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ABSTRACT	

In	eukaryotic	cells,	the	degradation	of	the	mRNA	poly(A)	tail	

(deadenylation)	is	a	crucial	step	in	the	regulation	of	gene	expression.	The	

Ccr4-Not	complex	is	the	major	deadenylase	enzyme	involved	in	the	mRNA	

deadenylation.	The	complex	is	composed	by	two	subunits	with	

ribonuclease	activity	(Caf1	and	Ccr4)	and	at	least	six	non-catalytic	

subunits.		In	vertebrate	cells,	the	duplication	of	the	catalytic	subunits	Caf1	

(encoded	by	CNOT7	and	CNOT8)	and	Ccr4	(encoded	by	CNOT6	and	

CNOT6L)	lead	to	the	heterogeneity	of	the	complex.	The	non-catalytic	

subunits	are	organised	in	modules,	each	with	a	specific	function,	allowing	

the	recruitment	of	the	complex	on	specific	mRNAs.		Regulatory	proteins	

interact	with	the	deadenylase	complex	tethering	it	on	specific	mRNAs	and	

activating	mRNA	degradation	pathways	and	down-regulating	protein	

expression.	This	study	discovered	and	explored	the	interactome	of	the	

catalytic	subunits	Caf1	and	Ccr4	and	detected	new	interacting	partners	

that	may	recruit	the	deadenylase	complex	on	specific	mRNAs.		

Nowadays,	genotyping	patients	using	whole	genome	and	next	generation	

sequencing	technologies,	allows	a	wider	but	more	accurate	sight	of	the	

genomic	contest	of	a	specific	disease.	The	alteration	of	the	function	or	the	

structure	of	the	Ccr4-Not	complex	in	cancer	was	assessed	investigating	the	

structure	and	function	of	the	variants	of	the	components	of	the	NOT-

module	(CNOT1,	CNOT2	and	CNOT3)	and	the	nuclease	sub-complex	

(CNOT7,	CNOT6L,	CNOT1,	and	the	regulatory	protein	BTG1)	found	in	

various	types	of	cancers.	Finally,	phylogenetic	analysis	of	15	mammalian	

species	identified	different	evolutionary	rates	acting	on	the	paralogous	

deadenylase	subunits.	
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Chapter	1.		 Introduction	

1.1			Eukaryotic	mRNA	synthesis,	processing	and	function	

Eukaryotic	cells	adopt	several	processes	to	finely	regulate	genes	and	

proteins	expression.	There	are	three	main	regulatory	levels:	

transcriptional,	co-	and	post-transcriptional,	and	post-translational	

regulation.		An	alteration	of	this	balance	caused	by	loss	of	control	in	one	or	

more	of	the	regulatory	steps	could	cause	several	damages	in	cells	leading	

to	cell	death	or	onset	of	disease	e.g.	cancer	(Yeoh	et	al.,	2002;	Morris	et	al.,	

2010;	Lee	and	Young,	2013;	Eisenberg-Lerner	et	al.,	2016).			

The	transcription	is	the	first	nuclear	process	of	the	gene	expression	and	

consists	in	copying	the	DNA	double	strand	into	a	pre-messenger	RNA	

(pre-mRNA).	This	single	stranded	molecule	is	subjected	to	modifications	

such	as	capping,	splicing,	polyadenylation,	and	editing	to	be	converted	into	

messenger	RNA	(mRNA).	The	mRNA	is	then	transported	from	the	nucleus	

to	the	cytoplasm	where	it	undergoes	translation	or	to	mRNA	degradation.	

Newly	synthesised	proteins	are	subjected	to	covalent	and	enzymatic	

alterations	named	post-translational	modifications	(PTM)	(Figure	1.1).	

1.1.1				Eukaryotic	transcription	

Transcription	consists	in	copying	DNA	sequences	into	complementary	

molecules	of	RNA	by	RNA	polymerase	enzymes	(RNAPs).	There	are	five	

RNAPs	in	eukaryotic	cells	transcribing	specific	RNAs.	The	RNAP	I	

transcribes	the	35S	precursor	of	ribosomal	RNAs	(rRNAs);	RNAP	II	

transcribes	protein	coding	mRNAs,	small	nuclear	RNAs	(snRNAs)	and	

microRNAs;	RNAP	III	transcribes	the	short	rRNA	5	S,	U6	snRNA,	and	

transfer	RNA	(tRNA)	(Arimbasseri	and	Maraia,	2016).	Plants	have	two	

additional	unorthodox	multi-subunits	RNA	polymerases	that	transcribe	

short	interference	RNAs	(siRNAs),	RNAP	IV	and	RNAP	V	(Daxinger	et	al.,	

2009;	Landick,	2009).	

The	transcription	of	mRNA	is	a	dynamic	and	multi-step	process	performed	

by	the	RNAPII	consisting	in	initiation,	elongation,	and	termination	

(Cheung	and	Cramer,	2012).		
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Figure	1.1	Overview	of	eukaryotic	gene	regulation.	In	eukaryotic	cells,	

gene	expression	is	regulated	on	three	major	levels:	transcriptional,	co-	and	

post-transcriptional	(mRNA	capping,	splicing,	polyadenylation,	RNA	

editing),	and	post-translational	(amino-acidic	chain	modifications	by	

attachment	of	functional	groups)	regulation.			
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The	RNAP	II	is	unable	to	recognise	the	minimum	segment	of	DNA	that	is	

necessary	to	direct	accurately	the	initiation	of	the	transcription,	the	

RNAP	II	core	promoter.	The	polymerase	therefore	requires	additional	

transcription	factors	and	co-factors	to	localise	on	the	core	promoter	

(Juven-Gershon	et	al.,	2008;	Kadonaga,	2012).		To	initiate	transcription,	

the	RNAP	II	together	with	six	general	transcription	factors	(GTFs)	forms	

the	pre-initiation	complex	(PIC)	(Thomas	and	Chiang,	2006).		This	is	

achieved	by	the	GTFs	recognition	of	elements	of	the	core	promoter.	The	

assembly	of	the	PIC	is	an	important	step	for	the	transcription	initiation	

specifying	the	transcription	start	site.	Several	models	have	been	suggested	

for	the	assembly	of	the	pre-initiation	complex.	A	step-wise	model	of	

transcription	proposes	that	transcription	factor	TFIID,	composed	by	TATA	

binding	protein	(TBP)	and	TBP	associated	factors	(TAFs),	recognises	a	

sequence	of	the	core	promoter,	which	is	rich	in	T	and	A	termed	TATA	box,	

the	initiator	element	(Inr),	and	the	downstream	promoter	element.		This	

interaction	is	stabilised	by	TFIIA,	followed	by	the	recruitment	of	TFIIB,	

which	in	turns	recruits	the	RNAPII-TFIIF	sub-assembly.	TFIIH	and	TFIIE	

are	then	recruited	stimulating	the	separation	of	the	two	DNA	helices	

(promoter	melting)	and	the	RNAPII	escape	from	the	promoter	(Thomas	

and	Chiang,	2006).	Another	model	suggests	that	the	RNAPII	and	some	

GTFs	bind	to	the	promoter	as	part	of	a	pre-assembled	holoenzyme	(Wilson	

et	al.,	1996;	Gupta	et	al.,	2016;	Zhang	et	al.,	2016)	Figure	1.2.		

Most	of	the	promoters	require	additional	factors	called	activators,	to	

initiate	a	regulated	transcription	(active	transcription).	The	activators	

recognise	specific	DNA	sequences	often	located	upstream	from	the	core	

promoter	and	alter	the	local	chromatin	environment	facilitating	the	

assembly	of	the	PIC	(Venters	and	Pugh,	2009).			

Once	the	PIC	is	assembled	on	the	DNA,	the	phosphorylation	of	Ser2	of	the	

C-terminal	domain	of	the	RNAPII	is	required	for	the	release	of	the	

Negative	Elongation	Factor	(NEF),	for	the	exchange	of	protein	factors	and	

for	the	escape	of	the	polymerase	from	the	promoter	and	initiate	the	

elongation	(Buratowski,	2009;	Kostrewa	et	al.,	2009;	Eick	and	Geyer,	

2013).		
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Figure	1.2	Schematic	representation	of	the	pre-initiation	complex	

(PIC)	assembled	on	the	RNAPII	core	promoter.	The	typical	RNAP	II	

core	promoter	is	composed	by	regulatory	elements	located	up	and	down	

stream	of	the	transcription	initiatior	(Inr)	site.	The	downstream	promoter	

element	(DPE)	together	with	the	Inr	recruits	the	transcription	factor	TFIID	

and	the	RNA	polymerase	II	(RNAP	II)	to	the	initiator	site.	The	TATA	box,	

and	the	flanking	upstream	and	downstream	B	recognition	element		(BREu	

and	BREd)	located	upstream	of	the	Inr,	recruit	further	transcription	factor	

that	stimulate	the	RNAP	II	to	start	an	efficient	transcription.		
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In	the	early	stage	of	the	elongation,	the	RNAPII	undergoes	an	abortive	

initiation	stage	until	the	transcript	length	reaches	10-12	nucleotides.	The	

recruitment	of	the	Positive	Transcription	Factor	b	(b-PTF)	and	other	

Elongation	Factors	such	as	elongins,	DSIF,	Stp6,	TFIIS,	and	the	

transcription	export	complex	(TREX)	promote	the	synthesis	of	long	

transcripts	and	finely	regulate	the	elongation	(Marshall	and	Price,	1995;	

Sims	et	al.,	2004;	Peterlin	and	Price,	2006;	Sharma,	2016).	The	immature	

mRNA	molecule	synthesised	by	the	RNA	polymerase	II	(RNAPII)	is	termed	

pre-mRNA.	

1.1.2			mRNA	processing	

The	pre-mRNA	is	subjected	to	three	modifications	in	order	to	become	

mature	mRNA.	Transcripts	are	modified	at	their	5'	ends	by	the	addition	of	

the	7-methylguanosine	cap,	internal	removal	of	intronic	sequences,	

polyadenylation	at	the	3'	end,	and	editing	(Topisirovic	et	al.,	2011;	Girard	

et	al.,	2012;	Proudfoot,	2011).		Shortly	after	the	5'	end	of	the	nascent	RNA	

molecule	emerges,	the	capping	enzyme	complex	is	recruited.	This	complex	

catalyses	an	unusual	5'	to	5'	triphosphate	bridge	attaching	the	guanidine	

residue	at	the	end	of	the	transcript	that	is	then	methylated	in	position	7	by	

a	methyltransferase	forming	the	5'	m7G	cap.	This	cap	stabilises	the	RNA	

against	the	attack	by	exonucleases	and	promotes	transcription,	splicing,	

and	polyadenylation	and	is	required	for	the	translation(Cowling,	2009;	

Braun	and	Young,	2014).	Therefore,	transcripts	undergo	a	further	process	

termed	splicing.	Introns	are	excised	from	the	RNA	molecule	leaving	the	

protein	coding	sequences.	Alternative	splicing	joins	gene	exons	in	different	

ways	to	produce	alternative	transcripts	called	splice	variants	(Johnson	et	

al.,	2003;	Johnson	and	Vilardell,	2012;	Hossain	and	Johnson,	2014).	This	

process	is	catalysed	by	the	ribonucleoprotein	complex	splicesome,	

composed	by	proteins	and	small	nuclear	RNA	(snRNA)	molecules	

(McManus	and	Graveley,	2011;	Sperling,	2016).		
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1.1.3			Polyadenylation		

The	final	step	to	produce	a	mature	mRNA	is	the	polyadenylation	at	the	

nascent	RNA	3'	end.	The	poly(A)	tail	has	multiple	roles:	it	promotes	

translation,	nuclear	export,	and	confers	stability	to	the	RNA,	protecting	it	

from	ribonuclease	attack	.	The	polyadenylation	flags	the	termination	of	the	

transcription	and	the	release	of	the	mature	mRNA.		Transcripts	with	long	

poly(A)	tail	were	shown	to	be	more	stable	and	have	increased	half-lives.	

The	control	of	the	length	of	the	poly(A)	tail	is	finely	regulated	both	in	the	

nucleus	for	nascent	mRNAs	and	in	the	cytoplasm	after	the	export	from	the	

nucleus	(Colgan	and	Manley,	1997;	Eckmann	et	al.,	2011;	Proudfoot,	

2011).		The	process	is	a	two-steps	reaction	consisting	in	endonucleolytic	

cleavage	and	synthesis	of	a	non-templated	3'	poly	adenosine	tail,	which	is	

approximately	200-300	adenosine	residues	long	(Sheets	and	Wickens,	

1989;	Zhang	et	al.,	2010).	The	cleavage/polyadenylation	machinery	

requires	specific	signals	in	the	pre-mRNA	sequence.	The	polyadenylation	

site	consists	in	three	primary	sequence	elements	the	cleavage	site,	the	

downstream	element	(DSE),	and	the	polyadenylation	site	(PAS).	

