Chromatin	spreads:	

	

Chromatin	spreads	were	performed	as	described	previously	(Grubb	et	al.,	2015;	Lavoie	

et	al.,	2002)	with	some	modifications.	Briefly,	cells	were	washed	in	1	ml	solution-I	(0.1M	

KPO4	pH7.4,	0.5mM	MgCl2,	1.2M	sorbitol)	and	were	resuspended	 in	solution-I	with	1M	

DTT.	Spheroplasting	of	 cells	was	achieved	by	 the	addition	of	Zymolase	 (10mg/ml)	and	

incubation	 at	 30°C	 with	 gentle	 rotation.	 Subsequently,	 spheroplasted	 cells	 were	

centrifuged	 (2000	 rpm/2min)	 at	 room	 temperature	 and	 resuspended	 in	 Solution-II	

(0.1M	MES	pH6.4,	0.5mM	MgCl2,	1mM	EDTA,	1M	sorbitol).	Next,	cells	were	added	to	the	

glass	 slide	 (Corning)	 and	 immediately	 were	 fixed	 and	 lysed	 by	 addition	 of	 a	 fixative	

solution	 (4%	 paraformaldehyde	 in	 3.4%	 sucrose)	 and	 1%	 NP-40	 solution.	 Cells	 were	

spread	using	a	plastic	pipette	 rolled	 from	one	end	of	 the	 slide	 to	 the	other	 end.	 Slides	

with	chromatin	spreads	were	dried	for	overnight.	Next	day,	slides	were	washed	with	1x	

PBS	for	10	min	and	blocked	for	15	min	with	10%	BSA	(Bovine	serum	albumin)	in	1xPBS	

(Phosphate	buffer	solution).	Chromatin	spreads	were	incubated	with	mouse	monoclonal	

anti-Myc	 9E10	 antibody	 (1:250;	 Genetex)	 for	 2	 hours	 and	Alexa	 Fluor	 488-conjugated	

goat	anti-mouse	antibody	 (1:250;	 Invitrogen)	 for	2	hours.	Nuclei	were	 counter-stained	

with	 DAPI	 (4',6-diamidino-2-phenylindole).	 Images	 were	 acquired	 using	 DeltaVision	

microscopy	 with	 an	 oil	 immersion	 60x	 objective.	 Fluorescence	 intensity	 of	 Smc4	 was	

measured	using	the	ImageJ	software.	

	

3.10.4	Sister-chromatid	cohesion	assay:	

	

Sister-chromatid	 cohesion	 was	 monitored	 using	 the	 tetO/tetR-GFP	 dot	 system,	 as	

described	 previously	 (D'Amours	 et	 al.,	 2004;	 Michaelis	 et	 al.,	 1997).	 Cells	 were	

synchronized	 in	 G1	 with	 alpha	 factor	 and	 released	 into	 fresh	 media	 containing	
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nocodazole	at	37	°C	for	180	min.	Cells	were	then	fixed	with	3.7%	formaldehyde	in	0.1M	

KPO4	 pH-7	 for	 10	 min	 and	 centrifuged	 (2000rpm/2min)	 at	 room	 temperature.	 Later,	

cells	were	resuspended	 in	0.1M	KPO4	pH-7	and	 images	were	acquired	using	Zeiss	LSM	

700	Laser	scanning	microscope	with	oil	immersion	63x	objective.		

	

3.10.5	Chromatin	immunoprecipitation:	

	

Chromatin	 immunoprecipitation	 (ChIP)	 by	 anti-Myc	 antibodies	 followed	 by	 qPCR	

analysis	was	carried	as	described	before	(Chatterjee	et	al.,	2016;	Villeneuve,	2015).	For	

this,	 cells	 were	 cross-linked	 with	 1%	 formaldehyde	 at	 room	 temperature	 for	 15	min.	

Then	 the	 reaction	was	quenched	by	 addition	of	2.5	M	glycine	 (final	 concentration	125	

mM).	Subsequently,	the	cells	were	lysed	with	glass	beads	containing	lysis	buffer	(50mM	

HEPES	KOH	 pH	 7.5,	 140mM	NaCl,	 1%	Triton	 X-100,	 0.1%	 Sodium	deoxycholate,	 1mM	

EDTA	 pH-8,	 1mM	 AEBSF	 and	 protease	 inhibitors).	 The	 lysate	 was	 sonicated	 to	 get	

chromatin	 fragments	 of	 an	 average	 size	 of	 300-500	 bp	 using	 a	 Diagenode	 bioruptor	

(Thermo	Scientific).	Later,	the	sonicated	lysate	was	centrifuged	at	13000rpm/30	min/4	

˚C.	

Input	 DNA:	 Approximately	 1/10th	 of	 lysate	 (for	 Input	 DNA)	 was	 diluted	 in	 TE	 buffer	

(10mM	Tris-HCl,	pH-8	and	1mM	EDTA)	with	1%	SDS	and	incubated	at	65°C	overnight	for	

reverse	 cross-linking.	 The	 lysate	was	 incubated	with	TE	buffer,	RNase-A	 and	Glycogen	

(10mg/ml)	 for	 2	 hours	 at	 37	 °C.	 Next,	 the	 lysate	 was	 treated	 with	 proteinase-K	

(20mg/ml)	and	incubated	at	37	°C	for	3	hours.	The	sample	was	extracted	with	an	equal	

volume	of	phenol-chloroform-isoamyl	alcohol	(25:24:1).	Input	DNA	was	precipitated	by	

addition	 of	 5M	 NaCl	 (final	 concentration	 200mM)	 and	 ice-cold	 100%	 ethanol	 and	

centrifuge	 for	13000rpm/10	min/4	 °C.	The	DNA	pellet	was	washed	with	70%	alcohol,	

dried	and	resuspended	in	TE	buffer.	

	

Immunoprecipitated	 fraction	 (IP	 DNA):	 Dynabeads	 (Invitrogen)	 were	 incubated	 with	

anti-Myc	 9E10	 antibody	 (Genetex)	 at	 4	 °C	 for	 2	 hours.	 Antibody	 bound	 beads	 were	

washed	 with	 1xPBS-BSA	 and	 incubated	 with	 remaining	 sonicated	 lysate	 at	 4°C	 for	
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overnight.	 IP	 bound	 beads	were	 recovered	 using	magnetic	 stand	 system.	 These	 beads	

were	 sequentially	 washed	 with	 lysis	 buffer,	 lysis	 buffer	 containing	 NaCl	 (final	

concentration	360mM),	LiCl	wash	buffer	(10mM	Tris-Cl	pH-8,	250mM	LiCl,	0.5%	NP40,	

0.5%	 Sodium	 dexoycholate,	 1mM	 EDTA	 pH-8)	 and	 TE	 buffer.	 Finally,	 the	 beads	 were	

reverse	cross-linked	and	processed	as	Input	DNA	to	isolate	IP	DNA.	

