
CONFORMATIONAL	REGULATION	OF	THE	ESSENTIAL	EPIGENETIC	

REGULATOR	UHRF1	

	

	

Thesis	by	

Aarón	Pantoja	Angles	

	

	

	

In	Partial	Fulfillment	of	the	Requirements	

For	the	Degree	of	

Master	in	Bioscience	

	

	

	

	

King	Abdullah	University	of	Science	and	Technology	

Thuwal,	Kingdom	of	Saudi	Arabia	

	

	

May,	2018	 	



2	

EXAMINATION	COMMITTEE	PAGE	
	

	
	

	

The	thesis	of	Aarón	Pantoja	Angles	is	approved	by	the	examination	committee.	

	

	

	

Committee	Chairperson:	Wolfgang	Fischle	

Committee	Members:	Antonio	Adamo,	Magdy	Mahfouz	and	Lukasz	Jaremko	

	

	

	

	

	

	

	

	

	

	

	

	



3	

COPYRIGHT	PAGE	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

©	May,	2018	

Aarón	Pantoja	Angles	

All	Rights	Reserved	

	 	



4	

ABSTRACT	
 

Conformational	regulation	of	the	essential	epigenetic	regulator	UHRF1	

Aarón	Pantoja	Angles	

	

UHRF1	 is	 an	 essential	 epigenetic	 regulator	 implicated	 in	 the	 maintenance	 of	 DNA	

methylation.	While	its	functional	state	has	been	suggested	to	be	allosterically	regulated	

by	phosphatidylinositol	5-phosphate	and	dependent	on	purification	conditions	and	tags	

coupled	to	the	protein,	the	expression	system	might	have	a	broader	impact	on	UHRF1s	

interaction	 properties.	 We	 hypothesized	 that	 the	 translation	 kinetics	 defined	 by	 the	

expression	host	has	an	 impact	on	 the	 folding	process	of	 the	protein,	which	ultimately	

affects	its	structure	and	function.	To	test	this	idea,	the	cDNA	of	UHRF1	was	recoded	in	

order	to	generate	optimized	and	harmonized	sequences	that	were	expected	to	alter	the	

overall	translation	speed.	Both	proteins	were	expressed	in	Escherichia	coli	BL21-DE3	and	

their	 interaction	profiles	with	H3K9me3	and	unmodified	H3	peptides	were	determined	

by	microscale	 thermophoresis	assays.	The	dissociation	constants	were	compared	by	 t-

tests	 in	 order	 to	 evaluate	 a	 possible	 change	 in	 the	 interaction	 properties	 of	 the	

optimized	and	harmonized	proteins,	compared	to	non-optimized	UHRF1	expressed	in	E.	

coli	 BL21-DE3.	While	 no	difference	was	 found	 for	 the	 interaction	of	 optimized	UHRF1	

with	the	H3K9me3	peptide,	a	significant	difference	was	found	for	its	interaction	with	the	

unmodified	 H3	 peptide.	 Moreover,	 both	 the	 interactions	 of	 harmonized	 UHRF1	 with	

H3K9me3	and	unmodified	H3	peptides	were	determined	to	change.	For	this	reason,	we	
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concluded	 that	 translation	 kinetics	 dependent	 on	 the	 expression	 system	 impacts	 the	

functional	state	of	UHRF1.		

To	 further	 study	 this	 phenomenon,	 we	 expressed	 the	 consensus	 sequence	 of	

UHRF1	 in	Escherichia	coli	BL21-Codon	Plus-(DE3)-RIL,	a	bacterial	strain	that	 is	enriched	

with	 arginine,	 isoleucine,	 and	 leucine	 tRNA	 isoacceptors.	 Differences	 in	 its	 interaction	

profile	 with	 histone	 peptides	 were	 found	 when	 compared	 with	 UHRF1	 expressed	 in	

Escherichia	 coli	 BL21-DE3.	 Since	 the	 major	 difference	 between	 these	 strains	 is	 the	

abundance	of	tRNAs,	we	obtained	further	findings	that	support	our	initial	hypothesis.		

Additionally,	 the	 interaction	 profiles	 from	 the	 consensus	 UHRF1	 protein	 were	

determined	 in	 the	 presence	 of	 PI5P	 to	 get	 an	 insight	 into	 how	 this	 phosphoinositide	

might	impact	the	final	structure	and	function	of	UHRF1.	MST	measurements	and	limited	

proteolysis	 assays	 led	 us	 to	 the	 idea	 of	 a	 partially	 open	 conformation	 for	 the	 UHRF1	

expressed	in	E.	coli	BL21-DE3	and	E.coli	Codon	Plus-(DE3)-RIL.	
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Chapter	1	-	Introduction	
	

1.1	Chromatin	structure	and	its	regulation	

The	diversity	of	cellular	states	that	are	present	in	many	eukaryotic	organisms	requires	a	

highly	sophisticated	mechanism	that	regulates	and	limits	the	expression	of	the	complex	

genetic	repertoire	available	in	cells.	Moreover,	a	plastic	mechanism	must	exist	in	order	

to	allow	adaptation	under	different	times	of	the	cell	cycle,	organism	development,	and	

different	environmental	conditions	[1,	2].	As	a	consequence,	organisms	have	developed	

the	ability	to	organize	their	genetic	information	in	a	highly	structured	architecture	called	

chromatin,	 a	 heterogeneous	 complex	made	 of	 DNA,	 RNA	 and	 several	 proteins	 [3,	 4].	

From	 a	 structural	 point	 of	 view,	 the	 nucleosome	 is	 considered	 the	 basic	 unit	 of	

chromatin.	 The	 nucleosome	 heterooctamer	 is	

composed	 of	 four	 different	 types	 of	 histones	

associated	between	them	and	exposing	their	N-

terminal	 tails	 out	 of	 the	 nucleosome	 core	 (See	

Figure	 1.1)	 [5].	 These	 tails	 can	 be	 modified	 by	

acetylation,	 methylation,	 phosphorylation,	

ubiquitination,	and	other	less	common	chemical	

modifications	[6],	all	of	which	ultimately	affects	

the	 profile	 of	 the	 nucleosome.	 With	 this	

understanding,	 negatively	 charged	 groups	 will	

counterbalance	 the	 positive	 charge	 in	 the	 core	 responsible	 for	 DNA	 attraction	 and	

Figure	1.1	General	nucleosome	structure	and	some	
of	 the	 most	 common	 modifications	 found	 on	
histone	 tails.	 See	 how	 DNA	 is	 packed	 around	 the	
nucleosome	core	and	how	histone	tails	are	free	for	
post-translational	modifications.		
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association,	 resulting	 in	 the	 acquisition	 of	 a	 loose	 chromatin	 state	 (euchromatin).	 In	

contrast,	 the	 addition	 of	 positively	 charged	marks	 to	 the	 histone	 tails	will	 promote	 a	

compacted	 chromatin	 state	 (heterochromatin),	 since	 a	 more	 positive	 state	 of	 the	

nucleosome	will	better	interact	with	the	negative	DNA	strand.		Moreover,	another	type	

of	 regulation	 happens	 at	 the	 DNA	 level,	 where	methylation	 on	 cytosines	 can	 have	 a	

direct	 impact	on	 gene	expression	 [7].	Modifications	upstream,	downstream,	or	within	

the	 coding	 region	 of	 a	 gene	will	 differentially	 define	 the	 activation	 or	 repression	 of	 a	

gene.		

Having	all	these	mechanisms	in	mind,	we	can	clearly	see	how	histone	and	DNA	

modifications	represent	a	highly	tuned	and	evolved	system	by	which	different	functional	

states	 of	 a	 given	 DNA	 sequence	 can	 be	 established	 [8].	 The	 interplay	 between	

euchromatin	and	heterochromatin	states	is	therefore	a	process	that	has	to	be	robustly	

regulated,	and	in	which	many	different	players	with	specialized	functions	are	taking	part	

[6].	

	

1.2	Effector	proteins	and	their	role	in	regulating	chromatin	states		

While	 some	 regions	 of	 the	 genome	 are	 always	 found	 in	 a	 euchromatic	 state,	 others	

alternate	between	euchromatin	and	heterochromatin	under	specific	circumstances.	For	

this	 reason,	 placing	 and	 removing	 histone	 and	DNA	modifications	 is	 an	 essential	 task	

that	must	 be	 accomplished	 in	 plastic	 cells	 [9].	 Consequently,	 there	 exists	 a	 variety	 of	

effector	 proteins	 specialized	 in	 the	 deposition,	 the	 erasure,	 and	 the	 maintenance	 of	



15	

these	marks	 [10-12]	 in	order	 to	preserve	 the	 identity	of	 the	 cells.	 In	 addition,	 several	

proteins	can	specifically	recognize	the	marks	and	act	as	scaffolds	for	the	recruitment	of	

other	 proteins,	 establishing	 higher	 order	 complexes	 that	 can	 thus	 trigger	 a	 major	

functional	response	[13].		

While	 most	 of	 the	 effector	 proteins	 recognize	 a	 single	 target,	 some	 have	

developed	 the	 ability	 to	 recognize	 multiple	 components	 of	 chromatin.	 This	 feature	

makes	 them	 a	 fascinating	 model	 to	 study,	 since	 conjugating	 the	 ability	 to	 handle	

multiple	 interactions	 and	 functions	 could	 give	 rise	 to	 a	 more	 refined	 mechanism	 by	

which	the	chromatin	could	be	regulated.	A	good	example	of	this	type	of	effector	protein	

is	 UHRF1,	 which	 can	 not	 only	 bind	 to	 histone	 modifications,	 but	 also	 recognizes	

unmodified	H3,	modified	H3,	and	hemimethylated	DNA	[14,	15].	UHRF1	is	an	essential	

multi-domain	 protein	whose	 deletion	 in	mice	 is	 embryonic	 lethal	 [16].	 In	 contrast,	 its	

deletion	 in	 stem	 cells	 causes	 a	 decrease	 in	 DNA	 methylation,	 susceptibility	 to	 DNA	

arrest,	 sensitivity	 to	 DNA	 damage,	 and	 limited	 maintenance	 of	 higher	 levels	 of	

chromatin	 structures	 [17].	 Hence,	 getting	 an	 insight	 into	 the	 regulation	 of	 this	

interesting	 and	 complex	 protein	 is	 important	 to	 understand	 its	 implications	 for	

chromatin	structure	and	function.		

	

1.3	Ubiquitin-like	with	PHD	and	RING	Finger	domains	1		

UHRF1	 is	an	essential	protein	 that	helps	 to	maintain	 the	methylation	 state	of	DNA	by	

recruiting	 the	 maintenance	 methyltransferase	 DNMT1	 to	 the	 replication	 fork	 during	
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mitosis	 [18-20].	UHRF1	 is	 comprised	of	 five	different	 domains:	 an	UBL	domain,	 a	 TTD	

domain	capable	of	binding	H3K9me3	peptides,	a	PHD	domain	which	can	 interact	with	

the	unmodified	N-terminal	tail	of	H3,	a	SRA	domain	which	recognizes	hemi-methylated	

CpG	dinucleotides	and	a	C-terminal	RING	domain	[21].	Furthermore,	UHRF1	possesses	a	

PBR	region	within	the	pre-RING	region	able	to	interact	with	its	TTD	domain	(See	Figure	

1.2).	

In	view	of	its	binding	potential	to	both	H3K9me3	peptides	and	hemi-methylated	

DNA,	it	is	believed	that	UHRF1	is	one	of	the	links	that	can	explain	the	crosstalk	between	

chromatin	marks	at	the	DNA	and	histone	levels	[22].	This	dual	mechanism	might	have	an	

implication	 in	 our	 current	 understanding	 of	 chromatin	 regulation.	 In	 order	 to	 better	

define	 the	 overall	 repercussions	 of	 UHRF1,	 it	 is	 first	 necessary	 to	 understand	 the	

immediate	 regulation	 of	 UHRF1	 and	 comprehend	 the	 mechanisms	 by	 which	 this	

regulation	 is	 modulated.	 As	 a	 result	 of	 the	 multi-domain	 structure	 of	 UHRF1,	 the	

differential	 interactions	 between	 its	 own	 domains	 might	 generate	 different	

conformational	 rearrangements	 that	 ultimately	 affect	 their	 binding	 properties	 with	

histone	peptides.	A	delicate	balance	might	 be	 established	 in	 order	 to	 achieve	 specific	

functional	 states.	 While	 this	 balance	 could	 be	 established	 by	 a	 metabolite-mediated	

Figure	1.2	Domain	structure	of	UHRF1	and	their	interaction	partners.	In	the	top	of	the	image	the	binding	partners	of	
UHRF1.	 Numbers	 represent	 the	 residues	 at	 which	UHRF1	domains	 start	 and	 finish.	 See	 that	 an	 amplified	 region	 is	
shown	for	the	visualization	of	its	residue	sequence.	



17	

allosteric	 mechanism,	 the	 final	 balance	 could	 also	 be	 defined	 by	 the	 translational	

context,	as	will	be	discussed	in	the	next	sections.	

	

1.4	Allosteric	regulation	of	UHRF1	is	mediated	by	PI5P	

Since	the	PBR	region	of	UHRF1	can	interact	with	

its	TTD	domain,	it	is	believed	that	UHRF1	adopts	

a	 closed	 conformation	 (See	 Figure	 1.3.1).	

Nonetheless,	this	interaction	might	be	disrupted	

in	 the	 presence	 of	 phosphatidylinositol	 5-

phosphate	 (PI5P).	 This	 is	 because	 the	

phosphoinositide	 is	 able	 to	 bind	 to	 the	 PBR	

region	 with	 a	 higher	 strength	 than	 the	 TTD	

domain.	When	this	happens,	the	TTD	domain	 is	

released	 and	 UHRF1	 adopts	 an	 open	

conformation	(See	Figure	1.3.2)	[23,	24].		

This	 allosteric	 regulation	 mechanism	 might	 have	 a	 profound	 impact	 on	 how	

UHRF1	 interacts	 with	 different	 binding	 partners.	 Because	 the	 TTD	 domain	 might	 be	

hidden	 or	 exposed,	 the	 overall	 UHRF1	 interaction	 with	 H3K9me3	 peptides	 can	 be	

modulated.	 As	 a	 result,	 in	 an	 open	 conformation	 UHRF1	 can	 interact	 with	 H3K9me3	

peptides	 through	 both	 the	 PHD	 and	 TTD	 domains,	while	 in	 a	 closed	 conformation	 its	

interaction	strength	decreases	since	only	the	PHD	domain	is	available	for	binding	[24].		

Figure	 1.3	 Proposed	 models	 for	 UHRF1	
conformation	 1)	 in	 absence	 of	 PI5P	 and	 in	 2)	
presence	 of	 PI5P.	 PI5P	 depicted	 as	 a	 red	 dot.
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1.5	Expression	conditions	and	systems	affect	UHRF1	functional	state	

UHRF1	 proteins	 expressed	 in	 systems	 containing	 PI5P,	 like	 rabbit	 reticulocytes	 and	

mammalian	cell	lines,	tend	to	have	a	higher	interaction	strength	with	H3K9me3	peptides	

rather	 than	 with	 unmodified	 H3	 peptides.	 In	 contrast,	 UHRF1	 expressed	 in	 bacteria	

tends	to	show	no	significant	preference	for	either	of	the	two	peptides,	possibly	due	to	

the	 absence	 of	 PI5P	 [24].	 Nonetheless,	 different	 studies	 have	 pointed	 out	 different	

interaction	 behavior	 between	 UHRF1	 and	 the	 histone	 peptides,	 possibly	 as	 a	

consequence	 of	 the	 expression	 conditions	 and	 the	 different	 terminal	 tags	 used	 that	

affect	UHRF1	stability	[23,	25].		