Mammalian	PASs	are	AU-rich	and	are	a	highly	conserved	in	their	

nucleotide	composition	(Tian	and	Graber,	2012;	Shi,	2012).		The	

A(A/U)UAAA	sequence	is	recognised	by	the	cleavage	and	polyadenylation	

specificity	factor	(CSPF)	via	CSF-160,	its	largest	subunit.	The	CSPF	

complex	binds	to	the	pre-mRNA	cleavage	site,	typically	a	CA	sequence,	via	

the	CPSF-73	subunit.	The	downstream	element	DSE	is	an	U/GU-rich	region	

recognised	by	the	CstF	complex.	The	CSPF,	CstF,	and	CFI	bind	to	directly	to	

the	RNA	and	recruit	in	turn	other	factors	such	as	the	CFII,	Symplekin,	and	

the	poly(A)	polymerase	(PAP)	(Shi	et	al.,	2009;	Chan	et	al.,	2011)	(Figure	

1.3).	The	co-transcriptional	assembly	of	all	these	factors	on	the	PASs	is	

facilitated	by	the	C-terminal	domain	of	the	RNAPII	(Bentley,	2005;	Shi	and	

Manley,	2015).		

The	accumulation	of	processing	factors	at	the	3'	end	triggers	the	

termination	of	the	transcription	and	the	release	of	the	RNAPII	is	

stimulated	through	XRN2	exonuclease	degradation	downstream	the	PAS	

signal	(West	et	al.,	2008).	
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Figure	1.3	Mammalian	pre-mRNA	3'	end	processing	machinery.	(A)	

The	nuclear	cleavage	and	polyadenylation	complex.	The	CPSF	complex	

recognise	the	poly(A)	signal	(PAS)	located	upstream	of	the	cleavage	site	

rich	in	CA.	The	cleavage	factor	CFIm	recognises	an	upstream	sequence	

(UAS)	whereas	the	CstF	complex	recognises	a	G/U	rich	downstream	

element	(DSE).		The	interaction	of	CPSF,	CStF,	Symplekin,	CFIm	and	CFIIm	

results	in	the	recruitment	of	the	poly(A)	polymerase	(PAP).		(B)	The	

cleavage	and	polyadenylation	process	to	form	mature	mRNA.	Mammalian	

processing	machinery	cleave	the	pre-RNA	at	the	3'	end	followed	by	

addition	of	non-templated	poly(A)	tail.		
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1.1.4			mRNA	nuclear	export		

Following	the	RNA	processing	events,	the	mRNA	is	transported	into	the	

cytoplasm	where	it	can	be	translated	into	proteins	or	subjected	to	mRNA	

degradation.	The	exchange	between	the	nucleus	and	cytoplasm	is	carried	

out	by	the	Nuclear	Pore	Complex	(NPC)	composed	by	multiple	copies	of	

nucleoporins.	Phenylalanine-glycine	(FG)	peptides	within	the	pore	

channel	establish	a	selective	barrier,	enabling	the	passive	diffusion	of	

small	molecules	or	the	selective	transport	of	molecules	greater	than	~40	

kDa.	Nuclear	localisation	or	nuclear	export	(NLS/NES)	sequences	are	

recognised	by	transport	receptors	(importins/exportins)	and	can	interact	

with	the	FG	repeats	(Terry	and	Wente,	2009;	Wente	and	Rout,	2010;	Floch	

et	al.,	2014).	A	requisite	for	the	mRNA	export	is	the	completion	of	the	pre-

mRNA	processing	reactions	and	the	recruitment	of	mRNA	export	receptor	

that	interacts	with	the	FG-nucleoporins	at	the	NPC.	During	the	

transcription,	the	RNAPII	C-terminal	domain,	the	splicing	exon	junction	

complex	(EJC)	and	the	5'cap	recruit	the	transcription	export	complex	

(TREX).	The	TREX	complex	is	composed	by	the	THO	complex	and	other	

export	factors	including	Yra1p,	ALY,	POLDIP3,	and	DEAD-box	RNA	

helicase	UAP56	(Carmody	and	Wente,	2009;	Folco	et	al.,	2012;	Heath	et	al.,	

2016).	This	complex	facilitates	the	association	of	the	mRNA	with	export	

receptor	NXF1	and	NXT1	via	ALY	and	UAP56	(Hautbergue	et	al.,	2008;	

Taniguchi	and	Ohno,	2008).	Another	pathway	for	the	mRNA	export	is	

Crm1	dependent.	This	receptor	cannot	bind	directly	to	the	mRNA,	but	

recognises	distinct	mRNA	specific	NES-containing	adaptors	such	as	NXF3	

or	LRPPRC	(Cullen,	2003;	Culjkovic-Kraljacic	and	Borden,	2013;	Natalizio	

and	Wente,	2013).	

Once	in	the	cytoplasm,	the	mRNA	undergoes	translation	to	form	proteins	

or	mRNA	degradation.	
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1.2			Regulated	mRNA	decay	

Regulation	of	the	gene	expression	in	eukaryotic	cells	occurs	at	multiple	

levels.	In	addition	to	the	synthesis,	processing,	and	nuclear	export	rates,	

the	RNA	decay	rate	in	the	cytoplasm	plays	a	vital	role	in	endorsing	

transcriptional	regulation	(Wu	and	Brewer,	2012).	Interestingly,	mRNA	

decay	rates	differ	notably	between	transcripts	in	eukaryotic	organisms;	

mRNAs	coding	for	housekeeping	proteins	tend	to	have	longer	half-lives	

compared	to	those	encoding	for	regulatory	proteins	(Yang	et	al.,	2003;	

Chen	et	al.,	2008).	The	rate	of	mRNA	degradation	may	change	in	response	

to	stimuli,	giving	the	cell	a	rapid	method	of	altering	gene	expression.		

The	stability	of	the	mRNA	is	influenced	by	the	5'	m7G	cap	and	the	

poly(A)	tail	at	the	3'.	The	5'	cap	interacts	with	the	eIF4E	protein	and	the	

poly(A)	tail	interacts	with	the	poly(A)	binding	proteins	(PABP);	eIF4E	and	

PABPs	interact	via	eIF4F	forming	the	closed	loop	configuration,	necessary	

for	an	efficient	protein	synthesis.	These	structures	stabilise	the	mRNA	

protecting	it	from	exonuclease	attack.	To	initiate	the	mRNA	degradation,	

one	of	these	components	must	be	perturbed,	or	the	mRNA	must	be	cleaved	

internally,	losing	the	closed	loop	configuration	(Garneau	et	al.,	2007;	

Mitchell	et	al.,	2010;	Łabno	et	al.,	2016).	There	are	three	classes	of	RNA-

degrading	enzymes:	endonucleases	that	cleave	the	RNA	internally,	

5'	exonucleases	that	degrade	the	RNA	from	the	5'	end,	and	3'exonucleases	

that	degrade	the	RNA	from	the	3'	end.	

In	most	cases,	the	precursor	of	the	mRNA	degradation	is	the	removal	of	

the	poly(A)	tail	which	must	be	shortened	to	10	nucleotides	(Couttet	et	al.,	

1997;	Meyer	et	al.,	2004;	Houseley	and	Tollervey,	2009).	

This	process	is	the	initial	step	in	cytoplasmic	mRNA	degradation	involving	

several	deadenylases	(Parker	and	Song,	2004;	Garneau	et	al.,	2007;	Wahle	

and	Winkler,	2013).	

Two	pathways	have	been	described	for	the	eukaryotic	cytoplasmic	

deadenylation-dependent	mRNA	degradation	(Figure	1.4).	In	the	first	

pathway,	following	the	deadenylation,	the	decapping	complex	removes	the	

5'	m7G	cap.	Lsm1-7	proteins	bind	to	the	3'	end	of	the	deadenylated	

transcript	to	assist	the	decapping	enzymes	Dcp1-Dcp2	in	the	removal	of	
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the	5'	m7G	cap,	resulting	in	the	exposure	of	the	mRNA	to	digestion	by	the	

5'-3'	exonuclease	XRN1	(Couttet	et	al.,	1997;	Ingelfinger	et	al.,	2002;	

Yamashita	et	al.,	2005;	Behm-Ansmant	et	al.,	2006).			

In	the	second	pathway,	following	deadenylation,	the	3'	end	of	the	

transcript	is	directly	exposed	to	the	digestion	by	the	3'-5'	exosome	

multi-subunit	complex	(Parker	and	Song,	2004;	Garneau	et	al.,	2007;	

Goldstrohm	and	Wickens,	2008;	Wu	and	Brewer,	2012;	Łabno	et	al.,	2016)	

(Figure	1.4).	Factors	involved	in	the	cytoplasmic	mRNA	decay	pathways	

are	shown	in	Table	1.1.	
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Complex	 Human	name	 Function	

Decapping	

factors	 Dcp1a,	Dcp1b	

Member	of	Dcp	decapping	

complex	

	

Dcp2	

Catalytic	subunit	of	the	

decapping	complex	

	

Lsm1-7	 Lsm	3'	RNA	binding	complex	

	

Pat1		 Required	for	mRNA	decapping	

Deadenylase	

enzymes	 Nocturnin	 EEP-type	deadenylase	

	

ANGEL		 EEP-type	deadenylase	

	

ANGEL	2	 EEP-type	deadenylase	

	

CNOT6	(Ccr4a)	

EEP-type	deadenylase	subunit	of	

the	Ccr4-Not	complex	

	

CNOT6L	(Ccr4b)	

EEP-type	deadenylase	subunit	of	

the	Ccr4-Not	complex	

	

TOE1	(Caf1z)	 DEDD-type	deadenylase	

	

PARN	 DEDD-type	deadenylase	

	

PAN2	

DEDD-type	deadenylase	that	

interacts	with	PAN3	

	

CNOT8	(Caf1b)	

DEDD-type	deadenylase	subunit	

of	the	Ccr4-Not	complex	

	

CNOT7	(Caf1a)	

DEDD-type	deadenylase	subunit	

of	the	Ccr4-Not	complex	

Exoribonuclease	

enzymes	 XRN1	

Cytoplasmic	5'-3'	

exoribonuclease	

	

Exosome	 3'-5'	exoribonuclease	complex	

Table	1.1	Factors	involved	in	cytoplasmic	mRNA	degradation.	
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Figure	1.4	Cytoplasmic	mRNA	degradation	pathways.	The	mRNA	is	

exported	from	the	nucleus	by	the	nuclear	pore	complex	(NPC).	In	the	

cytoplasm	deadenylase	enzymes	(Ccr4-Not	complex,	PARN,	Pan2-Pan3)	

shorten	the	poly(A)	tails.	Deadenylation	stimulates	the	degradation	of	the	

mRNA	by	recruitment	of	the	decapping	complex	DCP1/DCP2	followed	by	

5'	à	3'	exonucleolytic	digestion	by	XRN1.	Alternatively,	following	

deadenylation,	the	exosome	degrades	the	transcript	in	direction	3'à5'.	
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1.2.1			Deadenylase	enzymes	

Deadenylases	are	Mg2+	dependent	exoribonucleases	that	hydrolyse	the	

degradation	of	the	poly(A)	tail	in	3'-5'	direction.	Studies	identified	ten	

different	deadenylase	enzymes	in	human	cells	(Goldstrohm	and	Wickens,	

2008).	It	is	established	that	the	majority	of	the	cytoplasmic	deadenylase	

activity	is	associated	with	the	Ccr4-Not	complex,	whose	subunits	are	

Ccr4a/Ccr4b	and	Caf1a/Caf1b,	and	with	Pan2-Pan3	complex	(Wahle	and	

Winkler,	2013).	Additional	deadenylases	enzymes	expand	the	repertoire	

of	poly(A)	tail	length	regulatory	elements	in	eukaryotic	cells	(Godwin	et	

al.,	2013).	These	enzymes	are	categorised	into	two	groups	depending	on	

their	nuclease	domain.	The	exonuclease-endonuclease-phosphatase	(EEP)	

family	consists	in	nucleases	containing	conserved	Asp	and	His	residues	

coordinating	Mg2+	ions.	Ccr4a/CNOT6,	Ccr4b/CNOT6L,	Nocturnin,	and	

ANGEL	are	member	of	this	family.	The	second	group	of	deadenylase	

enzymes	consists	of	DEDD-type	nucleases,	which	contain	Asp	and	Glu	

residues	in	the	exonuclease	motifs.	The	DEDD	family	exonuclease	includes	

Caf1a/CNOT7,	Caf1b/CNOT8,	poly(A)-specific	ribonuclease	(PARN),	and	

PAN2	(Table	1.1)	(Dlakić,	2000;	Zuo	and	Deutscher,	2001).	