3.10.6	Quantitative	PCR	

	

The	real	time	quantitative	PCR	(qPCR)	was	performed	using	iQ	SyBr	green	mix	(BioRad)	

on	the	iQ5	multi-colour	real	time	PCR	detection	system	(BioRad).	The	data	was	analysed	

by	 iQ5	 software.	 The	 graph	 was	 plotted	 according	 to	 the	 fold	 enrichment	 method	

(Mukhopadhyay	et	al.,	2008).	

	

3.10.7	Immunoprecipitation:	

	

Immunoprecipitation	was	 carried	 as	 previously	 described	 (St-Pierre	 et	 al.,	 2009).	 Cell	

were	 synchronized	 in	 metaphase	 with	 nocodazole	 at	 37°C	 for	 150	 min	 and	 were	

centrifuged	 (3000	 rpm/10	 min),	 resuspended	 in	 lysis	 buffer	 (50mM	 Tris-HCl	 pH-8,	

150mM	 KCl,	 100mM	 NaF,	 10%	 glycerol,	 0.1%	 tween-20,	 1mM	 tungstate,	 1mM	 DTT,	

10µM	AEBSF,	 10μM	pepstatin	A,	 10μM	E-64).	 The	 lysate	was	 incubated	with	 anti-Myc	

9E10	antibody	(Genetex)	and	GammaBind	Plus	Sepharose	beads	(GE	healthcare).	Beads	

were	washed	five	times	with	lysis	buffer	and	resuspended	in	sample	buffer	for	SDS-PAGE	

analysis.	

	

3.10.8	Detection	of	ubiquitination:	

	

In	 vivo	 detection	 of	 ubiquitination:	 Immunoprecipitation	 of	 epitope-tagged	 Ycs4	 was	

performed	 as	 described	 above	 in	 the	 presence	 of	 10mM	 N-ethyl-maleimide	 (Sigma).	

After	SDS-PAGE,	proteins	were	transferred	onto	nitrocellulose	membrane.	Denaturation	

of	proteins	on	the	membrane	was	performed	as	described	earlier	(Penengo	et	al.,	2006).	
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The	 membrane	 was	 treated	 with	 denaturation	 buffer	 (6M	 Guanidine	 chloride,	 20mM	

Tris-Cl	 pH-7.4,	 5	 μM	 beta	 mercaptoethanol,	 1mM	 AEBSF)	 for	 30	 min	 at	 4	 °C.	

Subsequently,	 membrane	 was	 washed	 five	 times	 with	 Tris	 buffer	 saline	 (TBS)	 and	

blocked	with	5%	BSA	in	TBS	and	subjected	to	western	blotting.	

	

Overexpression	 of	 ubiquitin:	 Cells	 were	 washed	 in	 ice-cold	 water	 and	 incubated	 with	

1.85	M	NaOH	and	7%	beta-mercaptoethanol	for	10min	at	room	temperature	with	gentle	

rotation.	Cells	were	 then	 incubated	with	50%	TCA	(Trichloro	acetic	acid)	on	 ice	 for	10	

min.	 After	 centrifugation	 (3000rpm/10min/4	 ˚C),	 the	 protein	 pellet	 was	 washed	with	

70%	acetone	and	air-dried.	Proteins	pellet	was	resuspended	in	denaturation	buffer	(8M	

Guanidine	 chloride,	 10mM	 Tris-cl	 pH-8)	 containing	 10mM	 N-ethyl-maleimide	 (Sigma)	

and	 incubated	 at	 30˚C	 for	 30	 min.	 The	 lysate	 was	 separated	 by	 centrifugation	

(15000rpm/20min/4	˚C)	and	incubated	with	Ni-NTA	beads	(Qiagen)	at	4	˚C	for	overnight	

on	a	rotator.		Then,	Ni-NTA	beads	were	washed	three	times	with	wash	buffer-I	(8M	Urea,	

50mM	NaHPO4,	10mM	Tris-Cl	pH-8,	20mM	Imidazole)	and	two	times	with	wash	buffer-II	

(500mM	NaCl,	10%	Glycerol).	Ni-NTA	beads	were	then	resuspended	in	sample	buffer	for	

SDS-PAGE	analysis.	

	

3.10.9	Western	blotting:	

Proteins	extracts	were	electrophoresed	using	8%	SDS-PAGE	or	precast	gels	(Biorad)	and	

gels	were	transferred	by	the	iBlot	system	(Invitrogen).	Following	antibodies	were	used	

for	 immunoblotting:	 mouse	 monoclonal	 anti-Myc	 9E-10	 antibody	 (1:1000;	 Genetex),	

mouse	 monoclonal	 anti-FLAG	 antibody	 (1:1000;	 Sigma),	 mouse	 monoclonal	 anti-HA	

12CA5	antibody	 (1:1000;	Sigma),	mouse	monoclonal	 anti-HA	16B12	antibody	 (1:1000;	

BioLegend),	 mouse	 polyclonal	 anti-ubiquitin	 antibody	 (1:500;	 Millipore),	 mouse	

monoclonal	 anti-Pgk1	 antibody	 (1:1000;	 Abcam),	 HRP	 conjugated	 anti-mouse	 IgG	

antibody	 (1:10000).	 Proteins	 were	 detected	 using	 ECL	 plus	 chemiluminescence	 kit	

(Perkin-Elmers).	Anti-ubiquitin	antibodies	were	prepared	 in	5%	BSA	and	remaining	all	

antibodies	were	prepared	in	2%	milk	and	1%	BSA.	
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3.10.10	 Raster	image	correlation	spectroscopy	(RICS):	

	

Principle:	 RICS	 is	 a	 variant	 of	 conventional	 Fluctuation	 Correlation	 Spectroscopy	

developed	 to	 extract	molecular	dynamics	 features	 at	 the	 subcellular	 level	 using	 space-	

and	time-	dependent	fluctuations	of	fluorescence	intensity	in	2D	confocal	images	(Brown	

et	al.,	2008).	Briefly,	 the	same	field	of	view	(FOV)	 is	 imaged	multiple	times	using	a	 fast	

scanning	 device	 and	 the	 space-dependent	 fluorescence	 correlations	 are	 averaged	 over	

multiple	time	frames	with	or	without	removal	of	the	time-invariant	contribution	to	the	

signal	(immobile	fluorescent	elements),	yielding	information	on	molecular	dynamics.	

Sample	preparation:	Cells	were	grown	at	23	 °C	and	 then	 shifted	 to	37	 °C	 for	150	min.	