Moreover,	 we	 have	 observed	 in	 our	 laboratory	 that	 UHRF1	 expressed	 in	

Escherichia	 coli	 BL21-DE3	 (DE3-UHRF1)	 binds	 around	 ten	 times	 stronger	 to	 H3K9me3	

peptides	compared	to	unmodified	H3	peptides	(See	Figure	1.4.1	and	1.4.2),	resembling	

the	 activity	 of	 the	 proposed	open	UHRF1	 regardless	 the	 absence	 of	 PI5P.	 In	 contrast,	

UHRF1	expressed	 in	Escherichia	 coli	BL21-Codon	Plus-(DE3)-RIL	 (RIL-UHRF1)	only	binds	

around	two	times	stronger	 to	 the	H3K9me3	peptides	compared	to	 the	unmodified	H3	

peptides	(See	Figure	1.4.3	and	1.4.4).	These	results	suggest	that	the	translation	context	

might	 be	 responsible	 for	 the	 different	 functional	 states	 between	 the	 proteins,	 as	 the	

only	 difference	 between	 the	 expression	 systems	 is	 the	 enrichment	 of	 three	 specific	

tRNAs	in	the	E.	coli	BL21-Codon	Plus-(DE3)-RIL	strain.	Hence,	these	results	suggest	that	

other	mechanisms	rather	than	PI5P	could	possibly	trigger	the	reorganization	of	UHRF1	

structure	and	therefore	alter	its	interaction	properties.		



19	

		
	1.6	Impact	of	translation	context	on	protein	folding	

It	has	been	demonstrated	that	different	translation	contexts	can	affect	protein	structure	

[26,	27].	It	has	been	suggested	that	a	specific	coding	sequence	might	have	regions	that	

can	 be	 translated	 slow	 in	 one	 organism	 but	 fast	 in	 another.	 The	 reason	 for	 this	

differential	velocity	relies	on	the	relative	abundance	of	tRNAs	isoacceptors	 in	different	

organisms	 and	 the	 kinetics	 at	which	 these	 can	 find	 their	 target	 codons	 [28,	 29].	 As	 a	

consequence,	 a	 sequence	 can	be	 composed	of	 codons	 that	 can	 rapidly	 be	 recognized	

due	 to	 the	 high	 abundance	 of	 tRNAs	 isoacceptors,	 or	 contrarily,	 it	 could	 be	 slowly	

recognized	due	 to	 the	 scarcity	of	 tRNAs	 isoacceptors	 in	 the	 surrounding	environment.	

Figure	 1.4	 MST	 measurements	 performed	 on	 DE3-UHRF1	 and	 RIL-UHRF1	 with	 H3	 peptides:	 1)	 DE3-UHRF1	 with	
H3K9me3	peptide,	2)	DE3-UHRF1	with	unmodified	H3	peptide,	3)	RIL-UHRF1	with	H3K9me3	peptide	and	4)	RIL-UHRF1	
with	unmodified	peptide.	Measurements	performed	by	Papita	Mandal	(Unpublished	data).	
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Having	this	in	mind,	we	can	now	

define	 a	 more	 complex	

mechanism	 by	 which	 slowly	

translated	 regions	 affect	 the	

folding	process	of	proteins.		

Following	 the	 example	

illustrated	 in	 Figure	 1.5,	 two	

transcripts	 that	 codify	 for	 the	

same	protein	 can	have	a	 region	

(in	 this	example	a	 linker)	 that	 is	

translated	with	different	speeds	between	two	different	organisms.	During	the	synthesis	

of	 the	 first	 domain	 (Figure	 1.5.2),	 the	 ribosome	 has	 performed	 a	 translation	 with	 a	

constant	 speed.	 As	 synthesis	 occurs	 in	 the	 linker,	 one	 organism	 will	 translate	 it	 in	 a	

paused	manner,	allowing	 the	 independent	 folding	of	 the	 first	domain.	 In	contrast,	 the	

second	organism	will	fast-translate	the	linker	and	the	second	domain,	allowing	these	to	

interact	 and	 co-fold	 with	 the	 first	 domain	 (Figure	 1.5.3).	 As	 a	 result,	 two	 different	

conformations	 can	 be	 generated	 from	 a	 unique	 coding	 sequence	 expressed	 under	

different	translation	kinetics	(Figure	1.5.4).		

	 Based	 on	 the	 fact	 that	 the	major	 difference	 between	 E.	 coli	BL21-Codon	 Plus-

(DE3)-RIL	 and	 E.	 coli	 BL21-DE3	 is	 the	 enrichment	 of	 three	 tRNAs	 isoacceptors,	 we	

hypothesize	that	the	differential	translation	kinetics	of	these	two	systems	is	responsible	

for	the	different	functional	states	found	between	RIL-UHRF1	and	DE3-UHRF1.	

Figure	 1.5	 Model	 explaining	 how	 translation	 kinetics	 might	 affect	
the	 final	 structure	of	 proteins.	 1)	 Two	 transcripts	 codifying	 for	 the	
same	 protein	 contain	 two	 domains	 joined	 by	 a	 linker	 that	 is	
differentially	 translated	 in	 speed.	 2)	 First	 domain	 has	 been	
synthesized	3)	 translation	 speed	of	 linker	affects	 the	 folding	of	 the	
already	 synthesized	 domain.	 4)	 Proteins	 with	 a	 different	
conformation	has	been	expressed.		
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1.7	Determining	the	translation	kinetic	profile	of	UHRF1	

The	 protein	 repertoire	 of	 each	 organism	 has	 evolved	 in	 such	 a	 way	 that	 they	 have	

adapted	 their	 sequences	 in	 order	 to	 be	 successfully	 synthesized	 by	 the	 unique	

translation	 machinery	 present	 [30,	 31].	 As	 part	 of	 this	 machinery,	 the	 tRNAs	

isoacceptors	 have	 evolutionarily	 influenced	 how	 proteins	 are	 coded	 in	 a	 particular	

organism	[30].	Therefore,	from	the	multiple	codons	that	can	be	used	to	codify	a	specific	

amino	acid,	organisms	have	selected	to	preferentially	use	one	over	the	others,	with	the	

aim	of	adapting	the	synthesis	of	their	proteins	to	their	translation	conditions.	Moreover,	

because	 there	 is	a	 tight	 link	between	 the	 tRNA	 isoacceptor	abundance	and	 the	codon	

usage	frequency	in	each	organism	[32,	33];	normalized	values	of	these	frequencies	can	

be	used	to	analyze	the	relative	translation	speed	of	the	proteins.	

	 According	to	my	hypothesis,	UHRF1	translation	speed	is	affected	by	the	type	of	

expression	 system	 used.	 A	 heat-map	 representing	 the	 relative	 translation	 kinetics	 of	

UHRF1	 in	Homo	 sapiens	 and	Escherichia	 coli	 BL21	 supports	 this	 idea	 (See	Figure	 1.6).	

From	 this	 representation,	 we	 can	 see	 that	 there	 is	 a	 difference	 in	 the	 translation	

patterns	of	UHRF1	across	species,	which	might	have	an	impact	in	its	function.	 	

Figure	1.6	Heat	map	representing	the	codon	usage	frequency	pattern	between	UHRF1	expressed	in	H.	sapiens	and	E.	
coli.	
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Chapter	2	–	Hypothesis	and	objectives	
	

2.1	Hypothesis	

Translation	 kinetics	 affects	 the	 folding	 process	 of	 UHRF1,	 thereby	 impacting	 its	

functional	state.	 I	 theorized	that	codon	usage	frequencies	 (which	have	been	shown	to	

correlate	 to	 the	 tRNA	 isoacceptors	 abundances	 in	 many	 organisms)	 can	 be	 used	 to	

recode	protein	sequences,	change	the	synthesis	velocity,	and	therefore	study	the	effect	

of	translation	kinetics	on	UHRF1	functions.	By	codon	optimizing	and	codon	harmonizing	

UHRF1,	I	expect	to	see	a	change	in	the	resulting	recombinant	proteins	in	terms	of	their	

binding	interactions	with	histone	peptides.		

	

2.2	Objectives	

• Express	codon	optimized	and	codon	harmonized	UHRF1	sequences	

• Measure	their	interaction	strength	with	histone	peptides	by	MST	

• Determine	 statistically	 the	 effect	 of	 a	 different	 translation	 context	 in	 UHRF1	

functional	state	

• Examine	 possible	 structural	 differences	 of	 RIL-UHRF1	 and	 DE3-UHRF1	 through	

limited	proteolysis	

• Get	 an	 indirect	 structural	 insight	 of	 RIL-UHRF1	 and	 DE3-UHRF1	 through	 MST	

analysis	in	presence	of	PI5P	
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Chapter	3 -	Material	and	Methods	
3.1	Materials	

3.1.1	Laboratory	equipment		

All	the	laboratory	equipment	used	during	these	studies	is	summarized	in	Table	3.1.	

Table	3.1	General	Laboratory	equipment.	

	

3.1.2	Chemicals	

Chemicals	used	this	study	are	summarized	in	Table	3.2.	

Table	3.2	Generally	used	chemicals.		
	
Chemical	 Manufacturer	 	 Chemical	 Manufacturer	

2	-Propanol	 Sigma	Aldrich,	Missouri	 	 Glycerol	 Sigma	Aldrich,	Missouri	

2-Mercaptoethanol	 Sigma	Aldrich,	Missouri	 	 HEPES	 Sigma	Aldrich,	Missouri	

Equipment	 Manufacturer	 	 Equipment	 Manufacturer	

Analytical	Balance	 Sartorius,	Göttingen	 	 Minichiller	 Diagenode,	Liége	

Balance	Quintix	 Sartorius,	Göttingen	 	 Monolith	NT.115	 Nanotemper,	Munich	

Centrifuge	 5417	 R,	 424	 R	
and	5810	R	 Eppendorf,	Hamburg	 	 Nanodrop	2000c	 Thermo	Fischer,	Rockford	

Centrifuge	SORVALL	LYNX	
600	 Thermo	Fischer,	Rockford	 	 Nanophotometer	NP80	 IMPLEN,	Munich	

ChemiDoc	 MP	 Imaging	
System	 Bio-Rad,	Berkley	 	 pH	meter	ProLab	1000	 SI	Analytics,	Weilheim	

Freezer	(-20	°C)	 Thermo	Fischer,	Rockford	 	 Photometer	 FoodALYT,	Bremen	

Freezer	(-80	°C)	 Thermo	Fischer,	Rockford	 	 Power	Supply	 Bio-Rad,	Berkley	

Fridge	(4	°C)	 Thermo	Fischer,	Rockford	
&	Liebherr	 	 See-saw	rocker	SSL4	 Stuart,	Standforeshire	

Homogenizer	 EmulsiFlex-
05	 Avestin,	Ottawa	 	 Sonicator	Bioruptor	Pico	 Diagenode,	Liége	

Imaging	 System	 Odyssey	
CLx	 Li-Cor,	Lincoln	 	 ThermoMixer	C	 Eppendorf,	Hamburg	

Incubation	 Shaker	
Multitron	Pro	 INFORS	HT,	Bottmingen	 	 Trans-Blot	 Semi-Dry	

Transfer	Cell	 Bio-Rad,	Berkley	

Incubator	HERATHERM	 Thermo	Fischer,	Rockford	 	 Vacuum	Pump	 KNF	Lab,	New	York	

Liophylizer	CentriVap	 LABCONCO,	Kanzas	 	 Vortex	4	digital	 IKA,	Breisgau	

Magnetic	 Stirrer	 RCT	
basic	 IKA,	Breisgau	 	 Waterbath	TW12	 Julabo,	Seelbach	

Mastercycler	pro	S	 Eppendorf,	Hamburg	 	 Milli-Q	Water	Purification	
System	 Millipore,	Darmstadt	

Milli-Q	Water	Purification	
System	 Millipore,	Darmstadt	 	 	 	
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2X	YT	broth	 VWR	 International,	
Poole	 	 Hydrochloric	acid	 Sigma	Aldrich,	Missouri	

Activated	charcoal	 Sigma	Aldrich,	Missouri	 	 Imidazole	 Sigma	Aldrich,	Missouri	

Agar,	Luria-Bertani	 Sigma	Aldrich,	Missouri	 	 Isopropanol	 Sigma	Aldrich,	Missouri	

Agarose	 Sigma	Aldrich,	Missouri	 	 Kanamycin	Sulphate	 Sigma	Aldrich,	Missouri	

Ammonium	persulfate	 Sigma	Aldrich,	Missouri	 	 Luria-Bertani	Broth	 Sigma	Aldrich,	Missouri	

Ampicillin	 Corning,	New	York	 	 Methanol	 Fisher,	(US)	

Bisacrylamide	solution	 Sigma	Aldrich,	Missouri	 	 Milk	powder	 Regilait,	(France)	

Bromophenol	blue	 Sigma	Aldrich,	Misouri	 	 Phenylmethylsulfonyl	fluoride	 Sigma	Aldrich,	Missouri	

Chloramphenicol	 Sigma	Aldrich,	Missouri	 	 Ponceau	S	 Sigma	Aldrich,	Missouri	

Coomasie	Brilliant	Blue	 Sigma	Aldrich,	Missouri	 	 Sodium	Chloride	 Sigma	Aldrich,	Missouri	

Dithiothreitol	 AppliChem,	(Germany)	 	 Sodium	Dodecyl	Sulfate	 Sigma	Aldrich,	Missouri	

Dymethyl	Sulfoside	 Sigma	Aldrich,	Missouri	 	 Sodium	Hydroxyde	 Fischer	Bioreagents,	(US)	

Ethanol	Absolute	 VWR	 International,	
Poole	 	 Tetramethylethylendiamine	 Sigma	Aldrich,	Missouri	

Ethidiumbromide	 Sigma	Aldrich,	Missouri	 	 Trizma	Base	 Sigma	Aldrich,	Missouri	

Glucose	 Sigma	Aldrich,	Missouri	 	 Tween	20	 Sigma	Aldrich,	Missouri	

	

3.1.3	Composition	of	buffers,	media	and	general	solutions		

The	 composition	 of	 general	 buffers,	 media	 and	 solutions	 used	 in	 this	 study	 are	

summarized	in	Table	3.3.			

Table	3.3	List	of	buffers,	media,	general	solutions	and	their	composition.	