	

Poly(A)	specific	ribonuclease	(PARN)	is	a	nuclear	and	cytoplasmic	

exonuclease	that	specifically	degrades	the	poly(A)	tail	and	is	present	as	a	

dimer	(Körner	and	Wahle,	1997;	Wu	et	al.,	2005).	Interestingly,	in	addition	

to	its	nuclease	activity,	this	protein	interacts	with	the	5'	m7G	cap			

stimulating	the	deadenylase	activity	and	the	enzymatic	processivity	

(Dehlin	et	al.,	2000;	Martinez	et	al.,	2000,	2001).	PARN	is	composed	of	at	

least	three	domains:	the	DEDD-type	catalytic	domain,	the	R3H	domain	and	

the	RNA	recognition	motif	(RRM).	PARN	requires	two	divalent	Mg2+	ions	in	

its	catalytic	domain.	The	two	ions	are	coordinated	by	the	residue	Asp-28,	

Asp-292	and	Asp-282,	with	Asp-28	being	the	most	important	for	the	Mg2+	

binding	(Ren	et	al.,	2002a,	2002b,	2004;	Wu	et	al.,	2005;	He	et	al.,	2011).	

The	RRM	domain,	in	addition	to	its	role	in	the	RNA	binding,	is	responsible	

for	the	interaction	with	the	m7G	cap	via	Trp	475	(Monecke	et	al.,	2008;	

Nagata	et	al.,	2008).	The	RH3	domain	can	bind	to	the	RNA	and	interacts	
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with	the	active	site	of	the	other	subunit	(Wu	et	al.,	2005).	PARN	is	involved	

in	the	maturation	of	the	3'end	of	the	small	nucleolar	RNA	(snoRNAs),	in	

the	response	to	the	DNA	damage,	and	in	the	nonsense	mediated	mRNA	

decay	(Lejeune	et	al.,	2003;	Cevher	et	al.,	2010;	Berndt	et	al.,	2012).	

	

Nocturnin,	Angel	1	and	Angel	2	are	distant	homologues	of	the	Ccr4	

proteins,	belonging	to	the	EEP	deadenylase	group,	but	lack	the	

leucine-rich	repeats	domain	responsible	for	the	interaction	with	the	

Ccr4-Not	complex	(Wahle	and	Winkler,	2013).	Nocturnin	deadenylase	

activity	was	reported	only	in	few	organisms.	It	is	suggested	to	be	a	

circadian	protein,	and	to	be	involved	in	inflammatory	responses	and	

nutrient	metabolism	(Godwin	et	al.,	2013).	Angel	1	and	Angel	2	bind	to	a	

distant	homolog	of	Caf1,	Caf1z/TOE.	This	complex	has	deadenylase	

activity,	but	its	biological	function	is	not	clear	(Wagner	et	al.,	2007).		

	

Poly(A)	 specific	nuclease	 (PAN)	was	 firstly	 identified	 in	S.	cerevisiae	 as	a	

DEDD	type	nuclease.	It	is	composed	by	two	subunits,	Pan2	

	(127	kDa)	and	Pan3	(76	kDa)	and	is	mostly	found	in	cytoplasm	(Boeck	et	

al.,	1996a;	Garneau	et	al.,	2007).	Pan2	enzyme	releases	5’-AMP	and	require	

a	 3’-OH	 group	 in	 its	 substrate.	 Pan2-Pan3	 recruitment	 on	 the	 mRNA	 is	

PABP	 dependent.	 Pan3	 interacts	 with	 the	 poly(A)	 binding	 protein	 1	

PABPC1	 	 via	 the	 PAM2	motif	 (PABP-interacting	motif	 2)	 and	 stimulates	

Pan2	 deadenylase	 activity	 (Wolf	 and	 Passmore,	 2014).	 Pan2-Pan3	

complex	shortens	the	poly	(A)	tail	to	approximately	110	nt.	Deadenylation 

carried by Pan2-Pan3 complex is followed by degradation of the poly(A) tail 

by the Ccr4-Not complex. (Yamashita	et	al.,	2005;	Bartlam	and	Yamamoto,	

2010).		

The	Ccr4-Not	complex	is	the	major	deadenylase	complex	and	is	highly	

conserved	among	organisms.	Two	deadenylase	enzymes	are	the	catalytic	

subunits	of	the	complex,	the	EEP-type	Caf1	and	the	DEDD-type	Ccr4.	These	

enzymes	regulate	deadenylation	and	mRNA	turnover	(Tucker	et	al.,	2001).	

Vertebrates	have	two	homologues	per	protein,	CNOT6	and	CNOT6L	are	
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Ccr4	homologues	and	CNOT7	and	CNOT8	are	Caf1	homologues,	but	only	

one	DEDD-type	and	one	EEP-type	can	assemble	to	the	complex	at	a	time	

(Lau	et	al.,	2009;	Winkler	and	Balacco,	2013).	Ccr4	subunits	have	a	

leucine-rich	repeat	domain	(LRR)	responsible	for	the	interaction	with	the	

Caf1	subunits	(Basquin	et	al.,	2012).	Deadenylation	is	a	finely	regulated	

process	that	takes	place	both	in	the	nucleus	and	in	the	cytoplasm.	Nuclear	

deadenylation	is	thought	to	restrict	the	length	of	newly	added	mRNA	

poly(A)	tail,	while	the	cytoplasmic	shortening	of	the	poly(A)	tail	initiates	

repression		and	degradation	of	mRNA	(Bianchin	et	al.,	2005;	Goldstrohm	

and	Wickens,	2008;	Bartlam	and	Yamamoto,	2010).	

1.2.2			Decapping	complex	and	its	regulation	

The	major	pathway	of	the	mRNA	degradation	occurs	through	

deadenylation,	decapping,	and	exonucleolytic	digestion	of	the	mRNA	body.		

The	removal	of	the	5'	m7G	cap	is	a	critical	process	in	the	degradation	of	the	

mRNA.	The	most	well-characterised	and	highly	conserved	eukaryotic	

decapping	enzyme	is	Dcp2,	originally	identified	in	

Saccharomyces	cerevisiae	(Dunckley	and	Parker,	1999).	This	protein	

contains	a	Nudix	domain	responsible	for	the	hydrolysis	of	methylated	

capped-mRNA	with	the	release	of	m7GDP	(Bessman	et	al.,	1996;	van	Dijk	

et	al.,	2002).	Dcp2	interacts	directly	with	the	essential	cofactor	Dcp1	that	

lacks	intrinsic	decapping	activity	and	acts	by	stimulating	Dcp2	activity	

(LaGrandeur	et	al.,	1998;	She	et	al.,	2008).	Studies	showed	that	Dcp2	

prefers	substrates	longer	than	25	nucleotides	(Piccirillo	et	al.,	2003;	

Steiger	et	al.,	2003).		

The	activity	of	the	decapping	Dcp1-Dcp2	complex	is	stimulated	by	several	

enhancers.	Studies	showed	that	enhancer	of	decapping	1	(EDC1)	and	2	

(EDC2)	directly	bind	to	the	RNA	stimulating	the	decapping	in	vitro	

(Schwartz	et	al.,	2003).	The	highly	conserved	EDC3	interacts	directly	with	

the	Dcp1-Dcp2	complex	and	studies	revealed	that	EDC3	deficient	yeast	

strains	have	reduced	decapping	rates	(Kshirsagar	and	Parker,	2004;	

Fromm	et	al.,	2012).		Metazoan	present	an	additional	enhancer	EDC4	
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which	stimulates	association	between	Dcp1	and	Dcp2	(Fenger-Grøn	et	al.,	

2005).		

Furthermore,	another	decapping	enhancer	is	Pat1,	which	interacts	directly	

with	the	Dcp1-Dcp2	complex	and	stimulates	its	activity.	This	protein	was	

found	in	association	with	other	enhancer	of	decapping	factors	such	as	the	

Lsm1-7	complex.	The	Lsm1-7	complex	promotes	decapping	by	interacting	

with	the	3'	end	of	deadenylated	mRNA	(Tharun	et	al.,	2000;	Tharun	and	

Parker,	2001;	Chowdhury	et	al.,	2007;	Nissan	et	al.,	2010).	The	DEAD	box	

superfamily	2	helicase	Dhh1	(called	DDX6	or	Rck/p54)	acts	as	an	

enhancer	of	Dcp1-Dcp2	and	was	found	to	interact	with	both	decapping	

and	deadenylase	complexes	(Fischer	et	al.,	2002;	Nissan	et	al.,	2010;	

Arribas-Layton	et	al.,	2013).	

1.2.3			Protein-mediated	mRNA	decay	

The	mRNA	decay	can	be	triggered	by	proteins	that	mediate	the	

recruitment	of	the	deadenylase	complexes	via	regulatory	elements	in	the	

mRNA	sequences	and	act	as	translational	repressor	(Figure	1.5)	(Inada	

and	Makino,	2014).	Tristetraprolin	(TTP)	is	a	RNA	binding	protein	that	

mediates	the	recruitment	of	the	Ccr4-Not	complex	and	triggers	the	

degradation	of	mRNA	containing	AU-rich	elements	(AREs)	(Sandler	et	al.,	

2011;	Brooks	and	Blackshear;	Fabian	et	al.,	2013).	Messenger	RNA	

containing	AU-rich	elements	constitute	5-8%	of	the	human	transcriptome	

(Chen	and	Shyu,	1994;	Halees	et	al.,	2008).	These	elements	typically	

contain one or more UAUUUAU consensus heptamers, are mostly found in 

the 3’UTR and modulate mRNA translation, stability, and degradation. AREs 

are particularly abundant in mRNAs encoding for interleukins, proto-

oncogenes (c-Fos, c-Myc) and cytokines (GM-CSF, tumour necrosis factor 

TNF�) (Wu and Brewer, 2012; Brooks and Blackshear; Hamid and Makeyev, 

2016). The recruitment of the Ccr4-Not complex by TTP occurs via the 

CONT1 central scaffold of the deadenylation complex (Sandler and Stoecklin, 

2008; Sandler et al., 2011). Protein mediated recruitments can occur via direct 

interaction with deadenylase subunits. In S. cerevisiae the mRNA of the DNA 

endonuclease for mating-type switching HO is targeted by the Pumilio family 
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protein Mpt5. This protein binds to the 3' UTR of the HO mRNA and recruits 

the Ccr4-Not complex via the CAF1 subunit (Goldstrohm et al., 2006, 2007). 

 Studies in Drosophila melanogaster identified the interaction of Pumilio 

(PUM) proteins with CAF1/POP2, and NANOS (Nos) with the not stably 

associated NOT4 subunit recruiting the Ccr4-Not complex on the Cyclin B and 

hunchback mRNA (Kadyrova et al., 2007; Joly et al., 2013). Recently, studies 

in D. melanogaster characterised the recruitment with the Ccr4-Not complex 

by interaction of Nanos and the NOT1-NOT3 subunits of the deadenylase 

complex highlighting a redundancy in Nanos domains (Raisch et al., 2016). 

Moreover, Pumilio and Nanos interact with each other. Nanos proteins play an 

essential role in embryonic germ line specification and maintenance, and 

neuronal homeostasis (Jaruzelska et al., 2003; Baines, 2005; Lai and King, 

2013). 	
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Figure	1.5	Protein-mediated	recruitment	of	the	Ccr4-Not	complex.	

The	mRNA	decay	can	be	triggered	by	proteins	that	mediate	the	

recruitment	of	the	deadenylase	complexes	via	regulatory	elements	that	

interact	directly	with	components	of	the	Ccr4-Not	complex.		Pumilio	

proteins	(PUM)	interact	with	the	Caf1	subunit,	Tristetraprolin	(TTP)	with	

CNOT1,	and	NANOS	(Nos)	proteins	interact	with	CNOT1	and	CNOT3	(3)	or	

with	CNOT4	(4),	stable	member	of	the	yeast	complex.	Indicated	are	the	

remaining	components	of	the	complex	CNOT2	(2),	CNOT9	(9),	CNOT10	

(10),	CNOT11	(11),	and	Ccr4.		
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1.2.4			microRNA	mediated	decay	

MicroRNAs	(miRNAs)	are	short	(∼	21	nucleotides)	non-coding	RNAs	that	

regulate	gene	expression	post-transcriptionally.	These	short	molecules	

regulate	several	cell	processes	such	as	cell	differentiation,	cell	

proliferation,	apoptosis,	metabolism,	development	(Eulalio	et	al.,	2008).	