Cells	 were	 centrifuged	 (2000rpm/2min/room	 temperature)	 and	 resuspended	 in	 fresh	

media.	 Then	 cells	 were	 placed	 on	 pads	 made	 of	 circular	 coverslips	 (Fisher	 Scientific)	

topped	with	70	μl	of	2%	low-melting	agarose	(Bio-Rad)	prepared	in	synthetic	media	and	

incubated	 for	 4min	 at	 room	 temperature	 for	 drying.	 Cells	 were	 then	 immobilized	 by	

placing	another	coverslip	on	top	of	the	agarose	pad,	coated	with	2mg/mL	Concanavalin	A	

(Sigma),	 and	 gripping	 the	 “sandwich”	with	 a	metallic	 nut	 and	 bolt	 system.	 Finally,	 the	

pads	were	transferred	to	a	37	°C	incubator	before	imaging.		

Image	acquisition:	Images	were	acquired	using	an	ISS	Alba	scanning	mirror	FCS	system	

coupled	to	a	Nikon	confocal	microscope	equipped	with	a	60x	water	objective,	and	to	APD	

single-photon	detectors.	 Fluorescent	 samples	were	 excited	with	 a	40MHz	pulse-picked	

white	laser	(Fianium/NKT	Photonics)	through	488nm	selective	bandpass	dichroic	filters.	

6.25µm*6.25µm	FOVs	were	scanned	at	256*256	pixel	resolution,	yielding	a	48.8nm	pixel	

size,	with	20	microseconds	(μs)	dwell	time	on	each	pixel	(duration	of	photon	counting)	

and	50	frames	per	sample	(Brown	et	al.,	2008).	With	such	a	choice	of	parameters,	the	line	

scan	 time	was	 6.24ms	 (characteristic	 timescale	 of	 vertical	 correlations)	 and	 the	 frame	

scan	time	was	about	1.60s.	Excitation	power	was	tuned	to	detect	1-8	photons	per	pixel	

per	 frame	 (depending	 on	 samples),	 maximizing	 the	 capture	 of	 intensity	 fluctuations.	

Each	agarose	pad	was	imaged	at	6-10	different	FOVs	(1-2	metaphase	cells	per	FOV,	20-

30	min	total	acquisition	time)	at	room	temperature	before	being	stored	again	at	37°C	for	

further	imaging	40min-1h	later.	Images	were	saved	as	time	stacked	TIFF	files.	
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Raw	 data	 analysis:	 Analysis	 of	 the	 raw	 stacks	 was	 performed	 using	 the	 commercially	

available	software	SimFCS	(http://www.lfd.uci.edu/globals)	as	follows:	For	each	sample,	

the	 contribution	 of	 fluorescent	 elements	 that	 are	 immobile	 over	 very	 large	 timescales	

(tens	of	seconds)	was	subtracted	by	removing,	on	each	image,	the	10	timeframes	running	

average.	 This	 step	 allowed	 filtering	 out	 auto-fluorescent	 bright	 spots/blobs	 that	 are	

sometimes	visible	under	these	imaging	conditions	in	yeast.	Then,	RICS	correlations	were	

computed	on	the	background-filtered	image,	and	correlations	along	both	the	horizontal	

and	vertical	lines	of	the	2D-RICS	function	were	fitted	with	a	simple	free	diffusion	model	

in	SimFCS	with	pixel	 size	and	dwell	 time,	 line/frame	scan	 times,	 and	actual	 size	of	 the	

Point	Spread	Function	(PSF)	were	fixed	prior	to	fitting,	yielding	the	zero-shift	correlation	

G0	and	the	effective	diffusion	coefficient	D	as	the	only	remaining	fitting	parameters	(see	

Fig	S2).	Specifically,	G0	was	 inferred	 from	horizontal	correlations	and	was	 fixed	before	

fitting	vertical	correlations	to	get	the	effective	diffusion	coefficient.	Note	that	the	PSF	size	

was	 computed	 before	 each	 experiment	 by	 fitting	 FCS	 data	 acquired	 on	 a	 1.2nM	

Rhodamine110	 solution	with	 conventional	 FCS	 formulas	 in	 the	 ISS	Alba	 software.	 The	

goodness	 of	 fit	 was	 visually	 checked	 and	 cells	 for	 which	 either	 horizontal	 of	 vertical	

correlations	could	not	be	fitted	accurately	were	removed	from	further	analysis.		
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3.11	 Supplemental	figures	and	legends:	
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Figure	S1:	 	a.	The	chromosome	condensation	process	is	not	dependent	on	Dia2.	b.	The	

chromosome	condensation	defects	of	cdc48	mutants	do	not	depend	on	S-phase	events.	a-

b.	Cells	were	arrested	metaphase	at	23°C	for	45	min	and	shifted	to	37	°C	and	continue	to	

synchronize	 at	 metaphase	 with	 nocodazole	 treatment	 for	 120	min	 and	 proceeded	 for	

FISH	 analysis.	 Nucleus	 and	 rDNA	 were	 labelled	 with	 PI	 (red)	 and	 FITC	 (green)	

respectively.	The	micrographs	on	the	left	represent	the	most	relevant	rDNA	morphology	

observed	in	each	mutant,	whereas	the	graph	on	the	right	shows	the	quantification	of	the	

results.	At	least	100	cells	were	counted	for	each	genotype.	
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Figure	 S2.	 a.	 Left:	 Typical	 RICS	 individual	 frame	 for	 Smc4-3GFP	 in	 CDC48	 (top)	 and	

cdc48-3	(bottom)	cells	in	metaphase.	The	color	map	represents	the	number	of	individual	

photons	 counted	 from	 each	 pixel	 for	 this	 frame	 (dark	 blue:	 1	 photon,	 to	 red:	 7-10	

photons).	Inset:	Color-coded	two-dimensional	RICS	autocorrelation	function	for	the	same	

cell.	 Middle,	 right:	 spatial	 auto-correlation	 as	 a	 function	 of	 the	 pixel	 shift	 along	 the	

horizontal	(middle	-	μs	tmescale)	and	vertical	(right	-	ms	timescale)	axes,	in	CDC48	(top)	

and	cdc48-3	(bottom)	cells	shown	on	the	left	panel.	Red	squares	and	line	represent	the	

raw	data,	while	the	least	squares	fit	from	which	the	diffusion	coefficient	is	computed	is	

shown	in	blue	

	

a
SMC4-3GFP CDC48 Horizontal Fit Vertical Fit

SMC4-3GFP cdc48-3 Horizontal Fit Vertical Fit
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Figure	S3.	a.	Box	and	whisker	plots	showing	the	distribution	of	fitted	cytosolic	diffusion	

coefficient	over	>35	wild-type	metaphase	 cells	 expressing	PBZZ1-GFP.	Box	and	whiskers	

were	 defined	 as	 in	 Figure	 6.	 b.	 Chromatin	 spreads	 of	Myc-tagged	 Smc4.	 Fluorescence	

intensity	of	Smc4	is	increased	in	cdc48-3	mutant	compared	to	wild-type	cells.	Cells	were	

synchronized	 in	 G1	 and	 released	 into	 medium	 containing	 nocodazole	 to	 block	 at	

metaphase	 for	150	min.	Cells	were	 spheroplasted	and	processed	 for	 chromatin	 spread	

analysis.	The	micrographs	on	 the	 left	 represent	 typical	chromatin	spreads	whereas	 the	

graph	 on	 the	 right	 represents	 a	 quantification	 of	 fluorescence	 intensity.	 Nuclei	 were	

stained	by	4',6-diamidino-2-phenylindole	(DAPI-blue)	and	Smc4	was	labelled	with	FITC	

(green).	At	 least	100	cells	were	processed	for	each	experiment	(n=4;	p>0.05;	and	error	

bars	are	represented	in	standard	error	to	mean).	
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Table	 S1.	 Ubiquitylation	 sites	 in	 the	 subunits	 of	 human	 condensins.	 Data	 is	 from	 the	

mUbiSiDa	database.	