Buffer,	media	or	solution	 Composition	

10X	PBS	 1.36	M	NaCl,	26	mM	KCL,	17.63	mM	KH2PO4	

1X	LP	Buffer	 10	mM	HEPES	[pH=7.9],	300	mM	NaCl	

1X	TBE	 89	Mm	Tris-NaOH	[pH=8],	45	mM	boric	acid,	2	mM	EDTA)	

2X	YT	medium	 1.6%	tryptone	(w/v),	1%	yeast	extract	(w/v),	0.5%	NaCl	(w/v)	

5X	protein	loading	dye	 10%	SDS,	100	mM	DTT,	40%	glycerol	(v/v),	0.2	M	Tris-HCl	[pH=6.8],	0.1	%	
bromophenol	blue	

Blocking	solution	 0.1	%	tween	20	(v/v),	5	%	milk	(w/v),	1X	PBS	buffer	

Coomassie	staining	solution	 1	%	coomassie	blue	(w/v),	50	%	methanol	(v/v),	10%	acetic	acid	(v/v)	

Dialysis	Buffer	 50	mM	Tris-HCl	[pH=8],	150	mM	NaCl,	10%	glycerol,	1	mM	DTT	

Distaining	solution	 20	%	methanol,	40%	acetic	acid	

Elution	Buffer	 50	mM	Tris-HCl	[pH=8],	150	mM	NaCl,	500	mM	imidazole	
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LB	agar	 1%	tryptone	(w/v),	0.5%	yeast	extract	(w/v)	&	0.5%	NaCl	(w/v)	

LB	medium	 1	%	tryptone	(w/v),	0.5	%	yeast	extract	(w/v),	0.5	%	NaCl	(w/v),	0.06	%	EZMix	inert	
binder	

Lysis	Buffer	 50	mM	Tris-HCl	[pH=8],	300	mM	NaCl,	20	mM	imidazole	

PBST	buffer	 1	X	PBS,	0.1	%	tween	20	

PD	Buffer	 20	mM	HEPES-NaOH	[pH=7.9],	150	mM	NaCl,	0.05	%	tween	20	

SOC	medium	 0.02%	tryptone/peptone	(w/v),	yeast	extract	0.005	%	(w/v),	10	mM	NaCl,	2.5	mM	
KCl,	0.01	mM	MgSO4,	0.01	mM	MgCl2,	20	mM	glucose	[Ph=7],	

Transfer	solution	 0.25	M	trizma	base,	1.92	M	glycine,	1	%	SDS	(w/v),	10	%	ethanol	(v/v)	

Wash	Buffer	 50	mM	Tris-HCl	[pH=8],	500	mM	NaCl,	20	mM	imidazole	

	

3.1.4	Consumables	and	reagents	

General	consumables	and	reagents	are	summarized	in	Table	3.4.	

Table	3.4	Used	consumables	and	reagents.	

Consumable	or	Reagent	 Manufacturer	

Amersham	Protan	Premium	0.45	NC	nitrocellulose	membrane	 GE	Healthcare	Life	Sciences	

Gel	Loading	dye	purple	6X	no	SDS	 New	England	BioLabs	

Gibson	Assembly	Master	Mix	 New	England	BioLabs	

Monolith	His-Tag	Labeling	Kit	RED-tris-NTA	 Nano	Temper	technologies	

Monolith	Premium	Capillaries	 Nano	Temper	technologies	

Phusion	High-Fidelity	DNA	Polymerase	 New	England	BioLabs	

Q5	High-Fidelity	DNA	Polymerase	 New	England	BioLabs	

Quick-Load	Purple	100	bp	DNA	Ladder	 New	England	BioLabs	

Quick-Load	Purple	2-Log	DNA	Ladder	 New	England	BioLabs	

Spectra/Por	7	dyalisis	membrane	pre-treated	TC-tubing	MWCO	of	3.5	kDa	 Spectrum	

Streptavidin	magnesphere	 Promega	

	

3.1.5	Kits	

Kits	used	during	this	study	are	summarized	in	Table	3.5.	

Table	3.5	Common	kits	used	for	general	molecular	techniques.	

Kit	 Manufacturer	

PCR	clean-up	Gel	Extraction	 Macherey-Nagel	

Plasmid	DNA	purification	 Macherey-Nagel	
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Proti-Ace	Kit	 Hampton	Research	

Proti-Ace	Kit	II	 Hampton	Research	

1-Step	Human	IVT	 Thermo	Scientific	

	

3.1.6	Proteases	and	concentrations	used	for	Limited	Proteolysis	

Proteases	and	used	stock	concentrations	from	Proti-Ace	Kit	and	Proti-Ace	2	kit	are	listed	

in	Table	3.6.		

Table	3.6	Proteases	used	for	limited	proteolysis	assays	and	working	concentrations.	

Protease	 Stock	concentration	 	 Protease	 Stock	Concentration	

a-Chymotrypsin	 0.5	µg/µl	 	 Papaine	 1	µg/µl	

Actinase	 0.07	µg/µl	 	 Pepsin	 1	µg/µl	

Bromelain	 0.06	µg/µl	 	 Proteinase	K	 0.001	µg/µl	

Clostripain	 0.01	µg/µl	 	 Subtilisin	 0.001	µg/µl	

Endoproteinase	Glu-C	 0.02	µg/µl	 	 Thermolysin	 0.015	µg/µl	

Elastase	 0.075	µg/µl	 	 Trypsin	 0.005	µg/µl	

	

3.1.7	Enzymes	

Enzymes	used	for	restriction	assays	are	listed	in	Table	3.7.	

Table	3.7	Generally	used	enzymes.	

Enzyme	 Manufacturer	

HindIII	 New	England	Biolabs,	England	

XhoI	 New	England	Biolabs,	England	

XbaI	 New	England	Biolabs,	England	

	

3.1.8	Histone	peptides	

Histone	peptides	used	for	binding	assays	are	found	in	Table	3.8.	

Table	3.8	Histone	peptides	used	for	binding	assays.	

Name	 Aminoacid	sequence		 Manufacturer	

H3K9me3-biotin	 ARTKQTARKme3STGGKAPRKQL	 Max	Planck	Facilities	

H3K9-biotin	 ARTKQTARKSTGGKAPRKQL	 Max	Planck	Facilities	
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H3R2me2SK9me3	 ARme2sTKQTARKme3STGGKAPRKQL	 Max	Planck	Facilities	

	

3.1.9	Lipids	

Lipids	used	in	the	current	study	are	listen	in	Table	3.9.	

Table	3.9	Lipids	used	to	test	UHRF1	conformations.	

Lipids	 Manufacturer	

Phosphatidylinositol	5-phosphate	(PI5P)	 Stuart	Conway	Laboratory	(Collaboration	with	Oxford	University)	

Phosphatidylinositol	4-phosphate	(PI4P)	 Stuart	Conway	Laboratory	(Collaboration	with	Oxford	University)	

	

3.1.10	Antibodies	

Antibodies	used	for	immunoblots	are	shown	in	Table	3.10.	

Table	3.10	Antibodies	used	for	immunoblots.	

Antibodies	 Manufacturer	

Mouse	anti-UHRF1	monoclonal	IgG	 Santa	Cruz	Biotechnology	

Goat	anti-mouse	antibody	 Li-Cor	

	

3.1.11	Oligonucleotides	

Oligonucleotides	used	for	amplification	are	listed	in	Table	3.11.	

Table	3.11	Oligonucleotides	used	for	PCR	amplification	and	sequencing.	

Name	 Oligonucleotide	sequence	from	5’	to	3’	 	 Manufacturer	

UHRF1-SEQ-F	 CCATTGTATGGGATCTGATCTGG	 	 Sigma-Aldrich	

UHRF1-SEQ-1	 GTCGATGCTCGGGACACGAAC	 	 Sigma-Aldrich	

UHRF1-SEQ-2	 AACAGACTCTGCCGGGTCTGC	 	 Sigma-Aldrich	

UHRF1-SEQ-3	 TGCCGACTTCCGCTTCCACTTG	 	 Sigma-Aldrich	

pT7CFE1-F	 TAAGCTGCAGGAGCTCGTC	 	 IDT	

pT7CFE1-R	 TTTCAAAGGAAAACCACGTCCC	 	 IDT	

	

3.1.12	Bacterial	strains	

Bacterial	strains	used	for	protein	expression	and	cloning	are	found	in	Table	3.12.	
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Table	3.12	Bacterial	strains	used	in	the	current	study.	

Strain	 Supplier	

E.	coli	BL21-(DE3)		 Agilent	

E.	coli	BL21-Codon	Plus-(DE3)-RIL	 Agilent	

NEB	Stable	Competent	E.	coli	(High	Efficiency)	 New	England	Biolabs	

NovaBlue	Competent	cells	 Novagen	

	

3.1.13	Plasmids		

Plasmids	used	during	the	current	study	are	listed	in	Table	3.13	

Table	3.13	Plasmids	used	for	protein	expression	

Name	 Type	 Promoter	 Selection	 Tag	

pET	M13	 Bacterial	expression	system	 T7	 Kanamycin	 His	Tag	

pT7CFE1-Chis	 Mammalian	expression	vector	(ITS)	 T7	 Ampicillin	 His	Tag	

	

3.2	Basic	routine	methods	general	purposes	

3.2.1	Horizontal	agarose	gel	electrophoresis	

All	gels	used	to	separate	DNA	in	this	study	were	prepared	to	a	final	concentration	of	1%	

agarose	 (w/v)	 in	1X	TBE	buffer	and	0.1%	ethidium	bromide.	Samples	were	mixed	with	

respective	amount	of	purple	6X	gel	 loading	dye	before	pipetting	them	 inside	the	well.	

Next,	 electrophoresis	 chambers	 were	 filled	 with	 1X	 TBE	 buffer.	 Gels	 were	 run	 at	 a	

constant	 voltage	 of	 100	 V.	 Finally,	 gels	 were	 imaged;	 digital	 manipulation	 was	

performed	using	the	Image	Lab	software	from	Bio-Rad.	

	

3.2.2	SDS-Polyacrylamide	gel	electrophoresis	

For	 the	 purposes	 of	 this	 study,	 the	 separating	 gels	 were	 prepared	 at	 a	 final	

concentration	of	12.5	%	polyacrylamide	(375	mM	Tris-HCl	[pH=8.8],	0.1	%	SDS	(w/v),	0.5	
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%	TEMED	(v/v),	0.05	%	APS	(w/v))	and	the	stacking	gels	at	a	final	concentration	of	4	%	

polyacrylamide	(126	mM	Tris-HCl	[pH=6.8],	0.1	%	SDS	(w/v),	0.1	%	TEMED	(v/v),	0.05	%	

APS	(w/v)).	The	casting	of	the	gels	was	performed	as	suggested	for	the	Bio-Rad	casting	

system.	Each	 sample	was	mixed	with	 its	 respective	amount	of	 5X	protein	 loading	dye	

and	 heated	 for	 5	 min	 at	 95	 °C	 before	 loading	 inside	 the	 gel	 wells.	 Gels	 were	 run	 at	

constant	voltage	of	130	V.		

Finally,	 gels	 were	 stained	 using	 Coomassie	 Staining	 Solution	 for	 30	 min	 and	

rocking	at	25	r.p.m.	Next,	gels	were	 incubated	with	distaining	solution	for	at	 least	one	

hour	(also	in	rocking	conditions,	25	r.p.m.).	Gels	were	imaged	and	digital	manipulation	

was	performed	using	the	Image	Lab	software	from	Bio-Rad.	

	

3.2.3	Polymerase	Chain	Reaction	(PCR)	

Two	different	polymerases	were	used	for	all	the	amplifications	generated	in	this	project:	

the	Phusion	and	Q5	High-fidelity	polymerases.	Samples	were	prepared	as	suggested	by	

the	 manufacturer	 (0.5	 µl	 of	 the	 desired	 polymerase,	 1	 X	 Phusion	 HF	 or	 Q5	 reaction	

Buffer,	200	µM	dNTPs,	0.5	µM	forward	primer,	0.5	µM	reverse	primer,	1	ng	of	plasmid	

DNA).	 Amplification	 using	 the	 Q5-High	 fidelity	 polymerase	 was	 performed	 with	 the	

addition	 of	 the	 Q5	 High	 Fidelity	 GC	 Enhancer	 at	 a	 final	 concentration	 of	 1X.	 The	

amplification	of	the	desired	fragments	was	performed	as	described	in	Table	3.13.	

For	 further	 uses	 of	 the	 amplified	 DNA	 (other	 than	 gel	 electrophoresis),	 PCR	

products	were	cleaned	using	the	PCR	clean-up	Kit	following	the	recommendations	of	the	

manufacturer.		
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Table	3.14	Thermocycling	conditions	for	a	routine	PCR	

Step	 Temperature	 Time	

Initial	denaturation	 98	°	C	 30	seconds	

30	cycles	

98	°	C	 10	seconds	

Tm	of	desired	primer	 30	seconds	

72	°	C	 30	seconds	per	Kb	

Final	Extension	 72	°	C	 10	min	

Hold	 4	°	C	 undefined	

	

3.2.4	Transformation	of	plasmid	into	competent	bacteria	

Competent	bacteria	(NEB	Stable	or	NovaBlue)	were	thawed	on	ice	for	10	min.	Next,	100	

ng	of	plasmid	DNA	was	added	 into	50	µl	of	the	competent	bacterial	solution.	After	an	

additional	incubation	for	30	min	at	4	°C,	cells	were	heat-shocked	in	water	bath	at	42	°C	

for	30	s.	Immediately,	cells	were	incubated	with	950	µl	of	SOC	medium	for	5	min	on	ice.	

Then,	an	incubation	for	60	min	at	37	°C	and	250	r.p.m.	was	performed.	Finally,	100	µl	of	

the	medium	was	streaked	on	pre-warmed	LB	agar	dishes	containing	concentrations	of	

1:1000	of	the	desired	antibiotics	(kanamycin	and	chloramphenicol	for	E.	coli	BL21-Codon	

Plus-(DE3)-RIL	and	only	kanamycin	for	E.	coli	BL21-(DE3)).		

	

3.2.5	Plasmid	purification	

7	ml	LB	medium	were	inoculated	with	single	colonies	of	transformed	bacteria	containing	

the	desired	plasmid.	Medium	was	left	for	overnight	incubation	at	37	°C	and	180	r.p.m.	

The	next	day,	plasmids	were	purified	using	the	Plasmid	DNA	Purification	Kit	(Macherey-

Nagel)	 following	 the	 “Isolation	 of	 low-copy	 plasmid”	 protocol	 described	 in	 the	 user	

manual.	
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3.2.6	Immunoblot	

All	 immunoblots	 performed	 during	 this	 study	 were	 against	 UHRF1.	 Proteins	 were	

transferred	from	polyacrylamide	gels	(5	%/12.5	%)	to	nitrocellulose	membranes	using	a	

mini	 Trans-blot	 cell	 system.	 The	 transfer	 chamber	was	 filled	with	 1	 L	 of	 cold	 transfer	

solution.	Transfer	of	proteins	to	the	membrane	was	performed	in	cold	conditions	(4°	C)	

for	75	min	at	110	V.	

	 The	 membrane	 was	 incubated	 with	 blocking	 solution	 for	 30	 min	 at	 25	 r.p.m.	