Micro	RNAs	repress	protein	synthesis	by	base	pairing	imperfectly	to	the	

3’UTR	of	target	mRNA,	resulting	in	the	co-translational	protein	

degradation,	inhibition	of	translation	elongation,	premature	dissociation	

of	ribosomes,	inhibition	of	translation	initiation	or	promoting	mRNA	

degradation	(Bushati	and	Cohen,	2007;	Chen	and	Shyu,	2011;	Huntzinger	

and	Izaurralde,	2011).		During	its	biogenesis,	miRNAs	are	loaded	by	the	

miRNA	induced	silencing	complex	(miRISC)	onto	Argonaute	proteins	

(AGO)	forming	a	ribonucleoproteic	complex.	The	complex	recruits	GW182	

proteins	in	order	to	play	its	role	(Chendrimada	et	al.,	2005;	Pfaff	and	

Meister,	2013;	Catalanotto	et	al.,	2016).	GW182	proteins	are	characterised	

by	a	N-terminal	effector	domain	(NED)	rich	in	G/W		(glycine-tryptophan)	

repeats,	a	Q-rich	domain	and	a	C-terminal	effector	domain	(CED)	

containing	PAM2	motifs	and	a	RNA	recognition	motif	(RRM)	(Eulalio	et	al.,	

2009;	Zekri	et	al.,	2009;	Huntzinger	et	al.,	2010).	It	was	found	that	

mammals	encode	three	GW182	paralogues	TNRC6A,	TNRC6B,	and	

TNRC6C.	The	TNRC6	proteins	bind	to	AGO	through	GW	repeats	in	their	

NED	(Nishi	et	al.,	2015).	The	CED	is	considered	to	be	the	“silencing	

domain”	and	is	an	unstructured	bipartite	region	formed	by	a	Mid	region,	

containing	M1	and	M2	motifs	flanking	PAM2	motif,	and	the	C-terminus.	

Through	the	PAM2	motif,	TNRC6	proteins	interact	with	PABP	allowing	

them	to	recruit	Pan2-Pan3	to	the	miRNA	silencing	complex	(miRISC)	and	

to	promote	mRNA	degradation	(Jinek	et	al.,	2010;	Fabian	et	al.,	2012;	

Huntzinger	et	al.,	2013).	Moreover,	GW182	proteins	can	interact	with	W-

binding	pockets	of	the	CNOT9/RCD1/RQCD1	subunit	of	the	Ccr4-Not	

complex	(Figure	1.6) (Chen et al., 2014; Kuzuoğlu-Öztürk et al., 2016).	
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Figure	1.6	Recruitment	of	the	human	deadenylase	complexes	by	

miRNA	machinery.	MicroRNA	bound	to	Argonaute	protein	(AGO)	recruits	

GW182	through	GW	repeats	in	GW182.	In	turn,	GW182	proteins	recognise	

the	RNA	by	the	RNA	recognition	motif	and	interacts	with	poly(A)-binding	

protein	(PABP)	via	its	PAM2	motif	recruiting	the	Pan2-Pan3	deadenylase	

complex.	Moreover,	GW182	proteins	can	interact	with	W-binding	pockets	

of	the	CNOT9	subunit	of	the	Ccr4-Not	complex.		
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1.3				Quality	control	of	the	mRNA	

Surveillance	of	the	mRNA	protects	cells	from	aberrant	mRNAs	that	would	

produce	potentially	defective	proteins.	The	quality	control	of	the	mRNA	

leads	to	the	degradation	of	not	properly	processed	mRNAs.	There	are	

three	mechanisms	present	in	eukaryotic	cells:	non-sense	mediated	decay	

(NMD),	nonstop	decay	(NSD),	and	no-go	decay	(NGD)	(Doma	and	Parker,	

2007;	Isken	and	Maquat,	2007;	Wu	and	Brewer,	2012).	

1.3.1				Nonsense-mediated	decay	(NMD)	

	
Aberrant	mRNAs	containing	in-frame	premature	termination	codons	

(PTCs)	are	recognised	by	the	nonsense-mediated	decay	(NMD)	machinery,	

preventing	the	production	and	accumulation	of	potentially	deleterious	

truncated	proteins	in	cells	(Smith	and	Baker,	2015;	Karousis	et	al.,	2016).	

PTCs	recognition	results	in	an	accelerated	degradation	triggered	by	

deadenylation	and	endonucleolytic	activity	(Bhuvanagiri	et	al.,	2010).	

Three	trans-acting	factors	are	required	for	the	recognition	of	PTC	

containing	mRNAs:	UPF1	(UP-frameshift	1),	UPF2,	and	UPF3.	In	addition	

to	these	core	proteins,	Suppressor	with	Morphogenetic	effect	on	Genitalia	

(SMG)	proteins	are	required	for	the	nonsense-mediated decay (Behm-

Ansmant et al., 2006). SMG proteins are phosphathidylinositol 3-kinase-related 

kinases; SMG1 phosphorylates UPF1 increasing its affinity for mRNA decay 

factors such as decapping, deadenylase, and endonuclease enzymes (Lejeune et 

al., 2003; Wu and Brewer, 2012). Two models were proposed to describe the 

recruitment of the NMD machinery on mRNAs containing PTCs. In the first 

model, the exon-exon junction complex (EJC) plays a key role in the 

recognition of the PTC. During translation, if the ribosome encounters a PTC 

upstream of the EJC, the ribosome stalls and the SURF complex, composed by 

SMG1, UPF1 and eRFs, is recruited on the mRNA leading to the activation of 

the NMD pathway (Figure 1.7 A) (Lejeune and Maquat, 2005). In the "faux 3' 

UTR" model, the premature stop codon and poly(A) tail are distant resulting in 

the inability of PABPC1 to interact with the terminating ribosome. This leads 

to a less efficient termination, ribosome pausing and enhanced interaction 

between UPF1 and translation release factor eRFs that promotes the NMD and 
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the activation of downstream mRNA decay events (Amrani et al., 2004; Eberle 

et al., 2008; Singh et al., 2008). In mammalian cells, SMG5 and SMG7 

proteins mediate the rapid degradation of the PTC-containing mRNAs 

recruiting the Ccr4-Not complex by direct interaction with the Caf1 

deadenylase subunit (Loh et al., 2013). 

1.3.2			Nonstop	mRNA	decay	(NSD)	and	No-go	decay	(NGD)	

Loss	of	termination	codon	in	mRNAs	permits	the	ribosome	to	reach	the	

very	3'end	leading	to	the	degradation	of	the	nucleic	acid	(van	Hoof	et	al.,	

2002).	In	S.	cerevisiae	two	mechanisms	of	nonstop	mRNA	decay	(NSD)	

were	described:	the	Ski7	dependent	and	the	non-Ski7	dependent	pathway.	

Ski7	is	a	molecular	mimic	of	the	GTPase	domains	of	the	elongation	factor	

EF1�	and	the	release	factor	eRF3.	When	the	ribosome	traverses	the	3'-

UTR	and	poly(A)	tail,	stalls	and	allows	Ski7	to	recognise	the	unoccupied	

A-site	of	the	ribosome	(van	Hoof	et	al.,	2002;	Maquat,	2002;	Isken	and	

Maquat,	2007).	Therefore,	Ski7	recruits	the	SKI	complex,	composed	by	

Ski2,	Ski3,	and	Ski8.	This	complex	recruits	in	turn	the	exosome	for	the	

degradation	of	the	mRNA.	A	less	efficient	non-Ski7	dependent	mechanism	

involves	sequential	decapping	and	degradation	by	Xrn1	exonuclease	(Wu	

and	Brewer,	2012;	Horikawa	et	al.,	2016).	Ski7	is	yeast	specific	and	is	not	

present	in	mammalian	cells.	Studies	in	HeLa	cells	found	that	the	

Hbs1-Dom34	complex	binds	to	the	stalled	ribosome	and	recruits	the	

exosome-SKI	complex	leading	to	the	aberrant	mRNA	degradation	(Saito	et	

al.,	2013).		

The	Hbs1-Dom34	complex	acts	as	a	ribosome-recycling	factor	and	plays	a	

key	role	also	in	the	No-go	decay		(NGD).	Ribosomes	stalled	on	mRNAs	with	

ribosome	barriers,	such	as	strong	secondary	structures	or	mRNAs	that	

cannot	properly	elongate,	recruit	the	Hbs1-Dom34	complex	(Doma	and	

Parker,	2006,	2007;	Houseley	and	Tollervey,	2009).	Hbs1	and	Dom34	are	

two	GTPase	family	member	endoribonucleases	(Pisarev	et	al.,	2007).	The	

interaction	of	the	Hbs1-Dom34	complex	with	the	stalled	ribosome	

stimulates	the	peptide-tRNA	hydrolysis,	the	peptide	release	and	the	mRNA	

cleavage.	Xrn1	and	exosome	are	then	recruited	to	degrade	the	mRNA	in	5'	
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and	3'	directions	(Doma	and	Parker,	2006;	Lee	et	al.,	2007;	Graille	et	al.,	

2008).		

	

Figure	1.7	Nonsense	mediated	decay	(NMD)	and	No-stop	decay	(NSD).	

(A)	Upon	translation	of	mRNA	containing	premature	termination	codons	

(PTCs),	the	ribosome	stalls	on	a	PTC	upstream	of	the	exon	junction	

complex	(EJC)	and	the	SURF	complex,	composed	by	SMG1,	UPF1,	UPF2,	

and	UPF3	is	recruited	on	the	mRNA	leading	to	the	activation	of	the	NMD	

pathway.	(B)	In	mRNA	lacking	stop	codons,	the	ribosome	is	allowed	to	

reach	the	very	3'	end	and	poly(A)	tail	of	the	mRNA.	Ski7	senses	the	stalled	

ribosome	and	recruits	the	SKI	complex	composed	by	Ski2,	Ski3,	Ski8	that	

recruits	in	turn	the	exosome.	A	less	efficient	non-Ski7	dependent	pathway	

involves	sequential	decapping	and	degradation	by	Xrn1	exonuclease.		
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1.4			The	Pan2-Pan3	complex	

1.4.1				Overview	of	the	Pan2-Pan3	complex	

In	eukaryotic	cells,	deadenylation	is	a	process	with	biphasic	kinetics	

(Yamashita	et	al.,	2005).		The	first	phase	is	a	slow	deadenylation	led	by	

Pan2-Pan3	complex	that	shortens	poly(A)	tail	to	approximately	110	

nucleotides.	The	second	step	involves	the	Ccr4-Not	complex	that	shortens	

the	poly(A)	tail	to	10	nucleotides	.	The	poly(A)-specific	nuclease	(PAN)	

complex	was	firstly	identified	in	S.	cerevisiae	(Sachs	and	Deardorff,	1992).	

A	3'	to	5'	exonuclease	activity	that	degraded	the	poly(A)	but	not	the	mRNA	

body	was	found,	and	was	dependent	on	two	proteins:	Pan2	and	Pan3.	The	

stoichiometry	of	the	complex	is	still	not	clear	due	to	conflicting	findings.	

These	two	proteins	were	considered	to	form	a	1:1	complex;	however,	

Pan3	dimerisation	evidence	was	obtained	in	yeast	two-hybrid	

experiments	and	in	structural	studies	suggesting	a	1:2	complex	

(Figure	1.8	B)	(Sachs	and	Deardorff,	1992;	Mangus	et	al.,	2004;	Christie	et	

al.,	2013;	Wolf	et	al.,	2014).	Early	works	showed	that	Pan2-Pan3	nuclease	

activity	is	poly(A)-specific	and	magnesium	dependent,	requiring	a	3'-OH	

group	and	releasing	5'AMP	as	product	of	reaction	(Lowell	et	al.,	1992;	

Uchida	et	al.,	2004).	Moreover,	the	deadenylase	activity	of	the	complex	

depends	on	the	cytoplasmic	poly(A)	binding	protein	PABPC	in	mammals	

or	its	hortologue	Pab1p	in	yeast	(Wahle	and	Winkler,	2013).	Pan2-Pan3	

are	only	active	on	a	poly(A)-PABP	complex	being	unable	to	remove	the	

final	20-25	nucleotides	of	the	poly(A)	tail	(Lowell	et	al.,	1992;	Uchida	et	al.,	

2004;	Wolf	and	Passmore,	2014).	The	deadenylation	by	Pan2-Pan3	is	the	

first	and	limiting	step	of	mRNA	degradation;	the	complex	removes	the	

poly(A)	tail	until	the	PABP	can	no	longer	bind	(Decker	and	Parker,	1993;	

Brown	and	Sachs,	1998). 	