	

Complex SMC2 SMC4 NCAPH NCAPD2 NCAPG 

Condensin I 

K12 
K68 

K677 
K1025 
K1160 

K202 
K207 
K389 
K413 
K607 

K1187 
K1112 
K1267 
K1273 
K1280 
K1285 

K41
K126
K142
K359
K484
K495

 K35 
K78 

K148 
K298 
K452
K517
K580
K616
K685
K705
K749
K785
K855
K962
K969

K1065
K1201
K1288
K1301

 
 

K142
K262
K522
K537
K690
K852
K899

 SMC2 SMC4 NCAPH2 NCAPD3 NCAPG2 

Condensin 
II 

K12
K68

K677
K1025

K202
K207
K389
K413

K92
K1246
K1258

 
K159
K164
K332
K422
K474
K601
K641
K650
K660
K796
K809
K871
K940

K1025
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Table	S2:	Yeast	strains	used	in	this	study	

	

Figure					Strain	number				Relevant	genotype	 	 	 	 		

	

Fig	1b	 	 D4107		 MATa		

	 	 D4988		 MATx	sth1-1	 	 	 	 	 	

	 	 D5980		 MATa	snf5::HIS3MX6		 	 	 	

	 	 D5555		 MATa	chd1::TRP1	 	 	 	 	

	 	 D5557		 MATa	isw1::ADE2	isw2::LEU2	 	 	 	

	 	 D5739		 MATa	esa1-L327S::URA3MX6	 	 	 	 	

	 	 D5674		 MATa	ino80[1-300Δ]::TRP1	 	 	 	 	

	 	 D5431		 MATa	rvb2-119::HIS3MX6	 	 	 	 	

	 	 D5676		 MATa	swr1::URA3MX6	 	 	 	

	 	 D93	 	 MATa	cdc48-3		 	 	

	

Fig	2a	 	 D4107		 MATa		

	 	 D93	 	 MATa	cdc48-3		 	 	

	 	 D4804		 MATa	cdc48-6	

	 	 D5855		 MATa	cdc48-9::3FLAG::URA3MX6	 	 	

	

Fig	2b	 	 D4107		 MATa		

	 	 D4457		 MATa	npl4-1	 	 	 	

	 	 D5443		 MATa	otu1::URA3MX6	 	 	

	 	 D5974		 MATa	shp1-24::HIS3MX6	 	 	 	

	 	 D5845		 MATa	ubx2::HIS3MX6	 	 	 	 	 	

	 	 D5445		 MATa	ubx3::URA3MX6	 	 	 	 	 	

	 	 D5847		 MATa	ubx4::URA3MX6	 	 	 	 	 	

	 	 D5849		 MATa	ubx5::HIS3MX6	 	 	 	 	 	

	 	 D5851		 MATa	ubx6::HIS3MX6	 	 	 	 	 	
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	 	 D5853		 MATa	ubx7::HIS3MX6	 	 	 	 	 	

	 	 D4455		 MATa	ufd1-2	 	 	 	 	 	 	

	 	 D4460		 MATa	ufd2::HIS3MX6		 	 	 	

	 	 D4462		 MATa	ufd3::HIS3MX6		 	 	 	

	 	 D5916		 MATa	vms1::HIS3MX6	 	 	 	 	

	 	 D5381		 MATa	wss1::URA3MX6	 	 	 	 	

	

Fig	3a	 	 D4107		 MATa		

	 	 D141	 	 MATa	ipl1-2	 	 	 	 	 	

	 	 D1015		 MATa	ipl1-85::HIS3MX6	 	 	 	 	 	

	 	 	

Fig	3b	 	 D4107		 MATa		

	 	 D141	 	 MATa	ipl1-2	 	 	 	 	 	

	 	 D1015		 MATa	ipl1-85::HIS3MX6	 	 	 	 	

	 	 D6166		 MATa	ipl1-321	 	 	 	 	 	

	

Fig	3c	 	 D299	 	 MATa	leu2-3,	112::Pura3:tetR:GFP::LEU2	

	 	 	 	 CENIV::teto448::URA3	

		 	 D6224		 MATa	leu2-3,	112::Pura3:tetR:GFP::LEU2	

	 	 	 	 CENIV::teto448::URA3	mcd1-1	

	 	 D6154		 MATa	leu2-3,	112::Pura3:tetR:GFP::LEU2	

	 	 	 	 CENIV::teto448::URA3	cdc48-3	 	 	 	 	

	 	 D331	 	 MATa	leu2-3,	112::Pura3:tetR:GFP::LEU2	

	 	 	 	 RDN1::teto112::URA3	

	 	 D338	 	 MATa	leu2-3,	112::Pura3:tetR:GFP::LEU2	

	 	 	 	 RDN1::teto112::URA3	mcd1-1	 	 	 	 	

	 	 D6156		 MATa	leu2-3,	112::Pura3:tetR:GFP::LEU2	

	 	 	 	 RDN1::teto112::URA3	cdc48-3	 	

	

Fig	4a	 	 D4138		 MATa	ura3-1::Pgal-SIC::HA::URA3	 	

	 	 	 	 uba1::kanMx6	pRS313-UBA1::HIS3	
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	 	 D4139		 MATa	ura3-1::Pgal-SIC::HA::URA3	 	 	

	 	 	 	 uba1::kanMx6	pRS313-uba1-204::HIS3	

	

Fig	4b	 	 D4107		 MATa		

	 	 D369	 	 MATa	ubc9-1	 	

	

Fig	4c	 	 D5863		 MATa	YepFAT-Pgal10::10His-Ub		

	 	 D6111		 MATa	YepFAT::Pgal10-1	Brn1::6HA::HIS3	 	 	 	

	 	 D6113		 MATa	YepFAT::Pgal10-1::10His-Ub	Brn1::6HA::HIS3	 	 	

Fig	4d	 	 D4107		 MATa		

	 	 D268	 	 MATa	YCS4::13Myc::kanMX6		 	 	 	 	

	 	 D5823		 MATa	YCS4::13Myc::kanMX6	cdc48-3	

	