Next,	 the	 blocking	 solution	 was	 removed	 and	 a	 mouse	 anti-UHRF1	 IgG	 was	 added	

(1:2000	in	blocking	solution).	Now,	the	membrane	was	incubated	overnight	at	4	°C	and	

25	 r.p.m.	 The	 next	 day,	 the	 primary	 antibody	 was	 removed	 and	 the	 membrane	 was	

washed	two	times	with	20	ml	of	PBST	buffer	for	5	min.		Next,	an	incubation	for	30	min	at	

4	°C	and	25	r.p.m.	was	performed	in	dark	conditions	with	a	goat	anti-mouse	secondary	

antibody	 (1:10,000	 in	 blocking	 solution).	 After	 that,	 the	 secondary	 antibody	 was	

removed	and	the	membrane	was	washed	two	times	with	20	ml	of	PBST	buffer	 in	dark	

conditions	for	5	min.	Finally,	the	membrane	was	left	to	dry	for	10	min,	and	later	imaged	

on	the	Li-Cor	instrument.	Imaging	resolution	was	set	to	169	µm	with	a	high	scan	quality	

and	 a	 focus	 offset	 of	 0.0	 mm.	 Digital	 manipulation	 was	 performed	 using	 the	 Image	

Studio	Software	from	Li-Cor.	

	

3.3	Cloning	methods		

3.3.1	General	Cloning	procedure	
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cDNA	 sequences	 were	 designed	 in	 silico	 and	 synthesized	 as	 G-blocks.	 The	 sequences	

were	designed	 in	order	 to	have	overhangs	at	both	ends	 (15-25	nucleotides	with	a	Tm	

equal	 or	 greater	 than	 48	 °C).	 These	 overhangs	 overlapped	 with	 the	 regions	 of	 the	

plasmid	where	 they	were	 intended	 to	be	 inserted.	For	 this	 reason,	 the	plasmids	were	

linearized	by	amplification	considering	to	leave	these	overlapping	regions	at	the	end	of	

the	 products.	 For	 the	 assembly	 of	 the	 plasmid	 and	 g-Blocks,	 the	 Gibson	 Assembly	

protocol	was	followed.	For	this,	10	µl	of	a	solution	containing	50-100	ng	of	plasmid	and	

three	times	the	amount	of	the	fragment	(in	pmol	ratio)	were	placed	together	with	10	µl	

of	the	Gibson	Assembly	Master	Mix.		

	

3.3.2	 Restriction	 assay	 and	 sequencing	 as	 a	 control	 for	 a	 successful	

assembly		

Two	enzymes	were	 chosen,	each	one	containing	a	 single	 restriction	 site	 close	 to	each	

end	of	the	UHRF1	sequence	inserted.	0.5	µl	of	XbaI	and	XhoI	were	mixed	with	2.5	µl	of	

the	CutSmart	buffer,	1	µl	of	the	assembled	plasmid	mixture	and	20.5	µl	of	water.	Next,	

mixtures	were	 incubated	at	 37	 °C	 for	 one	hour.	Digested	 samples	were	 run	on	 a	 1	%	

agarose	gel.	 In	case	of	visualizing	the	two	expected	fragments,	plasmids	were	sent	 for	

sequencing	(KAUST	core	laboratories)	in	order	to	confirm	a	successful	assembly.	

	

3.4	Protein	biochemical	methods	

3.4.1	Preparation	of	PI4P	and	PI5P	for	binding	assays	
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Aliquots	 of	 lyophilized	 PI4P	 or	 PI5P	 were	 thawed	 for	 5	 min	 and	 resuspended	 in	

deionized	 water	 in	 order	 to	 reach	 a	 final	 concentration	 of	 400	 nM.	 After	 briefly	

vortexing,	samples	were	sonicated	for	10	seconds	in	cold	conditions	(4	°C)	for	10	s	with	

intervals	of	30	s	pauses	(to	avoid	over-heating	the	samples).	

	

3.4.2	Expression	of	UHRF1	

200	 ml	 of	 2X	 YT	 medium	 was	 pre-inoculated	 with	 a	 single	 colony	 of	 transformed	

bacteria	 in	 presence	 of	 0.5	 mM	 antibiotic	 (kanamycin	 for	 E.	 coli	 BL21-(DE3)	 and	

kanamycin	and	chloramphenicol	 for	E.	coli	BL21-Codon	Plus-(DE3)-RIL).	After	overnight	

incubation	at	37	°C	and	180	r.p.m.,	1	L	of	2X	YT	medium	(containing	0.4	%	glucose	and	

0.1	 mM	 of	 the	 respective	 antibiotics)	 was	 inoculated	 with	 25	 ml	 of	 the	 previously	

inoculated	medium.	Next,	the	culture	was	incubated	at	30	°C	and	180	r.p.m.,	measuring	

the	optical	density	at	a	wavelength	of	600	nm	constantly.	When	the	culture	reached	an	

optical	density	of	0.5,	an	induction	with	IPTG	was	performed.	For	this,	IPTG	was	added	

in	order	to	reach	a	final	concentration	of	0.75	mM.	After	this,	the	culture	was	incubated	

for	3	h	at	25	°C.	Next,	 the	medium	was	centrifuged	 for	20	min	at	6,000	x	g	and	4	°C.	

Now,	the	supernatant	was	removed	and	the	pellet	was	recovered	and	stored	at	-20	°C	

for	later	extraction	of	UHRF1.	

	

3.4.3	Purification	of	UHRF1	

The	bacterial	pellet	obtained	from	1	L	of	inoculated	2X	YT	medium	was	left	to	thaw	on	

ice	 for	 10	min.	 After	 thawing,	 40	ml	 of	 lysis	 buffer	was	 added.	Moreover,	 PMSF	was	
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added	 in	 order	 to	 reach	 a	 final	 concentration	 of	 0.5	 mM.	 Next,	 the	 solution	 was	

vortexed	 and	 pipetted	 intensively	 with	 the	 aim	 of	 disrupting	 cellular	 clusters.	 At	 this	

point,	one	ULTRA	tablet	EDTA-free	(for	50	ml)	was	added	to	the	previous	solution	and	

mixed	by	pipetting.	The	solution	was	processed	four	times	using	a	homogenizer	(with	a	

pressure	oscillating	between	500	and	1,000	bar)	and	then	centrifuged	at	47,850	x	g	and	

4	°C	for	25	min.	The	supernatant	was	recovered	and	the	lysate	pellet	discarded.	

4	 ml	 of	 HisPur	 Ni-NTA	 resin	 solution	 were	 pipetted	 onto	 a	 chromatography	 column,	

washed	with	5	ml	of	deionized	water,	and	stabilized	by	draining	three	times	5	ml	of	lysis	

buffer.	Afterwards,	the	supernatant	was	added	to	the	stabilized	beads.	The	solution	was	

left	for	incubation	for	1	h	at	4	°C	and	70	r.p.m.	Next,	the	solution	was	drained	and	the	

beads	were	washed	with	300	ml	of	wash	buffer.	Finally,	the	protein	was	eluted	using	15	

ml	of	elution	buffer	and	dialyzed	overnight	at	4	°C	in	2	L	of	dialysis	buffer	using	dialysis	

membranes	 containing	 a	 MWCO	 of	 3.5	 kDa.	 The	 next	 day,	 the	 protein	 solution	 was	

recovered	and	centrifuged	at	47,850	x	g	and	4	°C	for	20	min.	The	supernatant	containing	

the	protein	was	recovered,	aliquoted,	frozen	in	liquid	nitrogen,	and	stored	at	-80	°C	for	

future	use.	

	

3.4.4	Standardization	of	protease	concentrations	for	limited	proteolysis	

15	µl	samples	were	prepared	for	protease	digestion,	each	containing	3	µg	of	UHRF1,	a	

final	concentration	of	1X	LP	buffer,	and	different	concentrations	of	the	desired	protease	

(ranging	from	6.7	pg/µl	 to	66.7	ng/µl).	Next,	samples	were	 incubated	for	1	h	at	37	°C.	

Afterwards,	 samples	 were	 loaded	 in	 (4	 %/12.5	 %)	 polyacrylamide	 gels	 as	 described	
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before,	and	stained	with	Coomassie	Blue.	Finally,	from	all	the	concentrations	tested,	the	

optimal	concentration	was	chosen	for	each	protease,	such	that	UHRF1	was	not	digested	

to	completion.	

	

3.4.5	Limited	proteolysis	assays	

15	µl	samples	were	prepared	for	protease	digestion,	each	containing	3	µg	of	UHRF1,	a	

final	 concentration	 of	 1X	 LP	 buffer,	 and	 1	 µl	 of	 the	 desired	 protease	 stock	 solution	

(different	concentrations	for	each	protease,	see	Table	3.5).	For	digestions	in	presence	of	

PI4P	 or	 PI5P,	 a	 final	 concentration	 of	 17.76	 µM	 was	 reached.	 Next,	 samples	 were	

incubated	 for	 1	 h	 at	 37	 °C.	 Afterwards,	 samples	 were	 loaded	 in	 (4	 %/12.5	 %)	

polyacrylamide	gels	as	described	before,	and	stained	with	Coomassie	Blue.	

	

3.5	Binding	assays	

3.5.1	Pulldown	assays	

40	µl	of	streptavidin	magnesphere	solution	were	used	per	pulldown.	Beads	were	placed	

in	the	magnetic	rack	and	after	2	min	the	ethanol	was	carefully	pipetted	out.	Now,	the	

beads	were	washed	three	times	with	PD	buffer;	every	time	the	beads	were	resuspended	

in	PD	buffer,	they	were	left	for	2	min	in	the	magnetic	rack	before	removal	of	the	buffer.	

Next,	 the	 beads	 were	 resuspended	 in	 500	 µl	 of	 PD	 buffer	 and	 10	 µl	 of	 the	 desired	

peptide	(1	µg/µl,	H3K9me3	or	unmodified	H3	peptide)	or	in	absence	of	peptide	(Mock).	

Beads	were	incubated	for	1	h	at	24	°C	and	180	r.p.m.	
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After	binding	 the	peptide	 to	 the	beads,	 the	 tubes	were	placed	 in	 the	magnetic	

rack	 and	 the	 peptide	 solution	was	 taken	 out.	 Next,	 beads	were	washed	 three	 times;	

every	time	500	µl	of	PD	buffer	was	mixed	with	the	beads,	the	solution	was	left	for	2	min	

in	the	magnetic	rack	before	removal.	Now,	the	beads	were	resuspended	in	500	µl	of	PD	

buffer	containing	10	µg	of	UHRF1	and	incubated	by	rocking	the	samples	at	4	°C.		

Next,	 the	unbound	UHRF1	was	 removed	 from	 the	 samples.	 For	 this,	 the	 tubes	

were	placed	 in	 the	magnetic	 rack	and	after	2	min	 the	buffer	was	 taken	out.	Now,	 the	

beads	 were	 washed	 three	 times,	 each	 time	 resuspending	 the	 beads	 in	 500	 µl	 of	 PD	

buffer,	leaving	them	for	a	5	min	incubation	at	4	°C,	and	removing	the	buffer	after	placing	

the	tubes	in	the	magnetic	rack	for	2	min.	Finally,	the	beads	were	resuspended	in	30	µl	of	

5X	protein	 loading	dye	and	then	incubated	for	5	min	at	95	°C.	Next,	the	samples	were	

centrifuged	for	2	min	at	11,000	x	g,	and	15	µl	of	each	sample	was	loaded	on	a	SDS-PAGE	

(4	%/12.5	%).	After	running	the	gel,	the	immunoblot	protocol	described	previously	was	

followed	in	order	to	determine	the	binding	of	UHRF1	to	the	desired	peptide.	

	

3.5.2	Labelling	of	UHRF1	for	MST	analysis	

Monolith	His-Tag	 Labeling	Kit	RED-tris-NTA	was	used	 in	order	 to	 label	UHRF1	protein.	

For	 this,	 the	 dye	was	 resuspended	 in	 50	 µl	 of	 deionized	water	 to	 obtain	 a	 5	 µM	dye	

solution	as	specified	in	the	user	guide.	Next,	labelling	was	done	by	incubating	for	30	min	

at	room	temperature	and	in	dark	conditions	a	solution	containing	400	nM	of	UHRF1,	20	

mM	HEPES-NaOH	[pH=7.9],	150	mM	NaCl,	0.05	%	Tween	20,	and	100	nM	RED-tris-NTA	
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dye.	Afterwards,	the	reaction	was	centrifuged	for	10	min	at	15	000	x	g	and	4	°C	and	the	

supernatant	was	recovered	and	used	for	MST	binding	analyses.		

	

3.5.3	Microscale	Thermophoresis	assays	

Thirteen	 samples	 for	 MST	 assays	 were	 prepared	 for	 each	 binding	 assay.	 All	 samples	

contained	a	final	concentration	of	20	mM	HEPES	[pH=7.9],	150	mM	NaCl,	0.05%	Tween	

20	 and	 400	 nM	 of	 RED-tris-NTA	 labeled	 UHRF1.	 The	 desired	 peptide	 was	 added	 at	

different	concentrations	by	serial	dilution,	ranging	from	9.8	nM	to	40	µM.	

After	 the	 preparation	 of	 the	 samples,	 solutions	 were	 loaded	 into	 “Premium	

capillaries”	and	placed	on	the	Monolith	NT.115	sample	tray.	Three	runs	were	set	with	a	

LED	 power	 of	 80%	 and	MST	 power	 of	 40%.	 The	 specified	 times	 for	 the	 fluorescence	

detection	were	5	s	before	the	microscale	thermophoresis	was	started,	30	s	to	record	the	

thermophoretic	 movement,	 and	 5	 s	 to	 measure	 the	 back	 diffusion.	 A	 delay	 of	 25	 s	

between	runs	was	selected	and	the	concentration	of	 the	 fluorophore	was	specified	as	

0.05.	 Then,	 the	 final	 results	were	analyzed	using	 the	NT	Analysis	 software	 from	Nano	

temper	technologies.	

When	 MST	 assays	 were	 performed	 in	 the	 presence	 of	 PI5P,	 samples	 were	

prepared	 containing	 a	 final	 concentration	 of	 6.06	 µM,	 with	 peptide	 concentrations	

ranging	from	9.2	nM	to	37.71	µM.	The	remaining	conditions	were	exactly	the	same.		
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Chapter	4 -	Results	
	

4.1	Characterizing	the	interactions	of	RIL-UHRF1	and	DE3-UHRF1		

In	 order	 to	 corroborate	 the	 results	

previously	 described	 in	 our	

laboratory	 (as	 shown	 in	 the	

introduction),	 RIL-UHRF1	 and	 DE3-

UHRF1	 were	 successfully	 expressed	

(See	 Figure	 4.1)	 and	 used	 to	

determine	 their	 interactions	 with	

H3K9me3,	 H3R2me2SK9me3	 and	

unmodified	 H3	 peptides	 by	 pull-

down	 assays.	 Bound	 proteins	 were	

recovered	 and	 used	 to	 perform	 an	

immunoblot.	 As	 seen	 in	 Figure	 4.2,	

both	 recombinant	 proteins	 are	

interacting	 with	 the	 three	 histone	

peptides.	 In	 conclusion,	we	 can	 assume	 that	H3K9me3	 is	 presumably	 interacting	with	

both	 TTD	 and	 PHD	 domain,	 the	 unmodified	 peptide	 with	 the	 PHD	 domain,	 and	 the	

H3R2me2Sk9me3	 peptide	 with	 only	 the	 TTD	 domain	 (since	 the	 methylations	 on	 R2	

residue	impairs	its	interaction	with	PHD	domain).	In	addition,	and	because	immunoblots	

are	not	a	quantitative	assay,	measurements	by	MST	were	decided	to	be	performed	at	

Figure	4.1	Control	of	protein	 expression	and	purification	for	1)	
RIL-UHRF1	and	2)	DE3-UHRF1.	