 

 



Chapter	1:	Introduction	

	

	 26	

1.4.2			Pan2	

Poly(A)	Specific	Ribonuclease	Subunit	Homolog	2		(PAN2),	also	known	as	

Ubiquitin	Specific	Peptidase	52	(UPS52),	was	firstly	identified	in	S.	

cerevisiae	as	a	127	kDa	nuclease	(Boeck	et	al.,	1996b).	Pan2	is	the	subunit	

designated	to	the	catalytic	activity;	it	belongs	to	the	DEDD-type	

exonuclease	family	containing	a	DEDD/RNaseD	domain	in	its	C-terminus.	

In	addition	to	this	catalytic	domain,	Pan2	C-terminus	contains	an	Ubiquitin	

C-terminal	hydrolase	domain	predicted	to	be	inactive,	lacking	active	site	

residues	(UCH-like)	(Quesada	et	al.,	2004).	Pan2	N-terminus	contains	a	

WD40	domain.	These	domains	usually	mediate	protein-protein	

interactions,	but	no	interacting	partner	for	Pan2	has	been	identified	yet.	

Moreover,	between	the	UCH	like	and	WD40	domains	a	linker	region	was	

identified	as	the	domain	responsible	for	the	interaction	with	Pan3	

(PID/linker)	(Figure	1.8	A)	(Wolf	et	al.,	2014).	Point	mutation	in	Asp	1083,	

one	of	the	amino	acid	residues	of	Pan2	DEDD	domain	responsible	for	the	

coordination	with	the	two	divalent	metal	ions,	inactivates	the	catalytic	

activity	(Lowell	et	al.,	1992;	Uchida	et	al.,	2004).	Pan2	was	demonstrated	

to	be	unable	to	bind	to	RNA	when	isolated	and	a	very	low	deadenylation	

activity	was	observed	in	the	absence	of	Pan3	(Wolf	et	al.,	2014).		

1.4.3			Pan3		

Pan3	is	a	76	kDa	protein	that	interacts	with	Pan2	and	can	form	an	

homodimer	(Brown	et	al.,	1996;	Christie	et	al.,	2013).	Pan3	presents	a	

highly	conserved	C-terminal	domain,	a	pseudokinase	domain	and	a	

N-terminal	zinc	finger.	Moreover,	a	linker	region	between	the	zinc	finger	

and	the	pseudokinase	domains	contain	a	PABP-interacting	motif	2	(PAM2)	

that	binds	to	the	C-terminus	of	poly(A)	binding	proteins	(Siddiqui	et	al.,	

2007).	The	C-terminal	domain	is	involved	in	the	interaction	with	Pan2	and	

present	coiled	coil	(CC)	and	C-terminal	knob	(CK)	domains	(Figure	1.8	A)	

(Schäfer	et	al.,	2014).	The	N-terminal	zinc	finger	confers	specificity	of	the	

complex	to	poly(A)	RNA	preferentially	over	other	polyribonucleotides.	

The	C-terminal	pseudokinase	domain	also	binds	to	RNA,	but	not	in	a	

poly(A)	specific	manner.	Moreover,	the	PAM2	motif,	in	addition	to	its	role	
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in	the	interaction	with	PABP	proteins,	can	act	synergistically	with	the	zinc	

finger	and	the	pseudokinase	domain	to	channel	the	poly(A)	tail	into	Pan2	

active	site	(Wolf	et	al.,	2014;	Schäfer	et	al.,	2014).			

Pan3	is	the	non-catalytic	subunit	of	the	complex	and	is	responsible	for	the	

interaction	with	other	proteins.	The	major	recruitment	of	the	Pan2-Pan3	

complex	occurs	via	the	Pan3-PABP	interaction.	Crystal	structure	of	the	

yeast	Pan2-Pan3	core	trimeric	complex	showed	how	Pan2	RNase	D	

domain	latches	onto	Pan3	and	a	linker	extended	region	anchors	the	

protein	on	the	homodimer	(PDB	accession	number	4XR7)	(Figure	1.8	B	

and	C)	(Schäfer	et	al.,	2014).	Phosphorylation	of	a	cluster	of	serine	and	

threonine	residues	adjacent	the	PAM2	motif	may	regulate	this	interaction	

(Siddiqui	et	al.,	2007;	Huang	et	al.,	2013).		Pan2-Pan3	complex	is	involved	

in	the	miRNA-mediated	deadenylation.	Recruitment	of	the	complex	can	

occur	by	interaction	of	Pan3	with	GW182/TRNC6	via	PABP	that	acts	as	

bridge	(Chekulaeva	et	al.,	2011;	Fabian	et	al.,	2012).	Furthermore,	studies	

in	Caenorhabditis	elegans	found	the	direct	interaction	between	the	

GW182/AIN-1	and	the	Pan3	pseudokinase	domain	(Kuzuoǧlu-Öztürk	et	

al.,	2012).	

The	recruitment	of	the	Pan2-Pan3	deadenylase	complex	was	described	in	

response	to	replication	stress.	Interestingly,	Pan3	interaction	with	the	

Dun1	kinase	was	found	in	yeast.	These	proteins	function	together	to	

regulate	the	mRNA	of	Rad5,	a	protein	involved	in	error-free	

post-replication	repair	pathways	(Hammet	et	al.,	2002)	.	These	

mechanisms	allow	the	recruitment	of	the	Pan2-Pan3	complex	on	specific	

mRNAs.	The	Pan2-Pan3	poly(A)	shortening	is	completed	by	the	

recruitment	of	the	Ccr4-Not	complex	in	the	second	phase	of	the	

deadenylation	process.	
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Figure	1.8	Overview	of	Pan2-Pan3	deadenylase	complex.	(A)	

Schematic	representation	of	the	Pan2	and	Pan3	proteins.	Pan2	is	a	

DEDD-type	exonuclease	containing	the	DEED/RNase	domain	in	its	C-

terminus.	Pan2	contains	an	inactive	ubiquitin	C-terminal	hydrolase-like	

(UCH-like)	domain	and	a	WD40	domain	in	the	N-terminal.	A	liker	region	

between	the	WD40	and	UCH-like	domain	is	the	responsible	for	the	

interaction	with	Pan3.	Pan3	presents	a	conserved	C-terminus	containing	

coiled	coil	(CC)	and	C-terminal	knob	(CK)	domains,	a	pseudokinase,	a	

PAM2,	and	a	zinc-finger.	(B)	Crystal	structure	of	the	yeast	Pan2-Pan3	core	

complex	(PDB	accession	number	4XR7).	(C)	Surface	visualisation	of	the	

Pan2	(orange)-Pan3	(blue	and	light	blue)	core	complex.	Indicated	are	the	

RNase	domain,	UCH	like	domain,	and	the	linker	region	of	Pan2	and	the	

pseudokinase	domain	(PK)	and	the	C-terminal	knob	domain	(CK)	of	Pan3.	

Structures	were	visualized	using	the	UCSF	Chimera	package.	
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1.5			The	Ccr4-Not	complex	overview	

The	Ccr4-Not	complex	is	composed	by	catalytic	and	non-catalytic	subunits.	

Two	are	the	components	associated	with	its	deadenylase	activity:	a	Ccr4	

subunit	containing	an	EEP	domain,	and	a	Caf1	component,	characterised	

by	a	DEDD	domain.	In	addition	to	these	deadenylase	subunits,	several	

components	have	been	identified	to	assembly	in	the	complex	(Figure	1.9).	

NOT1,	NOT2,	NOT3	and	NOT4	were	firstly	identified	in	S.	cerevisiae	

(Collart	and	Struhl,	1994).	In	yeasts,	this	complex	exists	in	two	forms	of	

1.0	and	1.9	MDa,	and	consists	of	five	NOT	proteins	(Not1-Not5),	the	two	

catalytic	enzymes	Caf1	and	Ccr4,	and	additional	subunits	Caf40	and	the	

yeast	specific	Caf130	(Liu	et	al.,	1997,	1998;	Chen	et	al.,	2001).	

Orthologues	for	most	of	the	yeast	Ccr4-Not	complex	components	were	

identified	in	human.	(Albert	et	al.,	2000).	Two	deadenylase	enzymes,	Caf1a	

(CNOT7)	or	Caf1b	(CNOT8)	and	Ccr4a	(CNOT6)	or	Ccr4b	(CNOT6L),	and	

several	non-catalytic	subunits	assemble	in	the	Ccr4-NOT	complex	with	an	

estimated	molecular	weight	of	1.2	MDa		(Winkler	and	Balacco,	2013).		

CNOT3	is	the	only	human	homologue	for	both	yeast	Not3	and	Not5.	

Moreover,	Not4	human	orthologue,	CNOT4,	resides	in	a	separate	complex	

with	a	molecular	weight	of	200	kDa	(Albert	et	al.,	2000;	Lau	et	al.,	2009).		

1.5.1			The	Ccr4	subunit	

The	Carbon	catabolite	repression	(ccr)	4	was	originally	identified	in	yeast	

as	regulatory	of	the	alcohol	dehydrogenase	II	(ADHII)	(Denis,	1984).		This	

catalytic	subunit	is	characterised	by	the	presence	of	a	leucine-rich	repeat	

(LRR)	domain	in	its	N-terminus	and	an	endonuclease-exonuclease	

phosphatase	(EEP)	catalytic	domain	in	its	C-terminus.		The	yeast	Ccr4	

presents	an	additional	N-terminal	glu-rich	domain	that	interacts	intra-

molecularly	with	the	LRR	domain.	The	EEP	domain	is	associated	to	its	

Mg2+	dependent	ribonuclease	activity	and	deadenylase	activity	assays	

showed	that	the	subunit	is	strctly	poly(A)	specific	(Chen	et	al.,	2002;	

Viswanathan	et	al.,	2003;	Wang	et	al.,	2010).	Structural	studies	of	the	Ccr4	

subunit	revealed	that	the	C-terminus	is	very	similar	to	that	of	

apurinic/apyrimidinic	endonuclease	(APE)	1	forming	a	�/�-sandwich		
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fold	(Wang	et	al.,	2010).	

	

	

	

Figure	1.9	Architecture	of	the	CCR4-Not	complex.	Schematic	overview	

of	the	modular	architecture	of	the	human	Ccr4-Not	complex	(adapted	from	

Bawankar	et	al.,	2013).		The	CNOT10/CNOT11	module	is	anchored	on	the	

amino	terminal	domain	of	CNOT1	(CNOT1-N),	the	deadenylase	module,	

composed	by	CNOT6/CNOT6L	and	CNOT7/CNOT8	is	bound	to	the	MIF4G	

domain	in	the	middle	region	of	CNOT1		(CNOT1-M).	CNOT9	interacts	with	

the	DUF3819	domain	of	CNOT1-M.	The	NOT	module	composed	by	CNOT2	

and	CNOT3	is	anchored	on	the	CNOT1	C-terminal	domain	(CNOT1-C).	For	

each	protein	the	domains	are	indicated	and	coloured	differently.	
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The	two	Mg2+	ions,	required	for	the	hydrolysis,	are	coordinated	to	an	

asparagine,	glutamate,	two	aspartates	and	a	histidine	residue	and	each	of	

these	residues	is	required	for	the	enzymatic	activity.	In	H.	sapiens	the	

residues	coordinating	the	divalent	ions	are	Asn195,	Glu240,	Asp410,	

Asp489	and	His529	(Chen	et	al.,	2002;	Wang	et	al.,	2010).	The	amino	LRR	

repeats	domain	is	composed	of	alternating	of	�-helices	and	�-sheets.	

This	domain	is	responsible	for	the	interaction	with	the	other	catalytic	

subunits	of	the	complex,	Caf1	(Malvar	et	al.,	1992;	Dupressoir	et	al.,	2001;	

Clark	et	al.,	2004;	Basquin	et	al.,	2012).	This	subunit	is	highly	conserved	in	

eukaryotes	and	vertebrates	present	two	paralogues	named	CNOT6	and	

CNOT6L	(Dupressoir	et	al.,	2001;	Morita	et	al.,	2007;	Cooke	et	al.,	2010).	

The	two	paralogues	are	78%	identical	and	88%	similar	at	amino	acid	level	

(Winkler	and	Balacco,	2013).	Both	paralogues	can	associate	with	the	Ccr4-

Not	complex,	but	cannot	coexist	in	the	same	complex	(Lau	et	al.,	2009;	

Wahle	and	Winkler,	2013).	Interestingly,	plants	such	as	Oryza	sativa	and	

Arabidopsis	thaliana	present	multiple	homologues,	none	of	which	contain	

the	typical	LRR	amino	terminal	domain,	suggesting	a	fundamentally	

different	architecture	(Figure	1.10	C)	(Winkler	and	Balacco,	2013).		