Fig	5a	 	 D5830		 MATa	SMC2::3HA-12His::leu2	 	 	 	 	

	 	 D5831		 MATa	SMC2::3HA-12His::leu2	cdc48-3	 	 	

	 	 D3749		 MATa	SMC4::13Myc::HIS3MX6	 	 	 	 	

	 	 D4476		 MATa	SMC4::13Myc::HIS3MX6	cdc48-3	 	 	

	 	 D5825		 MATa	BRN1::	3HA-12His::URA3	 	 	 	 	

	 	 D5826		 MATa	BRN1::	3HA-12His::URA3	cdc48-3	 	 	

	 	 D268	 	 MATa	YCS4::13Myc::kanMX6		 	 	 	 	

	 	 D5823		 MATa	YCS4::13Myc::kanMX6	cdc48-3	 	 	

	 	 D5828		 MATa	YCG1::3FLAG::kanMX6	 	 	 	 	

	 	 D5829		 MATa	YCG1::3FLAG::kanMX6	cdc48-3	

	

Fig	5b	 	 D4107		 MATa		

	 	 D268	 	 MATa	YCS4::13Myc::kanMX6		 	 	 	 	

	 	 D4400		 MATa	YCS4::13Myc::kanMX6	cdc48-3::3FLAG::URA3MX6	 	

	 	 D5932		 MATa	YCS4::13Myc::kanMX6	cdc48-3::3FLAG::URA3MX6	

	

Fig	6a	 	 D6158		 MATa	SMC4::3GFP::kanMX6	 	 	 	

	 	 D5330		 MATa	SMC4::3GFP::kanMX6	cdc48-3	 	 	
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	 	 D3987		 MATa	Pbzz1-GFP::Tadh1::kanMX6::bzz1	 	 	

	 	 D6249		 MATa	ura3-1::NLS-3GFP::kanMX6::URA3	 	 		

	 	 D6251		 MATa	ura3-1::NLS-3GFP::kanMX6::URA3	 	 		

	

Fig	6b	 	 D6158		 MATa	SMC4::3GFP::kanMX6	 	 	 	

	 	 D5330		 MATa	SMC4::3GFP::kanMX6	cdc48-3	

	

Fig	6c	 	 D6249		 MATa	ura3-1::NLS-3GFP::kanMX6::URA3	 	 		

	 	 D6251		 MATa	ura3-1::NLS-3GFP::kanMX6::URA3	 	 		

	

Fig	6d	 	 D4107		 MATa		

	 	 D3749		 MATa	SMC4::13Myc::HIS3MX6	 	 	 	 	

	 	 D4476		 MATa	SMC4::13Myc::HIS3MX6	cdc48-3	

	

Fig	S1a	 D4107		 MATa		

	 	 D93	 	 MATa	cdc48-3		 	 	

	 	 D4804		 MATa	cdc48-6	

	 	 D5855		 MATa	cdc48-9::3FLAG::URA3MX6	 	 	

	

Fig	S1b	 D4107		 MATa	 	 	 	

	 	 D6247		 MATa	dia2::HIS3MX6		

	

Fig	S2a	 D6158		 MATa	SMC4::3GFP::kanMX6	 	 	 	

	 	 D5330		 MATa	SMC4::3GFP::kanMX6	cdc48-3	

	

Fig	S3a	 D3987		 MATa	Pbzz1-GFP::Tadh1::kanMX6::bzz1	

	 	 	

Fig	S3b	 D3749		 MATa	SMC4::13myc::HIS3MX6	 	 	 	 	

	 	 D4476		 MATa	SMC4::13myc::HIS3MX6	cdc48-3	
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Chapter	IV:	 Discussion:	

	

During	 cell	division,	 the	ultimate	goal	of	 a	 cell	 is	 to	 segregate	 the	genome	equally	 into	

two	daughter	cells.	One	of	 the	early	cytologically	visible	step	during	cell	division	 is	 the	

condensation	 of	 chromosomes.	 It	 is	 a	 vital	 process	 required	 for	 sister	 chromatid	

separation	 during	 cell	 division	 and	 for	 maintaining	 the	 structural	 integrity	 of	 the	

chromatin.	Chromosome	condensation	involves	removing	the	tangles	between	different	

chromosomes	after	replication,	the	compaction	of	interphase	chromatin	and	maintaining	

proper	 rigidity	 and	 flexibility	 of	 sister	 chromatids.	 Several	 models	 were	 proposed	 to	

explain	this	highly	essential	process,	including	the	hierarchical	model,	loops	on	a	scaffold	

model	and	the	chromatin	network	model	(Maeshima	&	Eltsov,	2008;	Swedlow	&	Hirano,	

2003).	 One	 of	 the	 key	 players	 involved	 in	 mediating	 the	 chromosome	 condensation	

process	 is	 the	 condensin	 complex.	 Any	 erroneous	 events	 in	 this	 process	 may	 lead	 to	

aneuploidy	 and	 cancer.	 In	 consistence	 with	 this,	 it	 is	 well	 recognized	 that	 condensin	

subunits	are	either	over-expressed	or	mutated	in	many	cancers	(De	Keersmaecker	et	al.,	

2014;	Ham	et	al.,	2007;	Zhang	et	al.,	2016;	Zhou	et	al.,	2012).	Condensin	requirement	in	

chromosome	 condensation	 is	 well	 established.	 However,	 the	 molecular	 mechanism	

underlying	the	compaction	of	 interphase	chromatin	 into	mitotic	chromosomes	remains	

an	enigma	in	the	field.	

	

	 Condensin’s	role	in	mitotic	chromosomes	is	well	established	from	experiments	in	

Xenopus	 egg	 extracts	 (Hirano	 &	 Mitchison,	 1994).	 Since	 then,	 many	 studies	 further	

emphasized	its	different	functions	such	as	inducing	positive	supercoils	in	DNA,	removing	

catenates,	ATPase	activity	to	compact	the	chromosomes	(Hirano	2016).	Besides,	several	

studies	focused	on	condensin	regulation	by	different	kinases	(Bazile	et	al.,	2010;	Hirano,	

2012).	But	most	of	these	studies	were	carried	under	in	vitro	conditions	and	activation	of	

condensin	by	kinases	do	not	completely	explain	how	condensin	achieve	this	compaction	

process	during	mitosis.		

	

	 One	 such	 important	 question	 is	 how	 mitotic	 chromosome	 condensation	 is	
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initiated	and	how	it	is	achieved	during	metaphase.	Earlier	studies	have	shown	that	Cdk1	

phosphorylation	of	condensin	complex	is	required	for	its	transportation	from	cytoplasm	

to	 nucleus	 (Bazile	 et	 al.,	 2010;	 Hirano,	 2012,	 2016)	 but	 it	 does	 not	 explain	 how	

chromosome	 condensation	 is	 activated	 during	 early	 mitosis.	 Especially,	 the	 lack	 of	

mutants	that	show	intermediate	stages	of	chromosome	compaction	makes	it	difficult	to	

know	how	the	condensin	complex	mediates	the	activation	of	compaction.	