Figure	 4.2	 Pulldown	 assay	 to	 determine	 interactions	 between	
RIL-UHRF1	and	DE3-UHRF1	with	H3K9me3	and	unmodified	 H3	
peptides	
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this	 point	with	 the	 aim	 of	 obtaining	 a	 deeper	 insight	 into	 the	 binding	 profile	 of	 both	

recombinant	proteins.		

	
4.2	Expression	systems	affects	UHRF1	functional	state	

MST	assays	 for	RIL-UHRF1	and	DE3-UHRF1	purified	proteins	were	performed	with	 the	

aim	of	better	characterizing	the	interaction	behavior	between	the	recombinant	proteins	

and	the	histone	peptides.	Graphs	were	merged	(See	Figure	4.3)	and	Kd	values	combined	

with	 previous	 results	 obtained	 in	 our	 laboratory	 (Appendix	 A.1)	 in	 order	 to	 obtain	 a	

representative	Kd	for	each	type	of	interaction	(See	Figure	4.4).		

		
To	 confirm	 the	 different	 functional	 states	 between	 both	 recombinant	 UHRF1	

proteins,	 t-tests	were	performed	by	 comparing	 the	dissociation	 constants	 obtained	 in	

Figure	4.3	MST	measurements	merged	by	type	of	interaction	partners.	
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MST	assays	for	both	proteins	and	histone	peptides	(See	Table	4.1	and	Appendix	C.1	for	

detailed	T-test	analysis).	

Table	 4.15	 T-test	 for	 determining	 differences	 between	 RIL-UHRF1	 and	 DE3-UHRF1	 binding	 to	 H3K9me3	 and	 H3	
unmodified	peptides.	

	

	 For	 the	 interactions	 with	 H3K9me3	

peptide,	the	binding	strength	according	to	RIL-

UHRF1	MST	measurements	(M	=	1.4,	SD	=	0.1,	

n	 =	 4)	 was	 hypothesized	 to	 be	 different	 than	

the	binding	strength	from	DE3-UHRF1	(M	=	0.7,	

SD	 =	 0.2,	 n	 =	 5).	 A	 significant	 difference	 was	

found,	t(6)	=	2.5,	p	=	0.0	(two-tails).	Moreover,	

for	 the	 interactions	 with	 unmodified	 H3	

peptides,	 a	 significant	 difference	 was	 also	

found	t(7)	=	2.4,	p	=	0	(two-tails)	from	the	RIL-UHRF1	(M	=	5.2,	SD	=	0.5,	n=	5)	and	DE3-

UHRF1		MST	measurements	(M	=	3.0,	SD	=	0.4,	n	=	5).	From	these	statistical	analysis,	we	

deduced	that	the	functional	state	between	both	proteins	is	different.		

	

4.3	Generation	of	optimized	and	harmonized	UHRF1	sequences	

A	 suitable	 way	 to	 evaluate	 the	 impact	 of	 different	 translation	 kinetics	 on	 UHRF1	

functional	state	is	by	designing	sequences	that	can	be	translated	with	a	different	speed	

Groups	evaluated	 Binding	partner	 t	Stat	 t	Critical	two-tail	

RIL-UHRF1	and	DE3-UHRF1	 H3K9me3	peptide	 6.8	 2.5	

RIL-UHRF1	and	DE3-UHRF1	 Unmodified	H3	peptide	 7.7	 2.4	

Figure	4.4	Binding	strength	between	RIL-UHRF1	and	
DE3-UHRF1	with	histone	peptides.	
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in	a	 specific	organism.	For	 this	 reason,	we	decided	 to	optimize	and	harmonize	UHRF1	

sequence	based	on	 the	 translation	context	of	Escherichia	coli	BL21-DE3.	By	optimizing	

the	sequence,	the	translation	of	the	protein	occurs	almost	in	the	fastest	possible	way	for	

the	E.	 coli	 capabilities.	 In	 contrast,	by	harmonizing	 the	 sequence,	 the	goal	 is	 to	mimic	

the	translation	speed	pattern	that	occurs	 in	humans	 in	the	E.	coli	strain,	ensuring	that	

the	 paused	 translated	 regions	 occurring	 in	 the	 original	 organism	 also	 occurs	 in	 the	

organism	where	the	sequence	is	intended	to	be	expressed.		By	doing	this,	the	aim	was	

to	partially	 simulate	 the	 conditions	 that	 allow	 the	proper	 folding	of	UHRF1	 in	human.	

From	a	different	point	of	view,	the	rationale	behind	expressing	the	same	protein	using	

different	coding	sequences	was	to	test	a	possible	protein	conformation	effect	generated	

by	 a	 different	 translation	 context	 where	 the	 synthesis	 speed	 is	 modulated	 by	 the	

availability	of	tRNA	isoacceptors.	

Codon	optimization	of	UHRF1	was	performed	using	the	Codon	Optimization	On-

Line	(COOL)	algorithm	from	the	National	University	of	Singapore	(http://cool.syncti.org)	

[34].	 Some	 of	 the	 optimization	 criteria	 available	 were	 ignored	 or	 maximized:	 the	

individual	 codon	usage	was	 ignored	while	 the	 codon	 context,	 codon	adaptation	 index	

and	 the	 number	 of	 hidden	 stop	 codons	 were	 maximized.	 Additionally,	 the	 CpG	 site	

count	 and	 codon	 auto-correlation	 were	 ignored,	 the	 5’	 RNA	 folding	 stability	 was	

maximized	 for	 the	 first	 50	 bp,	 the	 total	 GC	 content	 was	 optimized	 with	 a	 target	

percentage	 of	 51.06	 %,	 the	 GC3	 content	 was	 optimized	 with	 a	 target	 percentage	 of	

57.23	%	and	the	selected	target	expression	host	was	Escherichia	coli.	Furthermore,	no	

parameters	 were	 selected	 for	 the	 exclusion	 of	 sequences	 or	 the	 removal	 of	 motifs;	
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nonetheless,	 the	 exclusion	 of	 XbaI	 and	 XhoI	 restriction	 sites	 was	 selected	 due	 to	

subsequent	 cloning	 purposes.	 Based	 on	 all	 the	 conditions	mentioned	 before	 the	 final	

sequence	was	generated	(See	Apendix	B).	

For	 codon	 harmonizing	 the	 UHRF1	 sequence,	 some	 concepts	 from	 the	

harmonization	 algorithm	 described	 by	 Angov	 et	 al.	 [35,	 36]	 were	 taken	 and	

complemented	 with	 the	 tricodons	 analysis	 for	 the	 determination	 of	 slow	 translated	

regions	described	by	Thanaraj	et	al.	[37].	First,	the	codon	usage	tables	for	Homo	sapiens	

and	 Escherichia	 coli	 B	 were	 obtained	 from	 Kazusa	 Codon	 Usage	 Database	

(https://www.kazusa.or.jp/codon/)	[38].	The	codon	usage	frequencies	were	normalized	

for	each	group	of	 codons	 that	 codify	 for	 the	 same	amino	acid.	Next,	 from	the	human	

UHRF1	 CDS	 consensus	 sequence	 (available	 in	 NCBI	 under	 the	 reference:	

NM_001048201.2)	 codons	 were	 reorganized	 into	 clusters	 of	 three	 codons	 (tricodon	

number	one	contains	codon	1-3,	tricodon	number	two	contains	codon	2-4	and	so	on).	

Next,	 a	 list	 containing	 len/30	 (residue	 length	 of	 protein	 divided	 by	 30)	 number	 of	

slowest	 regions	 was	 generated;	 thus,	 for	 UHRF1	 the	 26	 slowest	 regions	 were	 found	

(since	the	total	length	of	UHRF1	is	792	residues).	

To	generate	this	list,	a	random	reference	codon	usage	frequency	value	(RCUFV)	

was	chosen	 in	order	to	define	what	a	slow	codon	 is.	Tricodons	having	a	sum	of	codon	

normalized	 frequency	 values	 below	 the	 RCUFV	 were	 considered	 as	 possible	 slow	

translated	 regions,	 while	 tricodons	 having	 a	 sum	 of	 its	 codon	 normalized	 frequency	

values	 equal	 or	 above	 the	 RCUFV	 were	 considered	 fast	 translated	 regions.	 From	 the	

tricodons	falling	in	the	possible	slow	translated	regions	definition,	a	clustering	was	done.	
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To	 do	 so,	 slow	 translated	 tricodons	 that	 differed	 in	 location	 by	 1-3	 codons	 were	

clustered	together	and	considered	as	one	slow	translated	region.	This	was	done	because	

these	 represent	 a	 contiguous	 sequence	 of	 slow	 translated	 codons.	 For	 example,	 if	

tricodons	10	and	13	fell	within	this	category,	 tricodons	11	and	12	were	clustered	with	

them	since	they	all	form	one	single	consecutive	sequence	(tricodons	10	made	of	codons	

10,	11	and	12	and	tricodons	13	made	of	codons	13,	14	and	15).	At	his	point,	the	number	

of	 clusters	was	 calculated	 and	 compared	with	 the	 len/30	of	UHRF1.	 If	 the	 number	 of	

cluster	was	higher,	then	the	RCUFV	was	decreased;	if	the	number	of	cluster	was	lower,	

then	the	RCUFV	was	increased.	This	reiterative	process	was	performed	until	obtaining	a	

final	number	of	clusters	equal	to	26.		

For	the	specific	case	of	UHRF1,	the	stablished	RCUFV	that	allowed	me	to	obtain	

26	clusters	was	0.7	(when	the	maximum	possible	sum	of	codon	usage	frequencies	in	a	

tricodons	is	3).	An	important	point	to	mention	is	that	during	this	iteration	there	was	an	

important	 constrain:	 slow	 regions	 were	 only	 considered	 if	 they	 fell	 within	 the	 linker	

regions	or	the	end-terminal	of	UHRF1	(considering	14	extra	codons	out	of	the	linkers	or	

before	 the	 end-terminal).	 Finally,	 and	 once	 the	 slow	 translated	 regions	 were	

determined,	the	codons	contained	in	them	were	marked	as	slow	as	a	reference	for	the	

harmonization	process	which	is	next	described.		

Once	the	slow	codons	were	determined,	the	harmonization	of	the	coding	region	

of	 UHRF1	 was	 performed.	 For	 this,	 the	 codon	 usage	 frequency	 of	 each	 codon	 in	 H.	

sapiens	 was	 determined.	 Next,	 the	E.	 coli	 codons	with	 the	 nearest	matching,	 nearest	

lower	and	nearest	higher	usage	frequency	to	the	human	codons	were	determined.	Now,	
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all	 human	 codons	 were	 shifted	 following	

the	 next	 algorithm:	 if	 the	 codon	 was	

determined	to	be	part	of	a	slow	translated	

region	 then,	 it	 was	 shifted	 to	 the	 E.coli	

codon	 that	 contains	 the	 nearest	 lower	

usage	 frequency	 to	 the	 human	 codon,	 if	

the	 codon	 with	 nearest	 lower	 usage	

frequency	 did	 not	 exist,	 then	 it	 was	

shifted	to	the	codon	with	the	nearest	higher	usage	frequency	to	the	human	codon.	On	

the	other	hand,	for	the	codons	that	did	not	belong	to	the	slow	translated	regions,	they	

were	shifted	to	the	E.	coli	codons	that	had	the	nearest	matching	usage	frequency	to	the	

human	codons.	The	final	harmonized	sequence	is	shown	in	Apendix	B.	

Consequently,	both	sequences	were	expressed	in	Escherichia	coli	BL21-DE3	(see	

Figure	 4.5),	 and	 each	 protein	 preparation	 was	 used	 to	 performed	 to	 measure	 their	

binding	interactions	with	histone	peptides	as	described	in	the	next	section.	

	

4.4	Translation	kinetics	affects	the	functional	state	of	UHRF1	

To	determine	 the	binding	 interactions	 of	O-UHRF1	 and	H-UHRF1,	MST	measurements	

were	performed	several	 times	 for	each	type	of	histone	 interaction.	Next,	groups	were	

statistically	analyzed	in	order	to	determine	that	there	is	statistically	agreement	between	

the	 samples	 and	 no	 extrinsic	 factors	were	 affecting	 the	measurements;	 considering	 a	

Figure	4.5	Control	of	protein	expression	and	purification	for	1)	
RIL-UHRF1	and	2)	DE3-UHRF1.	
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significance	 level	 of	 5%,	 dissociations	 constants	 that	were	 not	 in	 agreement	with	 the	

rest	of	the	values	were	 ignored.	Thus,	the	final	dataset	 is	presented	 in	Annex	A.2,	and	

the	merged	MST	graphs	in	Figure	4.6	and	the	representative	Kd	values	in	Figure	4.7	 in	

which	measurements	 per	 group	 are	 in	 statistical	 agreement	 according	 to	 analyses	 of	

variance	(See	Table	4.2	and	Appendix	D.1-D.4	for	detailed	analyses).		

	

Table	4.16	Summary	of	p-values	and	F	values	obtained	after	analyses	of	variance.	See	F-critical	for	determination	of	
null	hypothesis	

	

	

	

	

	

	

	

	

	

	

	

Group	 F	 F-critical	⍺=5%	
Optimized	UHRF1	–	H3K9me3	 0.01	 5.14	

Optimized	UHRF1	–	unmodified	H3	 2.07	 3.48	

Harmonized	UHRF1-	H3K9me3	 1.51	 3.11	

Harmonized	UHRF1	–	unmodified	H3	 1.13	 5.14	

Figure	4.6	MST	measurements	merged	by	type	of	interaction	
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Since	 no	 significant	 variance	 was	

found	in	any	group,	we	can	consider	our	data	

set	 as	 representative	 for	 each	 type	 of	

interaction.	 Based	 on	 that,	 it	 is	 possible	 to	

examine	 our	 initial	 hypothesis	 in	 order	 to	

determine	whether	 if	the	translation	kinetics	

affects	the	functional	state	of	UHRF1.	For	this	

reason,	 t-tests	 were	 performed	 to	 compare	

the	 dissociation	 constants	 of	 both	 O-UHRF1	

and	 H-UHRF1	 against	 DE3-UHRF1	

interactions.	As	seen	 in	Table	4.3	 (or	detailed	t-tests	 in	Appendix	C.2-C.3),	a	significant	

difference	 was	 found	 in	 every	 type	 of	 interaction	 except	 for	 the	 O-UHRF1	 and	 DE3-

UHRF1	group	interacting	with	the	H3K9me3	peptide.	

Table	4.17	Summary	of	t-stat	values	obtained	after	t-tests	and	t	Critical	value.	Find	t-critical	value	for	determination	of	
null	hypothesis.	

	

Based	on	these	findings	we	concluded	that	UHRF1	functional	state	can	be	affected	

by	the	translation	context,	which	in	turn,	might	be	affecting	the	folding	process	of	the	

protein,	and	thus,	generating	conformational	differences	between	the	them.		