1.5.2			The	Caf1	subunit	

The	Ccr4-associated	factor	(Caf)	1	was	originally	identified	in	S.	cerevisiae	

(Sakai	et	al.,	1992;	Draper	et	al.,	1995).	The	Caf1	subunit	is	characterised	

by	the	presence	of	an	RNase	D	domain,	which	belongs	to	the	DEDD	(Asp-

Glu-Asp-Asp)	type	exonuclease	family.	A	single	glutamate	and	three	

aspartate	residues	coordinate	two	Mg2+	ions	and	substitution	of	any	of	

these	residues	abolishes	the	catalytic	activity	(Thore	et	al.,	2003;	Jonstrup	

et	al.,	2007;	Horiuchi	et	al.,	2009).	Yeast	Caf1	is	unusual	compared	to	its	

orthologues.	In	its	N-terminus,	it	contains	a	longer	extension,	the	metal-

binding	region	contains	a	non-canonical	sequence	and	its	ribonuclease	

activity	is	not	specific	for	the	poly(A)	(Thore	et	al.,	2003).	

Saccharomyces	pombe	Caf1	homologue	has	highly	conserved	active	site	

residues	and	its	activity	is	specific	for	the	poly(A)	as	in	H.	sapiens	

orthologue	(Bianchin	et	al.,	2005;	Jonstrup	et	al.,	2007;	Horiuchi	et	al.,	
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2009).	Caf1	crystal	structures	of	the	S.	cerevisiae	Caf1	were	determined	

showing	a	kidney-shaped	subunit	(Jonstrup	et	al.,	2007;	Andersen	et	al.,	

2009).	Compared	to	the	Ccr4	poly(A)	binding	pocket,	the	Caf1	binding	site	

has	a	different	shape	and	is	wider	(Figure	1.11	A).		Crystal	structures	of	

the	deadenylase	subunit	complexed	with	the	RNA	are	not	available.	

A	model	for	the	recognition	of	the	RNA	was	proposed	based	on	the	

superimposition	of	DEDD	domains	of	Caf1	and	PARN	complexed	with	

poly(A)	leading	to	the	identification	of	leucine	for	selectivity	and	serine	for	

processivity	(Figure	1.11	B)	(Wu	et	al.,	2005;	Jonstrup	et	al.,	2007;	

Andersen	et	al.,	2009).	Caf1	is	conserved	among	eukaryotes	and	in	

vertebrates	is	present	as	two	paralogues	CNOT7	and	CNOT8	(78%	identity	

and	88%	similarity	at	amino	acid	level).	As	for	the	case	of	the	Ccr4	

subunits	CNOT6	and	CNOT6L,	the	Caf1	homologous	proteins	are	mutually	

exclusive.	In	A.	thaliana	and	O.	sativa	there	are	multiple	homologous	of	

Caf1,	suggesting	a	gene	expansion	in	plants	(Figure	1.11	C)	(Winkler	and	

Balacco,	2013;	Chou	et	al.,	2014).		

1.5.3			The	redundancy	of	the	catalytic	subunits		

The	gene	duplication	for	the	Caf1	and	Ccr4	subunits	in	vertebrata	suggests	

that	the	paralogues	might	have	different	roles	in	mRNA	degradation.	The	

human	Caf1	paralogues,	encoded	by	CNOT7	and	CNOT8	have	76%	identity	

and	89%	similarity	at	amino	acid	level.	The	human	Ccr4	paralogues	

encoded	by	CNOT6	and	CNOT6L	have	78%	identity	and	88%	similarity.	

The	surface	of	the	active	sites	of	both	Caf1	and	Ccr4	paralogues	are	highly	

conserved	(Albert	et	al.,	2000;	Dupressoir	et	al.,	2001;	Winkler	and	

Balacco,	2013).	Redundant	roles	were	described	for	CNOT7	and	CNOT8,	as	

well	as	CNOT6	and	CNOT6L,	but	the	proteins	may	have	cell-type	specific	

functions	(Bianchin	et	al.,	2005;	Aslam	et	al.,	2009;	Lau	et	al.,	2009;	Mittal	

et	al.,	2011).	CNOT6L	and	CNOT6	are	required	for	the	proliferation	of	

human	MCF7			breast	carcinoma	cells,	but	only	CNOT6L	is	required	for	

proliferation	of	mouse	3T3	fibroblast	cells	(Morita	et	al.,	2007;	Mittal	et	al.,	

2011).	
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Figure	1.10	The	Ccr4	subunit.	(A)	Structure	of	the	human	Ccr4/CNOT6L	

catalytic	domain	(PDB	accession	number	3NGO).	The	nuclease	domain	

forms	an	α/β	sandwich	typical	for	the	endonuclease-exonuclease-

phosphatase	(EEP)	domain.	The	Mg2+	ions	are	indicated	in	green;	α-helical	

regions	in	blue,	and	β-sheets	in	yellow.	(B)	Binding	of	poly(A)	by	human	

Ccr4/CNOT6L.	The	Mg2+	ions	located	in	the	active	site	are	indicated	in	

green.	(C)	Evolutionary	conservation	of	Ccr4	among	Saccharomyces	

cerevisiae	(Sc),	Schizosaccharomyces	pombe	(Sp),	Caenorhabditis	elegans	

(Ce),	Drosophila	melanogaster	(Dm),	Danio	rerio	(Dr),	Xenopus	laevis	(Xl),	

Mus	musculus	(Mm),	Homo	sapiens	(Hs),	Arabidopsis	thaliana	(At),	and	

Oryza	sativa	(Os).	The	EEP	domain	is	indicated	in	green;	the	leucine-rich	

repeat	(LRR)	domain	is	highlighted	in	orange.	as	originally	published	in	

Winkler	and	Balacco	(2013)	Heterogeneity	and	complexity	within	the	

nuclease	module	of	the	Ccr4-Not	complex.	Front	Genet.	4:296.	

doi:10.3389/fgene.2013.0029.		The	figure	was	reproduced	under	the	

terms	of	the	Creative	Commons	Attribution	License,	(CC-BY	3,0).	
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Figure	1.11	The	Caf1	nuclease	component.	(A)	Structure	of	the	human	

Caf1/CNOT7	catalytic	domain	(PDB	accession	number	4GMJ).	The	Mg2+	

ions	are	indicated	in	green,	α-helical	regions	in	blue,	and	β-sheets	in	

yellow.	(B)	Model	of	poly(A)	binding	by	human	Caf1/CNOT7.	The	model	

was	derived	from	superposition	the	structure	of	the	PARN	deadenylase	in	

complex	with	RNA	(PDB	accession	number	2A1R).	The	Mg2+	ions	located	

in	the	active	site	are	indicated	in	green.	(C)	Evolutionary	conservation	of	

Caf1	in	Saccharomyces	cerevisiae	(Sc)	Caf1	were	selected	from	the	

following	species:	Schizosaccharomyces	pombe	(Sp),	Caenorhabditis	

elegans	(Ce),	Drosophila	melanogaster	(Dm),	Danio	rerio	(Dr),	Xenopus	

laevis	(Xl),	Mus	musculus	(Mm),	Homo	sapiens	(Hs),	Arabidopsis	thaliana	

(At),	and	Oryza	sativa	(Os).	The	DEDD	domain	is	highlighted	in	yellow.	

Figure	as	originally	published	in	Winkler	and	Balacco	(2013)	

Heterogeneity	and	complexity	within	the	nuclease	module	of	the	Ccr4-Not	

complex.	Front	Genet.	4:296.	doi:	10.3389/fgene.2013.0029.	The	figure	

was	reproduced	under	the	terms	of	the	Creative	Commons	Attribution	

License,	(CC-BY	3,0).	
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1.5.4			The	non-catalytic	subunits	

The	Ccr4-Not	complex	is	a	multi-subunit	complex	composed	by	Not1,	

Not2,	Not3,	Not5,	Caf40,	Ccr4,	and	Caf1.	Not4	is	a	core	component	of	the	

complex	in	S.		cerevisiae,	is	conserved	in	eukaryotes	but	is	not	a	core	

component	of	the	human	complex	(Bhaskar	et	al.,	2015).		Moreover,	in	

H.	sapiens	the	species	specific	CNOT10	and	CNOT11	are	components	of	the	

complex	(Villanyi	and	Collart,	2015).	Several	modules	are	anchored	on	the	

large	CNOT1	subunit	that	act	as	a	central	scaffold	of	the	complex	and	

tether	the	Ccr4-Not	complex	to	mRNAs	(Bai	et	al.,	1999).	The	nuclease	

sub-complex	composed	by	CCr4	and	Caf1	subunits	are	anchored	on	the	

central	CNOT1	MIF4G	domain.	This	domain	is	composed	by	

several	-helices	and	binds	directly	to	Caf1	(Bai	et	al.,	1999;	Basquin	et	al.,	

2012;	Petit	et	al.,	2012).	The	interaction	between	Caf1	and	Ccr4	via	the	

LRR	domain	is	essential	for	the	stable	assembly	of	Ccr4	on	the	complex		

(Figure	1.12)	(Draper	et	al.,	1995;	Dupressoir	et	al.,	2001;	Mittal	et	al.,	

2011;	Fromm	et	al.,	2012).		In	vertebrates,	the	presence	of	two	paralogues	

of	the	deadenylase	subunits	suggest	that	the	Ccr4-Not	complex	is	

heterogeneous	because	the	nuclease	module	can	contain	a	single	Caf1	and	

Ccr4	subunit	bound	to	CNOT1	and	may	result	in	the	formation	of	four	

highly	related	complexes	(Winkler	and	Balacco,	2013).	The	amino-

terminus	of	CNOT1	contains	HEAT	repeats	and	anchors	the	

CNOT11/CNOT10	module	(Basquin	et	al.,	2012;	Bawankar	et	al.,	2013;	

Mauxion	et	al.,	2013).	The	central	region	of	CNOT1	contains	a	DUF3819	

domain	that	interacts	with	the	RQCD1/RCD1/Caf40/CNOT9	component.	

This	subunit	binds	to	single	and	double	stranded	nucleic	acids	with	an	

affinity	for	sequences	containing	G/C/T	greater	than	for	oligo(A)	(Garces	

et	al.,	2007;	Bawankar	et	al.,	2013).	

The	C-terminus	of	CNOT1	anchors	the	NOT-module	components	CNOT2	

and	CNOT3.	These	two	proteins	contain	a	conserved	region	in	their	

C-terminus	responsible	for	their	interaction	named	Not-box.	The	

C-terminus	also	present	a	region	responsible	for	the	interaction	with	

CNOT1	and	termed	Not	Anchoring	Region	(NAR)	(Figure	1.12	A)	(Boland	

et	al.,	2013).	The	yeast	Ccr4-Not	complex	contains	the	highly	related	
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subunits	Not2,	and	the	duplicated	subunits	Not3	and	Not5	(Liu	et	al.,	1998;	

Oberholzer	and	Collart,	1998;	Wahle	and	Winkler,	2013).	Crystal	structure	

of	the	Not	module	revealed	that	the	module	forms	a	surface	that	serves	as	

platform	for	molecular	interactions	and	contains	tracts	of	positively	

charged	residues	on	the	surface	able	to	bind	to	poly(U)	RNA	in	vitro	

(Bhaskar	et	al.,	2013;	Boland	et	al.,	2013).		

The	overall	structural	organisation	of	the	complex	was	resolved	by	

electron	microscopy	and	cryo-electron	microscopy	3D	reconstruction	of	

the	yeast	CCR4-NOT	complex	indicates	a	L-shaped	structure	(Nasertorabi	

et	al.,	2011;	Ukleja	et	al.,	2016).	The	crystal	structures	of	the	yeast	

nuclease	module	and	human	Caf1	interacting	with	the	MIF4G	domain	of	

CNOT1	confirm	that	Ccr4	interacts	with	Caf1	via	the	LRR	domain	and	

associate	with	Not1	independently	from	the	other	proteins	(Figure	1.12	B,	

C	and	D)	(PDB	accession	number	4B8C)	(Draper	et	al.,	1995;	Bai	et	al.,	

1999;	Basquin	et	al.,	2012;	Petit	et	al.,	2012).	

Not4	is	a	functional	ubiquitin	ligase	and	is	not	considered	a	conserved	

subunit	of	the	Ccr4-Not	complex	in	mammals	(Albert	et	al.,	2002;	Temme	

et	al.,	2004;	Lau	et	al.,	2009).	Functional	studies	of	Not4	do	not	support	a	

role	in	the	mRNA	degradation,	but	evidence	suggests	its	involvement	in	

the	degradation	of	the	products	of	"non-stop"	translation.	It	can	be	

speculated	that	Not4	ubiquitylates	non-stop	products	and	may	link	their	

degradation	with	the	nonstop	mRNA	decay	(NMD)	(Dimitrova	et	al.,	2009;	

Wahle	and	Winkler,	2013).			