	

	 Here,	in	my	thesis,	I	try	to	answer	some	of	these	important	questions	about	how	

the	 condensin	 complex	 triggers	 the	 chromosome	 condensation	 process	 during	 early	

mitosis	 and	 any	 further	 consequences	 of	 this	 activation.	 We	 hypothesized	 that	 Cdk1	

phosphorylates	 condensin	 and	 initiates	 the	 chromosome	 condensation	 process	 during	

early	mitosis.	The	presence	of	many	substrates	for	Cdk1	during	mitosis	makes	it	difficult	

to	define	it’s	precise	role	in	activating	chromosome	condensation.		

	

4.1	 Identification	of	an	intermediate	stage	during	chromosome	condensation:	

	

In	 budding	 yeast,	 chromosome	 condensation	 is	 studied	 mostly	 using	 the	 rDNA	 locus,	

taking	 advantage	 of	 its	 visible	morphological	 changes	 from	uncondesed	 state	 (puff)	 to	

condensed	state	 (loop)	(Guacci	et	al.,	1994;	Lavoie	et	al.,	2004).	Here,	 in	my	 thesis,	we	

determined	 for	 the	 first	 time	 that	 Cdk1	 is	 important	 for	 chromosome	 condensation	 in	

budding	yeast.	Altering	Cdk1	levels	using	clb2-ts	mutant,	we	identified	a	twisted	thread	

like	 phenotype	 at	 the	 rDNA	 locus,	 an	 important	 intermediate	 stage	 previously	 not	

described	in	the	chromosome	condensation	process.	We	termed	this	intermediate	stage	

“intertwist”	and	found	that	it	is	stabilized	at	low	temperature	(at	16°C)	in	wildtype	cells	

suggesting	that	it	is	not	merely	a	consequence	of	mutant	phenotype.	We	determined	that	

formation	of	intertwist	is	also	dependent	on	cohesion.		

	

	 A	subunit	of	condensin	was	previously	identified	as	a	target	for	Cdk1	in	S.	pombe	

and	 vertebrates.	 Interestingly,	 our	 studies	 in	 budding	 yeast	 revealed	 Smc4	 as	 the	 key	

substrate	 for	 Cdk1	 in	 condensin	 complex	 and,	 most	 prominently,	 we	 observed	 seven	
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Cdk1	 consensus	 phosphosites	 (S/T-P)	 clustered	 in	 the	N-terminal	 region	 of	 Smc4.	We	

also	 identified	 many	 of	 these	 sites	 by	 mass	 spectrometry.	 Chromosome	 condensation	

defects	 observed	 in	 smc4	 phospho-mutant	 further	 established	 Smc4	 as	 the	 potential	

substrate	for	Cdk1.	Our	analysis	showed	that	constitutive	Smc4	phosphorylation	is	lethal	

and	 3-4	 phospho-sites	 are	 enough	 to	 mediate	 chromosome	 condensation.	 We	 further	

showed	 that	 constitutive	 phosphorylation	 creates	 a	 dominant	 negative	 phenotype	

leading	 to	 impairment	 in	 the	 phosphorylation-dephosphorylation	 cycles.	 Additionally,	

we	 identified	 PP2A	 as	 a	 major	 phosphatase	 important	 for	 regulating	 chromosome	

condensation	during	mitosis.	These	results	emphasize	 that	phosphorylation	of	Smc4	at	

its	N-terminal	extension	by	Cdk1	is	indispensable	for	condensin	activation.		

	

4.2	 Cdk1	 phosphorylation	 is	 important	 for	 condensin	 dynamic	 binding	 onto	

chromatin:	

	

Recent	models	on	condensin	function	propose	that	the	condensin	complex	first	binds	on	

chromatin	 followed	 by	 the	 ATP	 hydrolysis,	 which	 promotes	 the	 opening	 of	 arms.	

Subsequently,	 head	 to	 head	 interaction	 between	 different	 condensin	 molecules	 either	

assemble	 a	 DNA-condensin	 network	 or	 forms	 a	 chiral	 loop	 structure	 which	 trap	 the	

condensin	 complex	 on	 the	 chromatin	 (Hirano,	 2006).	 These	 models	 suggest	 that	

condensin	 binding	 onto	 chromatin	 might	 be	 stable.	 However,	 this	 is	 not	 the	 case	 as	

recent	 studies	 point	 out	 to	 a	 dynamic	mode	of	 condensin	 binding	 to	 chromatin	 rather	

than	a	 stable	binding	 (Gerlich	 et	 al.,	 2006).	 	 In	our	 studies	 (Chapter	 II)	we	anticipated	

Smc4	 phosphorylation	 might	 regulate	 condensin	 binding	 to	 chromatin	 in	 a	 dynamic	

manner.	 Concomitantly,	 our	 results	 supported	 this	 idea	 of	 Cdk1	 phosphorylation	 of	

condensin	is	as	an	important	step	for	its	dynamic	binding	onto	chromatin	during	mitosis.	

The	 abrogation	 of	 this	 dynamic	 binding	 of	 condensin	 to	 chromatin	 in	 smc4	 phospho-

mutant	further	confirms	our	hypothesis.	

	

	 Our	study	for	the	first	time	presented	how	chromosome	condensation	is	initiated	

during	early	mitosis	and	also	revealed	a	novel	pathway	where	Cdk1	promotes	condensin	
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dynamic	 binding	 to	 chromatin	 to	 facilitate	 proper	 chromosome	 condensation	 during	

mitosis.	The	above	findings	suggest	that	condensin	undergoes	repeated	cycles	of	binding	

and	release	from	chromatin	to	mediate	proper	chromatin	compaction.	It	is	intriguing	to	

predict	as	how	condensin	can	be	extracted	from	compacted	chromatin	generated	by	its	

own	 reaction.	We	 think	 that	 phosphorylation	 alone	 cannot	 regulate	 both	 loading	 and	

unloading	of	condensin	from	compacted	environment.	Previous	studies	have	shown	that	

various	 factors	 such	 as	 Scc2-4,	 TFIIIC	 and	Monopolin	 regulate	 condensin	 loading	 onto	

chromatin	 (D'Ambrosio	 et	 al.,	 2008;	 Johzuka	 &	 Horiuchi,	 2009).	 However,	 condensin	

removal	from	the	chromatin	during	this	repeated	cycles	of	dynamic	binding	are	not	well	

established	 yet.	 Thus,	 we	 speculated	 the	 existence	 of	 other	 chromatin	 factors	 or	

regulators,	 which	might	 assist	 condensin	 unloading	 from	 chromatin	 as	 any	 unwanted	

accumulation	 of	 condensin	 on	 chromatin	 might	 lead	 to	 lethal	 consequences.	 This	

prompted	us	to	study	the	factors	required	to	regulate	condensin	mobility	on	chromatin	

during	mitosis	(in	chapter	III).	