	

Groups	evaluated	 Binding	partner	 P-value	two-tail	 t	Stat	 t	Critical	two-tail	
O-UHRF1	and	DE3-UHRF1	 H3K9me3	peptide	 0.34	 1.05	 2.57	

O-UHRF1	and	DE3-UHRF1	 Unmodified	H3	peptide	 0.0	 7.26	 2.45	

H-UHRF1	and	DE3-UHRF1	 H3K9me3	peptide	 0.0	 4.57	 2.36	

H-UHRF1	and	DE3-UHRF1	 Unmodified	H3	peptide	 0.0	 6.86	 2.57	

Figure	 4.7	 Binding	 strength	 between	O-UHRF1	 and	
H-UHRF1	with	histone	peptides.	
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4.5	Limited	proteolysis	assays	on	RIL-UHRF1	and	DE3-UHRF1	

Having	demonstrated	that	translation	kinetics	can	affect	the	functional	state	of	UHRF1,	

we	hypothesized	that	this	is	the	reason	why	we	found	a	difference	between	the	binding	

interactions	 of	 RIL-UHRF1	 and	 DE3-UHRF1.	 To	 demonstrate	 possible	 conformational	

differences	 between	 these	 two	 proteins,	 a	 proteolysis	 assay	 was	 performed.	 Limited	

proteolysis	 has	 been	 shown	 to	 demonstrate	 conformational	 features	 of	 proteins	 [39].	

The	reason	of	this	is	because	different	conformational	states	of	proteins	will	presumably	

expose	or	hide	different	 target	sites,	 thus	generating	different	digested	segments	that	

can	ultimately	be	analyzed	by	PAGE.	 In	 this	way,	a	different	digestion	patter	between	

UHRF1	proteins	would	support	the	idea	of	a	different	conformation.	

	 As	 digestion	 occurs,	 fragments	 of	 the	 original	 protein	 are	 generated.	 As	 a	

consequence,	they	might	acquire	new	different	conformations,	thus	probably	exposing	

new	target	sites	for	the	proteases	until	a	complete	digestion	happens.	For	this	reason,	

the	concentrations	of	the	proteases	added	to	the	samples	were	standardized	(See	Table	

3.6)	 in	 order	 to	 prevent	 full	 digestion	 of	 UHRF1;	 in	 this	 way,	 only	 the	 first	 digested	

fragments	 were	 generated.	 Proteolysis	 of	 RIL-UHRF1	 and	 DE3-UHRF1	 was	 performed	

using	 a	 range	 of	 seven	 different	 proteases	 (alfa-chemotrypsin,	 bromelain,	 clostripain	

endoproteinase	 Glu-C,	 elastase,	 proteinase	 K	 and	 trypsin);	 moreover,	 digestion	 was	

performed	in	presence	of	PI5P	considering	that	it	could	also	affect	the	conformation	of	

UHRF1,	and	therefore	generate	new	digestion	patterns.	Additionally,	PI5P	was	used	as	a	

negative	control	for	the	possible	induced	rearrangement	of	UHRF1	by	PI5P.	Surprisingly,	
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any	 of	 the	 conditions	 used	 with	 the	 multiple	 proteases	 generated	 an	 insight	 into	 a	

possible	conformational	rearrangement	between	the	tested	proteins	(See	Figure	4.8).	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

4.6	PI5P	influence	RIL-UHRF1	and	DE3-UHRF1	functional	state	

In	 order	 to	 get	 a	 better	 understanding	 of	 RIL-UHRF1	 and	 DE3-UHRF1,	 MST	 binding	

measurements	 with	 histone	 peptides	 were	 performed	 in	 presence	 of	 PI5P.	 Based	 on	

these	 results,	 the	 proposed	 model	 of	 PI5P	 allosteric	 regulation	 and	 our	 current	

Figure	4.8	 Limited	 proteolysis	 on	RIL-UHRF1	and	DE3-UHRF1	 in	 presence	 and	absence	of	 PI4P	
and	PI5P.	1)	α-Chemotrypsin	(α-C)	,	2)	Bromelain	(BR),	3)	Clostripain	(CL),	4)	Endoproteinase	Glu-
C	(EG-C).		
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understanding	of	UHRF1	structure,	it	would	be	possible	to	get	a	partial	insight	into	the	

conformation	of	both	proteins.		

If	the	PBR	region	is	interacting	with	the	TTD	domain	in	any	of	the	two	proteins,	addition	

of	PI5P	might	disrupt	this	binding,	increasing	as	a	consequence	its	binding	strength	with	

the	H3K9me3	peptide.	In	contrast,	if	the	PBR	is	not	interacting	with	the	TTD	domain,	no	

change	 in	 the	 binding	 strength	 should	 happen.	 Under	 this	 understanding,	

measurements	 were	 performed	 (See	 Table	 4.4).	 From	 these	 results,	 a	 closed	

Figure	 4.8	 (continuation)	 5)	 Elastase	 (EL),	 6)	
Proteinase-K	(PK),	7)	Trypsin	(TR).	
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conformation	could	be	proposed	as	a	model	 for	RIL-UHRF1.	Differently,	a	partial	open	

conformation	can	be	proposed	for	DE3-UHRF1	as	explained	in	the	discussion	section.	

Table	 4.18	 Summary	 of	 dissociation	 constants	 for	 RIL-UHRF1	 and	 DE3-UHRF1	 interactions	 with	 H3	 peptides	 in	
presence	of	PI5P	

	

	 	

	 	

RIL-UHRF1	in	presence	of	PI5P	 DE3-UHRF1	in	presence	of	PI5P	
H3K9me3	 Unmodified	H3	 H3K9me3	 Unmodified	H3	
0.03	+/-	0.0	 0.91	+/-	0.4	 0.12	+/-	0.0	 0.18	+/-	0.1	
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Chapter	5 -	Discussion	and	conclusions	
	

5.1	Translation	kinetics	affect	UHRF1	functional	state	

Different	expression	systems	possess	different	translational	contexts	with	the	potential	

of	affecting	the	structure	and	function	of	proteins.	We	demonstrated	that	the	functional	

state	of	UHRF1	is	 indeed	being	affected	by	the	differential	translation	kinetics	 induced	

by	the	optimization	and	harmonization	of	the	protein	sequence.	Nonetheless,	this	might	

not	always	be	the	case,	and	it	might	rather	depend	on	many	other	factors.		

For	example,	the	nature	of	the	ribosome	tunnel	from	different	species	might	be	

able	 to	modulate	 the	 speed	 at	which	 the	 recently	 synthesized	polypeptide	 leaves	 the	

ribosome,	influencing	the	folding	process	of	the	protein.	This	happens	because	different	

residues	exposed	in	the	tunnel	would	have	different	electrostatic	profiles	that	ultimately	

retain	or	enhance	the	exiting	of	the	polypeptide.	

Moreover,	 the	 elongation	 speed	 of	 the	 peptide	 can	 be	 affected	 by	 the	mRNA	

structure,	 representing	 a	 kinetic	 barrier	 that	 must	 be	 disrupted	 in	 order	 to	 continue	

translating	 the	 mRNA	 [40].	 For	 this	 reason,	 the	 CG	 content	 of	 the	 coding	 region	

indirectly	influences	the	translation	speed	of	a	protein,	as	specific	GC	percentages	might	

drive	the	formation	of	secondary	mRNA	structures.	

Because	all	of	these	factors	also	influence	the	elongation	speed,	we	can	further	

accept	the	impact	of	translation	speed	on	protein	structure	and	activity.	Therefore,	the	

harmonized	 and	 optimized	 UHRF1	 sequences	 might	 have	 led	 to	 the	 acquisition	 of	

different	mRNA	structures,	which	may	have	affected	the	folding	process	of	UHRF1.	
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	Considering	how	the	sequence	itself	can	affect	the	translation	kinetics,	we	could	

assume	that	the	slow	translated	regions	present	in	the	consensus	sequence	might	have	

been	 shifted	 after	 recoding	 the	 sequence	 for	 optimization	 or	 harmonization.	 This	

shifting	 might	 have	 triggered	 the	 different	 functional	 states	 of	 the	 analyzed	 UHRF1	

proteins.	

	

5.2	Translation	kinetics	might	trigger	local	rearrangements	

While	 for	 some	 proteins,	 recoding	 their	 sequences	 with	 synonymous	 codons	 has	 a	

drastic	 impact	 in	 their	 structure	 [27],	 for	 some	 others,	 recoding	 only	 enhances	 their	

stability	 [26],	 suggesting	 that	 sometimes	 recoding	does	not	 have	 a	profound	effect	 in	

the	 overall	 protein	 structure,	 but	 only	 has	 an	 effect	 between	 contiguous	 residues	 at	

specific	 locations.	 If	 no	 major	 overall	 rearrangement	 is	 promoted,	 it	 is	 unlikely	 new	

target	sites	for	proteases	will	be	exposed.		

Studies	 indicated	 that	 major	 conformational	 rearrangements	 are	 required	 to	

analyze	 different	 structural	 rearrangements	 by	 limited	 proteolysis	 [41,	 42].	 Thus,	 we	

believe	that	while	differential	translation	kinetics	affects	the	conformation	of	UHRF1,	no	

drastic	rearrangement	of	its	structure	occurs.	However,	local	rearrangements	at	specific	

locations	might	be	generated.	

Another	possible	explanation	might	rely	on	the	fact	that	proteases	need	specific	

regions	in	order	to	catalyze	a	reaction.	Proteases	require	flexible	regions	where	they	can	

properly	settle	down.	The	idea	of	segmental	mobility	has	been	proposed	to	be	a	major	
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requirement	for	achieving	cleavage	[43].	For	this	reason,	if	different	translation	kinetics	

did	 not	 promote	 a	 rearrangement	 of	 UHRF1	 such	 that	 new	 flexible	 regions	 were	

exposed,	differences	 in	 the	digestion	pattern	between	RIL-UHRF1	and	DE3-UHRF1	are	

not	 expected	 to	 be	 seen.	 Thus,	 segmental	mobility	 additionally	 limits	 the	 chances	 of	

detecting	structural	differences.	

	

5.3	A	model	for	RIL-UHRF1	and	DE3-UHRF1	structure	

Based	 on	MST	measurements	 performed	 on	 RIL-UHRF1	 and	 DE3-UHRF1,	 we	 can	 see	

how	UHRF1s	interactions	with	histone	peptides	changed	after	treatment	with	PI5P.	One	

of	them	even	changed	from	the	micromolar	range	to	the	nanomolar	range.	Indeed,	RIL-

UHRF1	 interaction	 strength	with	H3K9me3	 increased	by	a	 factor	of	 approximately	40.	

Similarly,	the	interaction	with	the	unmodified	peptide	also	increased,	but	by	a	factor	of	

only	 3,	 suggesting	 that	 PI5P	 causes	 no	 major	 effects	 in	 the	 accessibility	 of	 histone	

peptides	to	the	PHD	domain.		

Additionally,	DE3-UHRF1	binding	to	the	H3K9me3	peptide	is	modified	by	a	factor	

of	around	6,	while	its	interaction	with	the	unmodified	H3	peptide	changes	by	a	factor	of	

approximately	 29.	 This	 suggests	 that	 PI5P	 is	 also	 improving	 the	 accessibility	 of	 the	

H3K9me3	peptide	to	the	TTD	domain.		

From	these	results,	we	can	propose	a	model	where	both	UHRF1	proteins	are	in	a	

partial	open	conformation	in	which	they	can	interact	with	H3K9me3	peptides.	However,	

in	the	presence	of	PI5P	(See	Figure	5.1),	a	small	rearrangement	in	the	TTD	domain	might	
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enhance	 the	 accessibility	 to	 H3K9me3	

peptides.	 This	 is	 not	 due	 to	 a	

rearrangement	of	UHRF1	into	a	total	open	

conformation,	 as	 depicted	 in	 other	

studies.		

	
5.4	 Conclusions	 and	 future	

perspectives	

We	 looked	 at	 different	 cDNA	 sequences	

that	 encode	 for	 the	 UHRF1	 protein,	 we	

tested	 them	 and	 saw	 that	 their	 different	

translational	 contexts	 affect	 the	 final	 functional	 state	 of	 UHRF1	 in	 terms	 of	 histone	

peptides.	Next,	a	 specific	UHRF1	sequence	was	analyzed	and	determined	 to	acquire	a	

different	 interaction	behavior	with	histones	depending	on	 the	 system	 in	which	 it	was	

expressed.	

For	these	reasons,	we	conclude	that	different	translational	contexts	have	a	direct	

impact	 on	 the	 functional	 state	 of	 the	 protein,	 which	 might	 be	 due	 to	 the	 gain	 of	

different	 structures	 mediated	 by	 translational	 pauses.	 Therefore,	 we	 believe	 that	

different	UHRF1	proteins	 can	accommodate	different	 conformations.	Nonetheless,	we	

were	 not	 able	 to	 define	 these	 conformations	 because	 our	 attempts	 on	 limited	

proteolysis	did	not	provide	additional	insights.	

Figure	 5.1	 Proposed	 structural	 model	 for	 RIL-UHRF1.	
PI5P	is	depicted	as	a	red	dot.	
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	 Our	study	demonstrated	that	the	functional	activity	of	UHRF1	not	only	depends	

on	factors	such	as	PI5P	or	purification	conditions,	but	also	on	the	translational	context	

that	 is	 tightly	 linked	 to	 the	 expression	 system.	 For	 this	 reason,	 harmonization	 of	 the	

UHRF1	sequence	might	provide	a	technical	approach	to	allow	proteins	to	better	mimic	

the	structural	and	functional	profile	of	the	original	protein	expressed	in	host	organisms.	