1.5.5			The	additional	roles	of	the	Ccr4-Not	complex		

In	addition	to	its	role	in	the	mRNA	decay	pathways,	the	Ccr4-Not	complex	

was	found	to	be	involved	in	the	regulation	of	the	acetylation	status	of	

histones	H3	and	H4.	The	chromatin	status	is	regulated	by	the	yeast	

homologues	of	Not3/Not5	and	the	yeast	Not4	subunit.	Not5	alter	the	

nucleosome	acetylation	ability	of	the	histone	acetyltransferase	(HAT)	

Gcn5,	whereas	Not4	is	responsible	for	the	turnover	of	the	Jhd2	histone	H3	

demethylase	(Laribee	et	al.,	2007;	Mulder	et	al.,	2007;	Peng	et	al.,	2008;	

Mersman	et	al.,	2009).	Moreover,	the	yeast	Not5	subunit	plays	an	
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important	role	in	translation.	It	is	required	to	localise	the	co-chaperone	

R2TP	to	ribosomes	for	an	efficient	synthesis	of	the	Rpb1	subunit	or	

RNAPII	(Boulon	et	al.,	2012;	Villanyi	et	al.,	2014).	

The	Ccr4-Not	complex	is	involved	in	the	regulation	of	the	transcription	

initiation.	The	interaction	of	the	deadenylase	complex	with	transcription	

factors	represses	their	ability	to	activate	the	transcription.	Interactions	of	

the	human	CNOT1	subunit	with	the	retinoid	acid	X	receptor	in	a	ligand	

dependent	manner	and	the	interaction	of	the	murine	Caf40	with	the	

transcriptional	activators	c-Myb	and	AP-1	were	found	(Haas	et	al.,	2004;	

Winkler	et	al.,	2006).	Moreover,	the	ubiquitination	of	yeast	Yap1	and	

mammalian	PAF	complex	transcription	activator	by	Not4	was	observed	

(Gulshan	et	al.,	2012;	Sun	et	al.,	2015).	The	Ccr4-Not	complex	is	involved	

in	the	maturation	of	mRNPs,	which	is	coupled	to	their	export	in	the	

cytoplasm.	The	role	of	the	deadenylase	complex	is	achieved	by	interacting	

with	poly(A)	binding	proteins	such	Nab2	or	Hbp1	of	the	THO	complex,	or	

the	Mlp1	of	the	nuclear	pore	complex	(NPC)	(Kerr	et	al.,	2011).	RNA	

binding	proteins	(RBP)	play	a	pivotal	role	in	recruiting	the	Ccr4-Not	

complex.		The	interaction	between	the	RBP	Mpt5	via	Caf1	activate	

translation	repression	in	yeast	cells	lacking	Ccr4,	the	catalytically	active	

subunit	(Hook	et	al.,	2007).		Caf1	was	shown	to	repress	translation	in	

D.	melanogaster	and	Xenopus	laevis	via	RBPs.	CNOT1,	recruited	on	the	

mRNA	via	Caf1-RBP	interaction,	recruits	in	turn	the	eIF4E	transporter	

protein	4E-T	that	links	the	mRNA	decay	machinery	to	the	5'	cap	by	

interacting	with	eIF4E	(Nishimura	et	al.,	2015;	Ozgur	et	al.,	2015b;	

Waghray	et	al.,	2015).		The	Ccr4-Not	complex	regulates	various	

physiological	processes.	It	was	observed	that	the	complex	is	involved	in	

cell	growth	and	survival	(Ito	et	al.,	2011a;	Morita	et	al.,	2007;	Mittal	et	al.,	

2011;	Fabian	et	al.,	2012)	.	Analyses	of	CNOT7(-/-)	mice	showed	that	the	

deadenylase	subunit	has	a	role	in	regulation	of	bone	mass	(Washio-

Oikawa	et	al.,	2007).	Studies	demonstrated	that	depletion	of	CNOT1	

compromises	deadenylase	activity	and	induces	apoptosis	of	Hela	cells	(Ito	

et	al.,	2011b).	Moreover,	CNOT3(+/-)	mice	resulted	to	be	obesity	resistant	
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highlighting		a	role	of	the	protein	in	the	metabolic	regulation	(Morita	et	al.,	

2011).			

	

Figure	1.12	Crystal	structures	of	the	NOT-module	and	the	nuclease	

module.	(A)	Crystal	structure	of	the	NOT-module	(PDB	accession	number	

4C0D).	Indicated	are	CNOT1	(purple),	CNOT2	(orange)	and	CNOT3	

(green).	(B)	Crystal	structure	of	the	CNOT1	MIF4G	domain	(purple)	and	

Caf1/CNOT7	(sandy	brown)	(PDB	accession	number	4B8C).	(C)	Crystal	

structure	of	the	yeast	CNOT1	MIF4G	domain	(purple)	associated	with	Caf1	

DEDD	domain	(sandy	brown)	and	Ccr4	LRR	domain	(sky	blue)	(PDB	

accession	number	4B8C).	(D)	Structure	of	the	nuclease	sub-complex.	
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Indicated	are	the	CNOT1	MIF4G	domain	(purple),	the	Ccr4	EEP	domain	

(pink),	the	Ccr4	LRR	domain	(sky	blue),	and	the	Caf1	DEDD	domain	(sandy	

brown).	The	model	was	generated	by	alignment	of	the	crystal	structure	of	

the	MIF4G	domain	of	human	CNOT1	in	complex	with	CNOT7	(PDB	

accession	number	4GMJ)	and	the	EEP	nuclease	domain	of	human	CNOT6L	

(PDB	accession	number	3NGO)	on	the	structure	of	the	yeast	Not1-Caf-Ccr4	

complex	(PDB	accession	number	4B8C).		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



Chapter	1:	Introduction	

	

	 40	

1.6			The	BTG/TOB	proteins	

The	BTG/TOB	proteins	are	the	best	characterised	proteins	that	interact	

with	the	vertebrates	Caf1	subunit	(Mauxion	et	al.,	2009;	Winkler,	2010).	

Unicellular	organisms	do	not	present	genes	encoding	for	any	BTG/TOB	

proteins,	whereas	proteins	are	present	in	C.	elegans	(1),	D.	melanogaster	

(2),	mouse	(6)	and	human	cells	(6)	(Winkler	and	Balacco,	2013).	In	human	

cells,	the	BTG/TOB	family	consists	of	six	members:	BTG1,	

BTG2/PC3/Tis21,	BTG3/Ana,	BTG4/PCRB,	TOB/Tob1,	and	Tob2	(Winkler,	

2010).		The	proteins	present	a	conserved	N-terminal	domain,	termed	BTG	

domain,	which	covers	104-106	amino	acids	responsible	for	the	majority	of	

the	BTG/TOB	protein	interactions.	In	humans,	all	six	members	of	the	

BTG/TOB	family,	apart	from	BTG4,	have	been	shown	to	interact	with	

Caf1a	CNOT7	and	CNOT8	through	the	BTG	domain	(Prévôt	et	al.,	2001;	

Horiuchi	et	al.,	2009).	BTG4	is	expected	to	interact	with	the	deadenylase	

subunit	due	to	the	high	similarity	of	its	N-terminus	with	the	other	protein	

family	members.	Sequence	alignment	showed	that	TOB1	and	TOB2,	as	

well	as	BTG1	and	BTG2,	are	highly	similar,	whereas	BTG3	and	BTG4	are	

more	distant.		

Moreover,	in	their	C-terminus,	Tob1	and	Tob2	contain	a	highly	conserved	

PAM2	motif,	responsible	for	the	interaction	with	PABP.	Tob1	can	bind	at	

the	same	time	to	PABP	and	Caf1,	suggesting	that	TOB1	can	act	as	an	

adaptor	for	the	recruitment	of	the	Ccr4-Not	complex	(Ezzeddine	et	al.,	

2007).	Furthermore,	studies	showed	that	Tob1	regulates	the	recruitment	

of	the	Ccr4-Not	complex	by	binding	the	RBP	cytoplasmic	polyadenylation	

element-binding	protein	3	(CPEB3)	via	its	C-terminus,	resulting	in	mRNA	

destabilisation	(Ezzeddine	et	al.,	2007;	Hosoda	et	al.,	2011).	BTG1	and	

BTG2	contain	a	shorter	C-terminus	and	interact	with	Caf1	via	the	BTG	

domain.	Crystal	structures	were	resolved	for	the	human	BTG2	(Figure	

1.13	A),	the	mouse	paralogue	TIS21,	and	TOB1	in	complex	with	the	CNOT7	

subunit	(Yang	et	al.,	2008;	Horiuchi	et	al.,	2009).	

The	analyses	of	the	crystal	structure	of	TOB1-CNOT7	(PDB	accession	

number	2Z15)	indicated	that	the	association	of	the	two	proteins	is	

mediated	by	two	regions	named	Box	A	and	Box	B	(Horiuchi	et	al.,	2009).	
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BTG1	and	BTG2	have	an	additional	region	named	Box	C	as	shown	in	the	

human	BTG2	crystal	structure	(Figure	1.13	A;	PDB	accession	3DJU)	(Yang	

et	al.,	2008).	Residues	in	both	Box	A	and	Box	B	of	BTG2	were	

demonstrated	to	be	essential	for	the	interaction	with	CNOT7	by	

mutagenesis	analyses	(Yang	et	al.,	2008;	Horiuchi	et	al.,	2009).	

Superimposition	of	the	BTG2	and	Caf1-Tob1	crystals	showed	a	high	

conservation	of	the	BTG	domain	between	BTG2	and	TOB1	(Figure	1.13	B).	

Interaction	of	the	BTG2/TOB	protein	with	CNOT7	recruits	the	Ccr4-Not	

complex.	Figure	1.13	C	and	D	shows	the	model	of	the	nuclease	

sub-complex	module	in	association	with	BTG2,	obtained	by	

superimposition	of	the	crystal	structures.		

1.6.1			The	role	of	the	BTG/TOB	proteins	

The	members	of	the	BTG/TOB	protein	family	share	a	conserved	

anti-proliferative	activity	(Matsuda	et	al.,	2001;	Tirone,	2001;	Winkler,	

2010).		In	vitro	analyses	indicated	that	BTG2	and	TOB1	inhibit	the	activity	

of	purified	Caf1,	although	BTG	is	a	general	activator	of	the	mRNA	decay.	

Moreover	the	BTG	domain	of	TOB1	does	not	affect	the	deadenylase	

activity	(Mauxion	et	al.,	2008;	Miyasaka	et	al.,	2008;	Yang	et	al.,	2008;	

Horiuchi	et	al.,	2009).		

Functional	studies	based	on	reporter	genes	showed	that	BTG2,	TOB1,	and	

TOB2	promote	deadenylation	and	mRNA	degradation	(Ezzeddine	et	al.,	

2007;	Mauxion	et	al.,	2008).	In	addition	to	their	role	in	deadenylation,	

BTG/TOB	proteins	act	as	transcriptional	regulator	of	the	gene	expression	

by	interacting	with	DNA-binding	transcription	factors	(Matsuda	et	al.,	

2001;	Tirone,	2001;	Winkler,	2010).	The	BTG/TOB	proteins	are	important	

for	the	prevention	of	tumorigenesis.	For	instance,	BTG2	is	a	direct	target	of	

the	tumour	suppressor	p53	and	Tob1	has	a	critical	role	in	Ras-mediated	

transformation	(Rouault	et	al.,	1996;	Suzuki	et	al.,	2002;	Boiko	et	al.,	

2006).	Mice	Tob(-/-)	developed	liver	tumour	to	a	higher	rate	than	wild	

type,	showing	increased	cyclin	D1	mRNA	levels	(Yoshida	et	al.,	2003).	

Moreover,	reduced	level	of	BTG/TOB	proteins	were	found	in	tumours.	