	

	 To	address	this,	we	carried	out	a	candidate-based	screen	to	 identify	 factors	that	

regulate	 condensin	 mobility	 on	 chromatin.	 We	 screened	 known	 chromatin	 regulators	

such	as	chromatin	remodelers	and	molecular	chaperons.	Our	analysis	 identified	Cdc48,	

Esa1,	 Rvb2/Reptin	 and	 Swr1	 complex	 as	 important	 regulators	 of	 chromosome	

condensation.	Primarily,	we	focused	our	study	on	Cdc48	because	of	its	role	as	segregase	

in	the	removal	of	chromatin	bound	proteins	(Franz	et	al.,	2016;	Jentsch	&	Rumpf,	2007;	

Meyer	&	Weihl,	2014).	This	observation	of	condensation	defects	was	further	confirmed	

using	 other	 cdc48	 mutant	 alleles.	 We	 also	 excluded	 other	 mechanisms	 such	 as	 sister	

chromatid	cohesion	or	regulators	(Ipl1)	as	the	cause	for	these	defects	 in	cdc48	mutant,	

thus	validating	the	role	of	Cdc48	in	chromosome	condensation.	Previous	studies	in	yeast	

have	shown	that	Cdc48	is	important	for	the	removal	of	CMG	helicase	at	the	end	of	DNA	

replication	 (Maric	 et	 al.,	 2014)	 and	 interestingly,	 CMG	 helicase	 components	 were	

stabilized	 under	 Cdc48	 depletion	 during	 S-phase.	 Therefore,	 this	 raises	 an	 important	

question	 whether	 the	 condensation	 defects	 observed	 in	 cdc48	 mutant	 are	 due	 to	

incomplete	 DNA	 replication,	 as	 this	 is	 an	 important	 step	 before	 chromosome	
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condensation	 in	 early	mitosis	 (Dulev	et	 al.,	 2008).	Nevertheless,	 this	 is	not	 the	 case	 as	

DNA	 replication	 is	 completed	 in	 cdc48	 depleted	 cells	 (Maric	 et	 al.,	 2014).	Our	 findings	

confirm	that	the	observed	condensation	defects	in	cdc48	mutant	are	not	due	to	improper	

DNA	replication	(chapter	III;	Figure	S1b),	therefore	suggesting	these	defects	are	specific	

to	disruption	in	chromosome	condensation	process.	

	

4.3	 Cdc48	regulates	dynamic	binding	of	condensin	complex	to	facilitate	proper	

chromosome	condensation:	

	

Cdc48	was	initially	identified	in	yeast	as	factor	required	for	cell	cycle	progression	(Moir	

et	 al.,	 1982).	 Cdc48	has	been	 implicated	 in	many	 cellular	 activities	 (Franz	 et	 al.,	 2016;	

Jentsch	 &	 Rumpf,	 2007;	 Meyer	 &	 Weihl,	 2014).	 This	 AAA-ATPase	 usually	 recognizes	

ubiquitylated	or	SUMOylated	substrates	and	processes	 them	with	 the	help	of	a	specific	

cofactor	 via	 proteasome	 dependent	 or	 independent	 mechanisms.	 Here,	 in	 our	 study	

(chapter	 III)	 we	 focused	 on	 exploring	 this	 pathway	 of	 how	 Cdc48	 might	 extract	 the	

condensin	from	chromatin	to	regulate	condensation	process.		

	

	 Cdc48	has	several	cofactors	such	as	substrate	recruiting	and	substrate	processing	

and	 each	 cellular	 process	 has	 specific	 cofactor(s)	 associated	 with	 Cdc48	 (Jentsch	 &	

Rumpf,	 2007).	 Our	 analysis	 identified	 Ufd1-Npl4	 complex	 as	 the	 cofactor	 required	 for	

chromosome	condensation	and	a	recent	study	showed	that	Ufd1	forms	heterodimer	with	

Npl4	 in	yeast	 (Pye	et	al.,	2007).	 It	 is	also	 interesting	 to	note	 that	Ufd1-Npl1	dimer	 is	a	

cofactor	 for	 many	 cell	 cycle	 events	 regulated	 by	 Cdc48	 (Franz	 et	 al.,	 2016;	 Jentsch	 &	

Rumpf,	 2007;	 Meyer	 &	 Weihl,	 2014).	 Our	 study	 identified	 that	 the	 process	 of	

chromosome	condensation	 is	ubiquitin	dependent	and,	 interestingly,	we	also	observed	

condensation	defects	to	a	lesser	extent	in	ufd3	deletion	mutant,	which	is	another	cofactor	

for	 Cdc48	 (Chapter	 III-Figure	 2b).	 This	 could	 be	 due	 to	 the	 previously	 reported	 low	

ubiquitin	pool	 in	ufd3	 deletion	mutant	 (Mullally	 et	 al.,	 2006)	 and	 further	 supports	our	

results	that	ubiquitin	depletion	leads	to	condensation	defects.	Previous	studies	show	that	

condensin	 subunits	 undergo	 ubiquitylation	 (Kim	 et	 al.,	 2011;	 Oshikawa	 et	 al.,	 2012;	
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Povlsen	et	al.,	2012;	Swaney	et	al.,	2013;	Wagner	et	al.,	2011)	and	consistent	with	this,	

our	study	identified	two	non-SMC	subunits:	Brn1	and	Ycs4	undergoes	ubiquitylation	 in	

vivo.	But	it	is	also	likely	possible	that	other	subunits	of	condensin	might	be	ubiquitylated	

in	vivo.		

	

	 Ubiquitylation	is	an	important	posttranslational	modification	of	proteins,	which	is	

carried	 out	 by	 a	 set	 of	 conserved	 enzymes:	 E1	 (activating),	 E2	 (conjugating)	 and	 E3	

(ligase).	 These	 modifications	 regulate	 proteins	 via	 proteolytic	 or	 non-proteolytic	

mechanisms	(Finley	et	al.,	2012;	Kerscher	et	al.,	2006).	However,	we	do	not	know	the	E2	

or	E3	enzymes	that	catalyze	the	condensin	ubiquitylation	at	this	time.	Earlier	report	 in	

Drosophila	showed	SCF-mediated	ubiquitin	dependent	degradation	of	CAP-H2	subunit	in	

condensin	II	to	maintain	interphase	chromatin	(Buster	et	al.,	2013).	Instead,	our	studies	

pointed	 out	 that	 Cdc48	 regulates	 the	 ubiquitylated	 condensin	 via	 proteasome	

independent	mechanism.		