To	 know	 if	 this	 occurs	 for	 UHRF1	 or	 not,	 we	 should	 study	 the	 behavior	 of	 the	

harmonized	protein	and	compare	its	functional	state	with	that	of	proteins	expressed	in	

human-based	 systems.	 Further	 studies	 into	 this	 will	 give	 us	 a	 more	 accurate	

understanding	 of	 how	UHRF1	 behaves	 across	 different	 organisms	 and	will	 provide	 us	

more	insights	into	the	real	nature	of	this	essential	epigenetic	regulator.	
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APPENDIX	
	

Appendix	A	–	Summary	of	MST	measurements	

A.1	 –	 Summary	 of	MST	measurements	 for	 RIL-UHRF1	 and	 DE2-UHRF1	 with	 histone	

peptides	

	

	

A.2	 –	 Summary	 of	 MST	 measurements	 for	 O-UHRF1	 and	 H-UHRF1	 with	 histone	

peptides	
	

	

	

	

	

	 	

	 RIL–UHRF1	 DE3-UHRF1	
Measurement	 H3K9me3	 Unmodified	H3	 H3K9me3	 Unmodified	H3	

1	 1.33	+/-	0.1	 2.55	+/-	0.3	 0.80	+/-	0.0	 5.62	+/-	0.7	 	

2	 1.25	+/-	0.1	 2.58	+/-	0.3	 0.76	+/-	0.1	 4.91	+/-	0.5	 	

3	 1.63	+/-	0.2*	 3.52	+/-	0.3*	 0.85	+/-	0.1	 4.75	+/-	1.5*	 	

4	 1.45	+/-	0.1*	 3.53	+/-	0.2*	 0.54	+/-	0.1*	 5.18	+/-	0.7*	 	

5	 -	 2.55	+/-	0.4*	 0.54	+/-	0.1*	 5.54	+/-	1.1*	 	

Average	 1.41	+/-	0.1	 2.9	+/-	0.1	 0.7	+/-	0.0	 5.2	+/-	0.4	 	

	 Optimized	UHRF1	 Harmonized	UHRF1	
Preparation	 H3K9me3	 Unmodified	H3	 H3K9me3	 Unmodified	H3	
1	 0.64	+/-	0.1	 3.00	+/-	0.45	 1.30	+/-	0.30	 3.26	+/-	0.55	 	

2	 0.58	+/-	0.1	 2.33	+/-	0.24	 0.99	+/-	0.08	 3.83	+/-	0.31	 	

3	 0.64	+/-	0.1	 1.61	+/-	0.24	 0.98	+/-	0.14	 3.26	+/-	0.29	 	

4	 -	 2.08	+/-	0.35	 1.71	+/-	0.16	 -	 	

5	 -	 3.47	+/-	0.33	 1.57	+/-	0.24	 -	 	

6	 -	 -	 1.53	+/-	0.21	 -	 	

Average	 0.6	+/-	0.1	 2.50	+/-	0.2	 1.35	+/-	0.1	 3.45	+/-	0.2	 	

*	Measurements	previously	obtained	by	Papita	Mandal	(unpublished	data).	
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Appendix	B	–	Comparison	between	consensus,	harmonized	and	optimized	

UHRF1	sequences	

Consensus       ATGTGGATCCAGGTTCGGACCATGGACGGGAGGCAGACCCACACGGTGGACTCGCTGTCC 60 
Optimized       ATGTGGATACAAGTTAGAACAATGGACGGCAGACAAACTCATACGGTAGATAGCCTGTCG 60 
Harmonized      ATGTGGATTCAGGTCCGGACGATGGATGGTCGGCAGACGCATACAGTGGATTCACTGTCG 60 
                ******** ** **  * ** ***** **  * ** ** ** ** ** **    *****  
 
Consensus       AGGCTGACCAAGGTGGAGGAGCTGAGGCGGAAGATCCAGGAGCTGTTCCACGTGGAGCCA 120 
Optimized       CGCCTGACCAAAGTCGAAGAACTGCGCCGTAAAATTCAGGAACTGTTTCATGTGGAGCCA 120 
Harmonized      CGGCTGACGAAAGTGGAAGAACTGCGGCGGAAAATTCAGGAACTGTTTCATGTGGAACCA 120 
                 * ***** ** ** ** ** *** * ** ** ** ***** ***** ** ***** *** 
 
Consensus       GGCCTGCAGAGGCTGTTCTACAGGGGCAAACAGATGGAGGACGGCCATACCCTCTTCGAC 180 
Optimized       GGCCTGCAGCGCCTGTTCTATCGCGGCAAACAGATGGAAGACGGCCATACGCTGTTTGAT 180 
Harmonized      GGTCTGCAGCGGCTGTTTTATCGGGGTAAGCAGATGGAAGATGGTCACACGTTGTTTGAT 180 
                ** ****** * ***** **  * ** ** ******** ** ** ** **  * ** **  
 
Consensus       TACGAGGTCCGCCTGAATGACACCATCCAGCTCCTGGTCCGCCAGAGCCTCGTGCTCCCC 240 
Optimized       TACGAAGTGCGTCTGAACGATACCATCCAGCTGCTGGTTCGTCAGTCCCTGGTGCTGCCG 240 
Harmonized      TATGAAGTTCGGCTGAACGATACGATTCAGTTGCTGGTTCGGCAGAGCTTGGTGTTGCCA 240 
                ** ** ** ** ***** ** ** ** *** * ***** ** ***  * * *** * **  
 
Consensus       CACAGCACCAAGGAGCGGGACTCCGAGCTCTCCGACACCGACTCCGGCTGCTGCCTGGGC 300 
Optimized       CATAGCACCAAAGAACGCGACAGCGAACTGAGCGATACCGATTCCGGCTGCTGTCTGGGT 300 
Harmonized      CATAGCACGAAAGAACGGGACTCGGAGTTGTCGGACACGGATTCGGGTTGCTGCCTGGGT 300 
                ** ***** ** ** ** ***   **  *    ** ** ** ** ** ***** *****  
 
Consensus       CAGAGTGAGTCAGACAAGTCCTCCACCCACGGTGAGGCGGCCGCCGAGACTGACAGCAGG 360 
Optimized       CAGTCTGAGTCGGATAAAAGCAGCACCCATGGTGAAGCGGCAGCGGAAACCGATAGTCGC 360 
Harmonized      CAGTCTGAGTCTGACAAGTCGTCGACGCATGGGGAAGCTGCGGCGGAAACGGACTCGCGG 360 
                ***  ****** ** **       ** ** ** ** ** ** ** ** ** **     *  
 
Consensus       CCAGCCGATGAGGACATGTGGGATGAGACGGAATTGGGGCTGTACAAGGTCAATGAGTAC 420 
Optimized       CCAGCAGATGAAGATATGTGGGATGAAACCGAACTGGGTCTGTATAAAGTGAATGAATAT 420 
Harmonized      CCAGCGGACGAAGATATGTGGGACGAAACAGAGCTCGGTCTGTATAAAGTTAACGAATAT 420 
                ***** ** ** ** ******** ** ** **  * ** ***** ** ** ** ** **  
 
Consensus       GTCGATGCTCGGGACACGAACATGGGGGCGTGGTTTGAGGCGCAGGTGGTCAGGGTGACG 480 
Optimized       GTGGATGCGCGCGATACCAATATGGGCGCGTGGTTTGAAGCCCAGGTAGTGCGTGTGACC 480 
Harmonized      GTTGACGCCCGGGATACAAATATGGGTGCTTGGTTCGAAGCTCAGGTGGTTCGGGTGACA 480 
                ** ** ** ** ** ** ** ***** ** ***** ** ** ***** **  * *****  
 
Consensus       CGGAAGGCCCCCTCCCGGGACGAGCCCTGCAGCTCCACGTCCAGGCCGGCGCTGGAGGAG 540 
Optimized       CGCAAAGCCCCGAGCCGCGATGAACCGTGCAGCTCCACCTCCCGCCCAGCCCTGGAAGAA 540 
Harmonized      CGGAAAGCGCCATCGCGGGATGAACCATGCAGCTCGACATCGCGGCCTGCTCTGGAAGAA 540 
                ** ** ** **    ** ** ** ** ******** ** **  * ** ** ***** **  
 
Consensus       GACGTCATTTACCACGTGAAATACGACGACTACCCGGAGAACGGCGTGGTCCAGATGAAC 600 
Optimized       GATGTGATTTATCATGTTAAATATGATGACTATCCGGAAAACGGCGTCGTCCAGATGAAC 600 
Harmonized      GATGTTATCTATCATGTGAAGTATGATGATTATCCTGAAAATGGTGTGGTTCAGATGAAT 600 
                ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ********  
 
Consensus       TCCAGGGACGTCCGAGCGCGCGCCCGCACCATCATCAAGTGGCAGGACCTGGAGGTGGGC 660 
Optimized       AGCCGTGATGTGCGTGCGCGTGCCCGTACCATTATTAAATGGCAGGATTTAGAAGTGGGC 660 
Harmonized      TCGCGGGATGTTCGGGCTCGGGCGCGGACGATTATTAAATGGCAGGATCTGGAAGTGGGT 660 
                    * ** ** ** ** ** ** ** ** ** ** ** ********  * ** *****  
 
Consensus       CAGGTGGTCATGCTCAACTACAACCCCGACAACCCCAAGGAGCGGGGCTTCTGGTACGAC 720 
Optimized       CAGGTGGTGATGCTGAACTATAACCCGGACAATCCGAAAGAACGTGGCTTCTGGTACGAT 720 
Harmonized      CAGGTGGTTATGTTGAATTATAATCCAGATAATCCAAAAGAACGGGGTTTTTGGTATGAT 720 
                ******** *** * ** ** ** ** ** ** ** ** ** ** ** ** ***** **  
 
Consensus       GCGGAGATCTCCAGGAAGCGCGAGACCAGGACGGCGCGGGAACTCTACGCCAACGTGGTG 780 
Optimized       GCTGAAATTAGCCGTAAACGGGAAACGCGTACCGCACGCGAACTGTATGCGAATGTGGTG 780 
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Harmonized      GCTGAAATTTCGCGGAAACGGGAAACGCGGACAGCTCGGGAGTTGTATGCGAATGTGGTG 780 
                ** ** **     * ** ** ** **  * ** ** ** **  * ** ** ** ****** 
 
Consensus       CTGGGGGATGATTCTCTGAACGACTGTCGGATCATCTTCGTGGACGAAGTCTTCAAGATT 840 
Optimized       CTGGGCGATGATTCCCTGAACGATTGCCGCATCATTTTTGTTGATGAAGTGTTTAAAATC 840 
Harmonized      CTGGGTGACGACTCGCTGAATGATTGTCGGATTATTTTTGTGGATGAGGTTTTTAAAATC 840 
                ***** ** ** ** ***** ** ** ** ** ** ** ** ** ** ** ** ** **  
 
Consensus       GAGCGGCCGGGTGAAGGGAGCCCCATGGTTGACAACCCCATGAGACGGAAGAGCGGGCCG 900 
Optimized       GAACGTCCGGGCGAAGGCAGTCCGATGGTCGATAACCCGATGCGTCGTAAAAGCGGCCCT 900 
Harmonized      GAACGGCCTGGGGAGGGGTCGCCAATGGTCGATAATCCAATGCGGCGGAAGTCGGGGCCT 900 
                ** ** ** ** ** **    ** ***** ** ** ** *** * ** **    ** **  
 
Consensus       TCCTGCAAGCACTGCAAGGACGACGTGAACAGACTCTGCCGGGTCTGCGCCTGCCACCTG 960 
Optimized       AGCTGCAAACACTGCAAAGATGATGTTAACCGCCTGTGCCGTGTTTGTGCGTGCCATCTG 960 
Harmonized      TCGTGCAAACATTGCAAAGATGATGTGAACCGGTTGTGCCGGGTTTGCGCGTGCCATCTG 960 
                   ***** ** ***** ** ** ** *** *  * ***** ** ** ** ***** *** 
 
Consensus       TGCGGGGGCCGGCAGGACCCCGACAAGCAGCTCATGTGCGATGAGTGCGACATGGCCTTC 1020 
Optimized       TGTGGCGGGCGCCAGGATCCGGATAAACAGCTGATGTGCGACGAATGTGATATGGCATTT 1020 
Harmonized      TGCGGGGGTCGGCAGGATCCAGATAAACAGTTGATGTGCGACGAATGCGATATGGCGTTT 1020 
                ** ** ** ** ***** ** ** ** *** * ******** ** ** ** ***** **  
 
Consensus       CACATCTACTGCCTGGACCCGCCCCTCAGCAGTGTTCCCAGCGAGGACGAGTGGTACTGC 1080 
Optimized       CATATTTATTGCCTGGACCCGCCGCTGAGCAGCGTGCCGAGCGAAGATGAGTGGTATTGC 1080 
Harmonized      CATATTTATTGCCTGGATCCTCCATTGTCGTCTGTACCATCGGAGGATGAATGGTATTGC 1080 
                ** ** ** ******** ** **  *       ** **    ** ** ** ***** *** 
 
Consensus       CCTGAGTGCCGGAATGATGCCAGCGAGGTGGTACTGGCGGGAGAGCGGCTGAGAGAGAGC 1140 
Optimized       CCGGAATGTCGCAATGACGCGTCTGAAGTAGTGCTGGCAGGTGAACGTCTGCGCGAAAGC 1140 
Harmonized      CCAGAATGCCGGAACGACGCGAGCGAAGTGGTACTGGCTGGGGAGCGGTTGCGGGAGTCG 1140 
                ** ** ** ** ** ** **    ** ** ** ***** ** ** **  ** * **     
 
Consensus       AAGAAGAAGGCGAAGATGGCCTCGGCCACATCGTCCTCACAGCGGGACTGGGGCAAGGGC 1200 
Optimized       AAAAAAAAAGCGAAAATGGCAAGCGCCACCAGCTCTAGCCAGCGCGATTGGGGTAAAGGC 1200 
Harmonized      AAGAAGAAGGCTAAAATGGCGTCAGCGACGTCATCGTCTCAGCGGGATTGGGGTAAAGGT 1200 
                ** ** ** ** ** *****    ** **    **    ***** ** ***** ** **  
 
Consensus       ATGGCCTGTGTGGGCCGCACCAAGGAATGTACCATCGTCCCGTCCAACCACTACGGACCC 1260 
Optimized       ATGGCTTGTGTGGGCCGTACTAAAGAATGCACAATTGTGCCGAGTAATCACTATGGCCCG 1260 
Harmonized      ATGGCGTGTGTGGGTCGGACGAAAGAGTGTACGATTGTTCCTTCGAATCATTACGGGCCA 1260 
                ***** ******** ** ** ** ** ** ** ** ** **    ** ** ** ** **  
 
Consensus       ATCCCGGGGATCCCCGTGGGCACCATGTGGCGGTTCCGAGTCCAGGTCAGCGAGTCGGGT 1320 
Optimized       ATCCCGGGCATCCCGGTCGGCACCATGTGGCGCTTCCGGGTGCAGGTTAGCGAATCTGGC 1320 
Harmonized      ATCCCCGGGATCCCAGTGGGTACGATGTGGCGGTTTCGGGTTCAGGTTAGCGAATCAGGG 1320 
                ***** ** ***** ** ** ** ******** ** ** ** ***** ***** ** **  
 
Consensus       GTCCATCGGCCCCACGTGGCTGGCATACACGGCCGGAGCAACGACGGAGCGTACTCCCTA 1380 
Optimized       GTTCACCGTCCGCATGTGGCGGGCATCCATGGCCGTAGCAATGATGGTGCGTATAGTCTG 1380 
Harmonized      GTTCACCGGCCACATGTGGCCGGTATACATGGTCGGAGCAATGATGGTGCTTATTCGCTT 1380 
                ** ** ** ** ** ***** ** ** ** ** ** ***** ** ** ** **    **  
 
Consensus       GTCCTGGCGGGGGGCTATGAGGATGATGTGGACCATGGGAATTTTTTCACATACACGGGT 1440 
Optimized       GTCCTGGCTGGTGGCTATGAAGATGATGTTGATCACGGCAATTTTTTTACCTATACCGGC 1440 
Harmonized      GTTCTGGCTGGTGGTTACGAAGACGACGTGGATCACGGTAACTTCTTTACGTATACAGGG 1440 
                ** ***** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** **  
 
Consensus       AGTGGTGGTCGAGATCTTTCCGGCAACAAGAGGACCGCGGAACAGTCTTGTGATCAGAAA 1500 
Optimized       TCGGGCGGCCGTGATCTGTCCGGTAACAAACGCACCGCAGAACAGAGTTGCGATCAGAAA 1500 
Harmonized      TCTGGGGGGCGGGACTTATCGGGTAATAAACGGACGGCTGAGCAGTCGTGTGACCAGAAG 1500 
                   ** ** ** **  * ** ** ** **  * ** ** ** ***   ** ** *****  
 
Consensus       CTCACCAACACCAACAGGGCGCTGGCTCTCAACTGCTTTGCTCCCATCAATGACCAAGAA 1560 
Optimized       CTGACGAACACCAATCGTGCCCTGGCGCTGAATTGCTTTGCGCCGATTAACGACCAGGAA 1560 
Harmonized      TTGACGAATACGAATCGGGCTCTGGCCTTGAATTGCTTCGCCCCAATTAACGATCAAGAG 1560 
                 * ** ** ** **  * ** *****  * ** ***** ** ** ** ** ** ** **  
 
Consensus       GGGGCCGAGGCCAAGGACTGGCGGTCGGGGAAGCCGGTCAGGGTGGTGCGCAATGTCAAG 1620 
Optimized       GGTGCGGAAGCGAAAGATTGGCGCAGCGGCAAACCGGTTCGCGTGGTGCGTAACGTGAAA 1620 
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Harmonized      GGTGCGGAAGCGAAAGATTGGCGGTCAGGTAAACCTGTTCGGGTGGTGCGGAACGTTAAA 1620 
                ** ** ** ** ** ** *****    ** ** ** **  * ******** ** ** **  
 
Consensus       GGTGGCAAGAATAGCAAGTACGCCCCCGCTGAGGGCAACCGCTACGATGGCATCTACAAG 1680 
Optimized       GGTGGCAAAAATTCCAAATACGCGCCGGCGGAAGGCAACCGCTATGATGGTATCTATAAA 1680 
Harmonized      GGGGGTAAAAACAGCAAATATGCGCCAGCCGAAGGTAATCGGTATGACGGTATTTATAAA 1680 
                ** ** ** **   *** ** ** ** ** ** ** ** ** ** ** ** ** ** **  
 
Consensus       GTTGTGAAATACTGGCCCGAGAAGGGGAAGTCCGGGTTTCTCGTGTGGCGCTACCTTCTG 1740 
Optimized       GTTGTGAAATACTGGCCGGAAAAAGGTAAAAGCGGCTTTCTGGTTTGGCGTTACCTGCTG 1740 
Harmonized      GTCGTGAAGTATTGGCCAGAAAAAGGTAAATCGGGTTTCTTGGTGTGGCGGTATCTCTTG 1740 
                ** ***** ** ***** ** ** ** **    ** **  * ** ***** ** **  ** 
 
Consensus       CGGAGGGACGATGATGAGCCTGGCCCTTGGACGAAGGAGGGGAAGGACCGGATCAAGAAG 1800 
Optimized       CGTCGTGATGATGATGAACCGGGTCCGTGGACCAAAGAAGGCAAAGATCGTATTAAAAAA 1800 
Harmonized      CGGCGGGACGACGACGAACCAGGTCCATGGACAAAAGAAGGTAAGGACCGGATTAAAAAA 1800 
                **  * ** ** ** ** ** ** ** ***** ** ** ** ** ** ** ** ** **  
 
Consensus       CTGGGGCTGACCATGCAGTATCCAGAAGGCTACCTGGAAGCCCTGGCCAACCGAGAGCGA 1860 
Optimized       TTAGGCCTGACGATGCAGTATCCGGAAGGCTATCTGGAAGCCCTGGCCAACCGTGAACGT 1860 
Harmonized      CTGGGTCTGACGATGCAGTACCCAGAGGGTTATCTGGAGGCGCTGGCGAATCGGGAGCGG 1860 
                 * ** ***** ******** ** ** ** ** ***** ** ***** ** ** ** **  
 
Consensus       GAGAAGGAGAACAGCAAGAGGGAGGAGGAGGAGCAGCAGGAGGGGGGCTTCGCGTCCCCC 1920 
Optimized       GAAAAAGAAAATAGCAAACGTGAAGAAGAAGAACAGCAAGAAGGTGGTTTTGCCAGCCCG 1920 
Harmonized      GAGAAGGAAAATTCGAAGCGGGAGGAAGAAGAACAGCAGGAAGGTGGTTTTGCTTCGCCA 1920 
                ** ** ** **    **  * ** ** ** ** ***** ** ** ** ** **    **  
 
Consensus       AGGACGGGCAAGGGCAAGTGGAAGCGGAAGTCGGCAGGAGGTGGCCCGAGCAGGGCCGGG 1980 
Optimized       CGTACGGGCAAAGGCAAATGGAAACGTAAAAGCGCCGGCGGTGGCCCGAGCCGTGCGGGC 1980 
Harmonized      CGGACAGGTAAAGGTAAATGGAAGCGGAAGTCAGCAGGGGGAGGTCCTTCGCGGGCGGGG 1980 
                 * ** ** ** ** ** ***** ** **    ** ** ** ** **     * ** **  
 
Consensus       TCCCCGCGCCGGACATCCAAGAAAACCAAGGTGGAGCCCTACAGTCTCACGGCCCAGCAG 2040 
Optimized       TCTCCGCGTCGTACCAGCAAAAAAACCAAAGTGGAACCGTATAGCCTGACCGCGCAGCAG 2040 
Harmonized      TCGCCTCGGCGGACGTCGAAGAAGACGAAAGTGGAACCATACTCTTTGACAGCGCAGCAG 2040 
                ** ** ** ** **    ** ** ** ** ***** ** **     * ** ** ****** 
 
Consensus       AGCAGCCTCATCAGAGAGGACAAGAGCAACGCCAAGCTGTGGAATGAGGTCCTGGCGTCA 2100 
Optimized       AGCAGCCTGATTCGCGAAGATAAATCTAACGCCAAACTGTGGAATGAAGTGCTGGCGAGC 2100 
Harmonized      TCGTCGTTGATCCGGGAAGATAAAAGCAATGCGAAACTGTGGAACGAAGTTCTGGCTTCT 2100 
                       * **  * ** ** **    ** ** ** ******** ** ** *****     
 
Consensus       CTCAAGGACCGGCCGGCGAGCGGCAGCCCGTTCCAGTTGTTCCTGAGTAAAGTGGAGGAG 2160 
Optimized       CTGAAAGATCGCCCGGCGAGTGGCAGCCCGTTTCAGCTGTTTCTGAGTAAAGTTGAAGAA 2160 
Harmonized      TTGAAGGACCGGCCTGCTAGCGGTAGCCCTTTTCAGCTCTTTCTGTCTAAGGTGGAAGAA 2160 
                 * ** ** ** ** ** ** ** ***** ** *** * ** ***  *** ** ** **  
 
Consensus       ACGTTCCAGTGTATCTGCTGTCAGGAGCTGGTGTTCCGGCCCATCACGACCGTGTGCCAG 2220 
Optimized       ACCTTCCAGTGCATTTGCTGCCAGGAACTGGTGTTTCGCCCGATCACCACCGTGTGCCAG 2220 
Harmonized      ACATTTCAGTGTATTTGCTGTCAGGAACTGGTGTTCCGGCCAATCACAACGGTGTGCCAG 2220 
                ** ** ***** ** ***** ***** ******** ** ** ***** ** ********* 
 
Consensus       CACAACGTGTGCAAGGACTGCCTGGACAGATCCTTTCGGGCACAGGTGTTCAGCTGCCCT 2280 
Optimized       CATAACGTGTGTAAAGATTGTCTGGATCGTAGCTTTCGTGCGCAGGTGTTTAGCTGCCCG 2280 
Harmonized      CATAATGTGTGCAAAGATTGCCTGGACCGGTCGTTCCGGGCACAGGTGTTTAGCTGCCCA 2280 
                ** ** ***** ** ** ** *****  *    ** ** ** ******** ********  
 
Consensus       GCCTGCCGCTACGACCTGGGCCGCAGCTATGCCATGCAGGTGAACCAGCCTCTGCAGACC 2340 
Optimized       GCGTGTCGTTATGATCTGGGCCGTAGCTATGCGATGCAGGTGAACCAGCCGCTGCAGACC 2340 
Harmonized      GCGTGCCGGTATGATCTGGGTCGGAGCTACGCGATGCAGGTGAATCAGCCACTGCAGACG 2340 
                ** ** ** ** ** ***** ** ***** ** *********** ***** ********  
 
Consensus       GTCCTCAACCAGCTCTTCCCCGGCTACGGCAATGGCCGG 2379 
Optimized       GTGCTGAACCAGCTGTTTCCGGGTTATGGTAACGGCCGC 2379 
Harmonized      GTTTTGAATCAGTTGTTCCCAGGTTATGGTAACGGTCGG 2379 
                **  * ** *** * ** ** ** ** ** ** ** **  
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Appendix	C	–	Detailed	T-tests	

C.1	–	T-tests	between	RIL-UHRF1	and	DE3-UHRF1	interactions	with	H3K9me3	and	H3	

unmodified	peptide	

Binding	to	H3K9me3	peptides	 	 Binding	to	unmodified	H3	peptide	
Input	analysis	 RIL	 DE3	 	 Input	analysis	 RIL	 DE3	

Mean	 1.42	 0.70	 	 Mean	 2.95	 5.20	

Variance	 0.03	 0.02	 	 Variance	 0.28	 0.14	

Observations	 4.00	 5.00	 	 Observations	 5	 5.00	

T-test:	Two	samples	assuming	unequal	variances	 	 T-test:	Two	samples	assuming	unequal	variances	

Hypothesized	Mean	Difference	 0.00	
	 	 Hypothesized	Mean	Difference	 0.00	

df	 6.00	
	 	 df	 7.00	

	
t	Stat	 6.79	

	 	 t	Stat	 7.74	
	P(T<=t)	one-tail	 0.00	

	 	 P(T<=t)	one-tail	 0.00	
	t	Critical	one-tail	 1.94	

	 	 t	Critical	one-tail	 1.89	
	P(T<=t)	two-tail	 0.00	

	 	 P(T<=t)	two-tail	 0.00	
	t	Critical	two-tail	 2.45	

	 	 t	Critical	two-tail	 2.36	
		

C.2	 –	 T-tests	 between	O-UHRF1	 and	DE3-UHRF1	 interactions	with	H3K9me3	 and	H3	

unmodified	peptide	

Binding	to	H3K9me3	peptides	 	 Binding	to	unmodified	H3	peptide	

Input	analysis	 O-UHRF1	 DE3	 	 Input	analysis	 O-UHRF1	 DE3	

Mean	 0.62	 0.70	 	 Mean	 2.50	 5.20	

Variance	 0.00	 0.02	 	 Variance	 0.55	 0.14	

Observations	 3.00	 5.00	 	 Observations	 5.00	 5.00	

T-test:	Two	samples	assuming	unequal	variances	 	 T-test:	Two	samples	assuming	unequal	variances	

Hypothesized	Mean	Difference	 0.00	
	 	 Hypothesized	Mean	Difference	 0	

0.0	df	 5.00	
	 	 df	 6.00	

	t	Stat	 1.05	
	 	 t	Stat	 7.26	

	P(T<=t)	one-tail	 0.17	
	 	 P(T<=t)	one-tail	 0.00	

	t	Critical	one-tail	 2.02	
	 	 t	Critical	one-tail	 1.94	

	P(T<=t)	two-tail	 0.34	
	 	 P(T<=t)	two-tail	 0.00	

	t	Critical	two-tail	 2.57	
	 	 t	Critical	two-tail	 2.45	
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C.3	 –	 T-tests	 between	H-UHRF1	 and	DE3-UHRF1	 interactions	with	 H3K9me3	 and	H3	

unmodified	peptide	

Binding	to	H3K9me3	peptides	 	 Binding	to	unmodified	H3	peptide	

Input	analysis	 H-DE3	 DE3	 	 Input	analysis	 H-DE3	 DE3	

Mean	 1.35	 0.70	 	 Mean	 3.45	 5.20	

Variance	 0.10	 0.02	 	 Variance	 0.11	 0.14	

Observations	 6.00	 5.00	 	 Observations	 3.00	 5.00	

T-test:	Two	samples	assuming	unequal	variances	 	 T-test:	Two	samples	assuming	unequal	variances	

Hypothesized	Mean	Difference	 0.00	
	 	 Hypothesized	Mean	Difference	 0	

0.0	df	 7.00	
	 	 df	 5.00	

	t	Stat	 4.57	
	 	 t	Stat	 6.86	

	P(T<=t)	one-tail	 0.00	
	 	 P(T<=t)	one-tail	 0.00	

	t	Critical	one-tail	 1.89	
	 	 t	Critical	one-tail	 2.02	

	P(T<=t)	two-tail	 0.00	
	 	 P(T<=t)	two-tail	 0.00	

	t	Critical	two-tail	 2.36	
	 	 t	Critical	two-tail	 2.57	

	

	

	

	

	

	

	

	

	

	

	

	



65	

Appendix	D	–	Detailed	Analyses	of	Variance	

D.1	–	Binding	measurements	between	O-UHRF1	and	H3K9me3	peptide	

	

Groups	 Count	 Sum	 Average	 Variance	

Measurement	1		 3	 1.83	 0.61	 0.01	

Measurement	2	 3	 1.83	 0.61	 0.02	

Measurement	3	 3	 1.86	 0.62	 0.03	

	

Source	of	Variation	 SS	 df	 MS	 F	 P-value	 F	crit	

Between	Groups	 0.00	 2	 0.00	 0.01	 0.99	 5.14	

Within	Groups	 0.12	 6	 0.02	 		 		 		

Total	 0.122	 8	 		 		 		 		

	

D.2	–	Binding	measurements	between	O-UHRF1	and	unmodified	H3	peptide	

Groups	 Count	 Sum	 Average	 Variance	

Measurement	1	 3	 9.16	 3.05	 0.72	

Measurement	2	 3	 7.03	 2.34	 0.05	

Measurement	3	 3	 6.1	 2.03	 1.19	

Measurement	4	 3	 6.27	 2.09	 0.02	

Measurement	5	 3	 10.67	 3.56	 1.04	

	

Source	of	Variation	 SS	 df	 MS	 F	 P-value	 F	crit	

Between	Groups	 5.30	 4	 1.32	 2.07	 0.16	 3.48	

Within	Groups	 6.39	 10	 0.64	 		 		 		

Total	 11.693	 14	 		 		 		 		

	

D.3	–	Binding	measurements	between	H-UHRF1	and	H3K9me3	peptide	

Groups	 Count	 Sum	 Average	 Variance	

Measurement	1	 3	 3.97	 1.32	 0.39	

Measurement	2	 3	 3.18	 1.06	 0.12	

Measurement	3	 3	 2.97	 0.99	 0.02	

Measurement	4	 3	 5.18	 1.73	 0.03	

Measurement	5	 3	 4.72	 1.57	 0.01	

Measurement	6	 3	 4.21	 1.40	 0.40	

	

Source	of	Variation	 SS	 df	 MS	 F	 P-value	 F	crit	
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Between	Groups	 1.224067778	 5	 0.25	 1.51	 0.26	 3.11	

Within	Groups	 1.940289333	 12	 0.16	 		 		 		

Total	 3.164357111	 17	 		 		 		 		

	

D.4	–	Binding	measurements	between	H-UHRF1	and	unmodified	H3	peptide	

Groups	 Count	 Sum	 Average	 Variance	

Measurement	1	 3	 10.01	 3.34	 0.38	

Measurement	2	 3	 11.87	 3.96	 0.48	

Measurement	3	 3	 9.94	 3.31	 0.21	

	

Source	of	Variation	 SS	 df	 MS	 F	 P-value	 F	crit	

Between	Groups	 0.799712	 2	 0.399856	 1.125839052	 0.384438538	 5.14325285	

Within	Groups	 2.130976	 6	 0.355162667	
	 	 	Total	 2.930688	 8	 		 		 		 		

	