	 	 	

	 Cdc48	 removes	 many	 chromatin	 bound	 substrates	 via	 its	 segregase	 activity	 in	

various	processes	such	as	DNA	replication,	DNA	repair	or	at	the	end	of	mitosis	(Franz	et	

al.,	2016;	Meyer	&	Weihl,	2014).	Our	study	showed	that	kinetics	of	condensin	mobility	is	

slower	in	cdc48	mutant	resulting	in	enrichment	of	condensin	on	chromatin.	Interestingly,	

we	observed	that	ubiquitylated	Ycs4	is	stabilized	in	cdc48	mutant	compared	to	wildtype.	

These	 data	 further	 confirm	 that	 condensin	 is	 extracted	 from	 chromatin	 network	 by	

Cdc48-Ufd1-Npl4	in	an	ubiquitin	dependent	and	proteasome	independent	manner.	

	 	

	 In	yeast,	condensin	is	always	localized	in	the	nucleus	and	from	this	thesis	(chapter	

III)	 it	 is	now	evident	 that	Cdc48	 removes	 condensin	 from	chromatin	during	mitosis	 to	

facilitate	 chromosome	 condensation.	 During	 the	 process	 of	 cell	 division,	 any	

perturbations	 in	 the	 DNA	 due	 to	 external	 or	 internal	 factors	 lead	 to	 the	 activation	 of	

damage	 and	 repair	 pathways.	 To	 enable	 the	 repair	mechanisms,	 the	 chromatin	 bound	

proteins	 must	 undergo	 disassembly	 (Linger	 &	 Tyler,	 2007)	 and	 it	 is	 interesting	 to	

speculate	 if	 Cdc48,	 in	 such	 scenario,	might	 play	 a	 similar	 role	 in	 extracting	 condensin	
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from	damaged	DNA	prior	to	the	loading	of	repair	proteins.		

	

4.4	 Conclusions	and	future	perspectives:	

	

Our	 study	 was	 initially	 carried	 out	 to	 understand	 how	 chromosome	 condensation	 is	

initiated	in	early	mitosis.	These	studies	lead	us	to	identify	novel	mechanisms	involved	in	

the	 regulation	 of	 chromosome	 condensation	 during	 mitosis.	 In	 chapter	 II,	 we	

demonstrated	 the	 Cdk1-dependent	 chromosome	 condensation	 activation	 in	 early	

mitosis.	 This	 study	 further	 led	 us	 to	 identify	 the	 dynamic	 behavior	 of	 condensin	 in	

budding	yeast.	In	chapter	III,	we	have	determined	the	consequences	of	dynamic	binding	

of	 condensin	 onto	 chromatin	 and	 demonstrated	 the	 Cdc48-dependent	 condensin	

extraction	 from	 chromatin	 that	 facilitates	 the	 chromosome	 compaction	during	mitosis.	

The	 study	 also	 identified	 new	 players	 involved	 in	 the	 regulation	 of	 chromosome	

condensation	process.	Mutations	in	condensin	subunits	are	known	in	many	cancers	and	

neurodevelopmental	 diseases	 like	 microcephaly.	 Understanding	 the	 regulation	 of	

condensin	complex	functions	is	important	to	identify	the	pathology	of	these	diseases.	

	 	

	 In	the	chapter	II,	we	identified	that	Cdk1	phosphorylates	Smc4	during	mitosis	and	

most	phosphosites	are	present	on	its	N-terminal	extension.	It	will	be	interesting	to	study	

if	 this	 N-terminal	 extension	 can	 act	 as	 scaffold	 for	 other	 proteins	 to	 interact	 with	

condensin	 complex.	 Also,	 it	 will	 be	 important	 to	 understand	 whether	 condensin	 is	 a	

target	of	other	important	kinases	like	CKII	(casein	kinase)	as	CKII	was	previously	shown	

to	negatively	regulating	condensin	complex.		

	

	 Finally,	a	genetic	screen	I	analyzed	in	chapter	III	 identified	three	new	regulators	

of	 chromosome	condensation	apart	 from	Cdc48.	 It	would	be	 interesting	 to	understand	

whether	 these	 new	 effectors	 of	 chromosome	 morphology	 have	 any	 direct	 role	 in	

regulating	 chromosome	 condensation	 or	 condensin	 complex	 function.	 NuA4	 and	 Swr1	

complexes	 have	 a	 role	 in	 sister	 chromatid	 cohesion,	 so	 the	 condensation	 defects	

observed	 here	might	 be	 an	 apparent	 consequence	 of	 cohesion	 defects.	 But,	we	 cannot	
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rule	out	completely	their	direct	role	 in	chromosome	condensation.	Especially,	Esa1	is	a	

subunit	 of	NuA4,	 a	 histone	 acetyl	 transferase	 (HAT)	 complex	 that	 also	 has	many	 non-

histone	substrates	(Lee	&	Workman,	2007;	Lin	et	al.,	2009).	Hence,	there	is	a	possibility	

that	condensin	complex	can	be	a	target	of	this	acetyl	transferase.	Previously	it	has	been	

shown	 that	 condensin	 is	 acetylated	 and	 it	 is	 important	 for	 its	 loading	 onto	 chromatin	

(Choudhary	 et	 al.,	 2009).	 Interestingly,	 NuA4	 and	 SAGA	 complexes	 were	 previously	

shown	to	be	implicated	in	condensin	binding	onto	chromatin	in	S.	pombe	(Tanaka	et	al.,	

2012;	Toselli-Mollereau	et	al.,	2016).			

	 	

	 Another	attractive	 candidate	 in	our	 screen	was	Rvb2/Reptin.	This	 is	AAA+	 type	

ATPase	 and	 found	 in	 both	 INO80	 and	 SWR	 complexes	 (Nano	 &	 Houry,	 2013).	 Our	

analysis	shows	condensation	defects	with	swr1	deletion	mutant,	which	suggests	that	the	

defects	 in	 Rvb2	 are	most	 likely	 due	 to	 SWR	 complex	 function.	 Rvb2/Reptin	 has	 been	

associated	 with	 regulating	 several	 processes	 like	 spindle	 assembly,	 chromatin	

remodeling,	telomerase	function	(Nano	&	Houry,	2013).	Also,	recent	studies	on	C.	elegans	

and	Xenopus	demonstrated	Rvb2	role	in	chromatin	decondensation	at	the	end	of	mitosis	

(Magalska	 et	 al.,	 2014).	 Further,	 it	 will	 be	 interesting	 to	 understand	 if	 Rvb2	 has	 any	

direct	role	in	chromosome	condensation	in	yeast.		

	 		

	 My	thesis	addressed	several	key	questions	in	the	chromosome	condensation	field	

but	also	at	same	time	unraveled	a	new	set	of	questions,	which	need	to	be	answered	for	a	

better	understanding	of	 chromosome	condensation	process.	This	knowledge	will	 allow	

us	 to	 identify	 possible	 new	 therapeutic	 targets,	 as	 well	 as	 the	 development	 of	 novel	

strategies	to	fight	cancer.	 	
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