Tob1	levels	are	reduced	and	induction	of	its	expression	by	peritoneal	
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injection	suppressed	pancreatic	cancer	peritonitis	(Yanagie	et	al.,	2009).	A	

reduced	expression	of	BTG3	was	found	in	lung	cancer	cell	lines	and	BTG2	

reduced	levels	were	found	in	kidney	and	breast	carcinomas	(Boiko	et	al.,	

2006;	Yoneda	et	al.,	2009).	BTG1	and	BTG2	were	found	mutated	in	non-

Hodgkin	lymphomas	(Morin	et	al.,	2011;	Waanders	et	al.,	2012).		
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Figure	1.13	Models	of	the	BTG/TOB	protein	family	member.	(A)	

Model	of	the	human	BTG2	(PDB	accession	3DJU).	In	sandy	brown	are	

highligthed	the	α-helices	and	in	blue	the	β-sheets.	(B)	Model	of	the	

Caf1-BTG2	complex.	The	model	was	generated	by	alignment	of	the	Caf1	

(gray)	in	complex	with	the	BTG	domain	of	Tob1	(pink;	PDB	accession	

number	2D5R),	Tob1	BTG	domain	(blue;	PDB	accession	number	2Z15),	

and	the	human	BTG2	(yellow,	PDB	accession	number	3DJU).	(C-D)	

Structure	and	surface	of	the	model	of	the	nuclease	sub-complex	in	

association	with	the	BTG	domain	of	Tob1.	Indicated	are	the	CNOT1	MIF4G	

domain	(purple),	Caf1	DEDD	domain	(sandy	brown),	Ccr4	LRR	domain	

(sky	blue),	Ccr4	EEP	domain	(pink)	and	TOB1	BTG	domain	(gray).	The	

model	was	obtained	by	alignment	of	the	Tob-Caf1	structure,	the	MIF4G	
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domain	in	complex	with	CNOT7)		(PDB	accession	number	4GMJ),	and	the	

EEP	nuclease	domain	of	the	human	CNOT6L	(PDB	accession	number	

3NGO)	on	the	structure	of	the	yeast	Not1-Caf1-Ccr4	complex	(PDB	

accession	number	4B8C).		
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1.7			Aims	of	the	study	

The	Ccr4-Not	complex	plays	a	critical	role	in	the	regulation	of	the	gene	

expression.	The	complex	is	the	major	deadenylase	enzyme	involved	in	the	

shortening	of	the	poly(A)	tail	and	is	composed	of	two	catalytic	subunits,	

Ccr4	(CNOT6/CNOT6L)	and	Caf1	(CNOT7/CNOT8),	and	at	least	six	

non-catalytic	subunits	organised	in	modules	(Wahle	and	Winkler,	2013).	

Regulatory	proteins	interact	with	the	deadenylase	complex	tethering	it	on	

specific	mRNAs	activating	mRNA	degradation	pathways	and	

down-regulating	protein	expression	(Goldstrohm	et	al.,	2006,	2007;	

Sandler	and	Stoecklin,	2008;	Joly	et	al.,	2013;	Raisch	et	al.,	2016)	

The	main	aim	of	this	study	is	to	understand	in	more	detail	the	role	of	the	

subunits	of	Ccr4-Not	complex	in	the	recruitment	of	specific	mRNAs	and	in	

the	maintenance	of	the	integrity	the	complex	assembly,	pivotal	for	its	

function.	Specifically:	

1. The	study	aims	to	discover	and	explore	the	interactome	of	the	

catalytic	subunits	Caf1	and	Ccr4	to	detect	new	interacting	partners	

that	may	recruit	the	deadenylase	complex	on	specific	mRNAs.		

2. The	study	aims	to	understand	whether	the	function	or	structure	of	

the	Ccr4-Not	complex	is	compromised	in	cancer	by	assessing	the	

structure	and	function	of	Ccr4-Not	variants	found	in	various	types	

of	cancer.	Specifically,	this	would	also	lead	to	the	identification	of	

amino	acid	residues	critical	for	the	integrity	and	function	of	the	

components	of	the	NOT-module	(CNOT1,	CNOT2	and	CNOT3)	and	

the	nuclease	sub-complex	(CNOT7,	CNOT6L,	CNOT1,	and	the	

regulatory	protein	BTG1).	

3. The	study	aims	to	investigate	the	variability	of	the	Ccr4-Not	

components	using	phylogenetic	methods	to	understand	the	

presence	of	paralogous	genes	encoding	the	nuclease	subunits,	

which	are	only	found	in	vertebrates.	
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1.8			Experimental	approaches	

1.8.1			Stable	Isotope	Labelling	using	Amino	acids	in	Cell	culture	

(SILAC)-Rapid	Immunoprecipitations	and	Mass	spectrometry	of	

Endogenous	protein	(RIME).	

The	discovery	and	exploration	of	the	interactome	of	the	deadenylase	

subunits	of	the	complex	Caf1	(CNOT7/CNOT8)	and	Ccr4	

(CNOT6/CNOT6L)	will	be	performed	conjugating	in	vitro	and	in	silico	

approaches.	Stable	Isotope	Labelling	Amino	acid	in	Cell	culture	(SILAC)-

Rapid	Immunoprecipitations	Mass	Spectrometry	of	Endogenous	protein	

(RIME),	based	on	the	in	vivo	labelling	of	endogenous	proteins	by	

incorporation	of	amino	acids	with	substituted	stable	isotopic	nuclei,	

coupled	with	RIME	immunoprecipitations,	will	identify	proteins	directly	

or	indirectly	interacting	with	Caf1	and	Ccr4.	The	software	Cytoscape	

(Shannon	et	al.,	2003)	will	be	used	for	the	generation	of	protein-protein	

interaction	network	and	to	explore	the	interactome	obtained	by	SILAC-

RIME.	Cytoscape	plug-ins	MCODE	(Bader	et	al.,	2003)	and	ClusterONE	

(Zhang	et	al.,	2014)	will	identify	biological	protein	clusters	allowing	

detection	of	the	involvement	of	the	Caf1	and	Ccr4,	hence	the	Ccr4-Not	

complex,	in	known	and	new	biological	pathways.		

1.8.2			Identification	of	residues	critical	for	the	NOT-module	assembly	

The	identification	of	residues	critical	for	the	assembly	and	integrity	of	the	

NOT-module	will	be	approached	with	bioinformatic	predictive	methods.	

Mutations	found	in	cancer,	as	annotated	in	the	Catalogue	Of	Somatic	

Mutation	found	In	Cancer	(COSMIC)	(Bamford	et	al.,	2004;	Forbes	et	al.,	

2008,	2011)	and	Ensemble	(Chen	et	al.,	2010;	Flicek	et	al.,	2014)	

databases,	will	be	collected	and	investigated	using	the	Sort	Intolerant	

From	Tolerant	(SIFT)	software	(Ng	and	Henikoff,	2003)	to	point	residues	

whose	substitution	can	be	deleterious	for	the	function	and	assembly	of	the	

module.	Chemical	and	thermodynamic	properties,	and	chemical	contacts	

between	the	residues	involved	in	the	interaction	with	the	components	of	

the	Not-module	will	be	investigated	by	the	Proteins,	Interfaces,	Surfaces	

and	Assemblies	(PISA)	(Krissinel	and	Henrick,	2007)	software	and	
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RINalyzer	(Doncheva	et	al.,	2011).	This	software	will	be	used	to	construct	

a	bi-dimensional	map	of	the	crystal	structure	to	visualise	it	as	a	residue-

residue	interaction	network	using	Cytoscape.			

1.8.3			Analyses	of	sequence	variants	of	the	CNOT7	ribonuclease	

CNOT7	variants	found	in	cancer	will	be	studied	using	a	similar	approach	to	

the	identification	of	the	residues	critical	for	the	assembly	of	the	

NOT-module.		This	investigation	will	identify	residues	critical	for	the	

deadenylase	function	of	CNOT7	and	its	interaction	with	the	other	proteins	

of	the	nuclease	module	CNOT6L	and	CNOT1,	and	with	the	regulatory	

protein	BTG1.	The	CNOT7	variants	found	in	cancer	will	be	collected	from	

the	COSMIC	and	Ensemble	databases	and	their	effect	on	the	function	of	the	

protein	will	be	predicted	using	SIFT	and	Disease-Susceptibility-based	SAV	

Phenotype	Prediction	software	(SuSPect)	(Ng	and	Henikoff,	2003;	Yates	et	

al.,	2014).	The	effect	of	the	deleterious	mutations	on	the	stability	of	the	

protein	will	be	investigated	using	Site	Directed	Mutator	(Worth	et	al.,	

2011).	UCSF	Chimera	will	be	used	in	order	to	investigate	whether	the	

mutations	can	be	accommodated	into	the	CNOT7	structure	model	without	

major	rearrangements	of	the	protein.	Further	investigation	on	the	effects	

of	the	amino	acid	substitution	will	involve	in	vitro	approaches.	Yeast	two	

hybrid	assay	will	assess	the	impact	of	CNOT7	mutations	on	the	

interactions	with	the	other	protein	by	the	generation	of	hybrid	proteins	

GAL4-AD-CNOT7,	GAL4-AD-CNOT7	variants,	GAL4-BD-CNOT1MIF4G,	GAL4-

BD-CNOT6L,	and	GAL4-BD-BTG1.		

RNA	tethering	assay	will	investigate	the	impact	of	the	mutations	on	the	

activity	of	CNOT7	independently	to	its	capacity	of	binding	to	the	RNA.		

1.8.4				Phylogenetic	and	variability	analysis		

A	phylogenetic	reconstruction	for	each	component	of	the	Ccr4-Not	

complex	will	be	performed	using	and	comparing	the	Neighbour-Joining	

(NJ)	and	Maximum	Likelihood	(ML)	methods.		

Variability	analysis	will	be	performed	to	detect	selective	pressures	acting	

on	the	proteins.	To	detect	selective	pressures,	two	kinds	of	models	will	be	

used:	the	site	and	branch-site	models.	The	site	model	will	allow	the	
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parameter	describing	the	selective	pressure	to	vary	among	codons	

(Nielsen	and	Yang	1998;	Yang,	2007))	

.	The	branch-site	model	will	allow	selective	pressures	to	vary	both	among	

codons	in	the	protein	and	across	branches	of	the	tree,	with	the	intent	of	

detecting	positive	selection	acting	on	few	sites	along	particular	lineages.		
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Chapter	2.		 Materials	and	Methods	

2.1			Bacterial	growth	and	transformation	

2.1.1			Reagents,	stock	solutions	and	buffers	

	

Lysogeny	broth	(LB)	medium	and	agar:	10	g/L	tryptone,	5	g/L	yeast	

extract,	5	g/L	NaCl,	pH	7.2	(NaOH),	for	LB	agar	add	15	g/L	bacteriological	

agar.	The	medium	was	sterilised	using	a	Prestige	medical	2100	classic	

bench-top	autoclave	and	stored	at	room	temperature.	

	

Ampicillin	1000×	stock	solution:	100	mg/mL	in	50%	ethanol/water.	The	

solution	was	sterilised	using	0.22	μm	pore	size	filters.	Stored	at	-20°C.	

	

Chloramphenicol	1000×	stock	solution:	34	mg/L	in	100%	ethanol.	The	

solution	was	sterilised	using	0.22	μm	pore	size	filters.	Stored	at	-20°C.	

	

Kanamycin	1000×	stock	solution:	50mg/L	in	H2O.	The	solution	was	

sterilised	using	0.22	μm	pore	size	filters.	Stored	at	-20°C.	

	

1M	IPTG:	Isopropyl	β-2-1-thiogalactopyranoside,	in	H2O.	The	solution	was	

sterilised	using	0.22	μm	pore	size	filters.	Stored	at	-20°C.	

	

X-Gal	solution:	5-bromo-4-chloro-indolyl-β-galactopyranoside	(50mg/ml	

in	dimethylformimide)	was	purchased	from	Promega.	The	solution	was	

stored	at	-20°C.		
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2.1.2				Culture	of	Escherichia	coli	

Escherichia	coli	strain	DH5α	and	BL21-RIL-DE3	were	used	for	different	

aims.	The	bacterial	strain	E.	coli	DH5α	was	used	for	DNA	manipulation	i.e.	

cloning	and	mutagenesis;	the	bacterial	strain	E.	coli	BL21-RIL-DE3	was	

used	for	protein	expression.	E.	coli	was	streaked	onto	agar	plate	

containing	the	appropriate	antibiotic	and	grown	overnight	at	37°C.	The	

plates	were	stored	at	4°C	for	few	weeks.	To	prepare	a	liquid	culture,	a	

single	colony	was	grown	overnight	in	liquid	LB	medium	containing	the	

appropriate	antibiotic,	incubated	in	the	shaker	at	37°C,	200	rpm.	For	large	

scale	cultures	preparation	glass	conical	flasks	were	used.	

2.1.3				Preparation	of	E.	coli	competent	cells	

E.	coli	DH5α	and	BL21-RIL-DE3	strains	were	made	competent	using	

magnesium	chloride/calcium	chloride.	A	single	colony	of	E.	coli	from	an	

Luria-Bertani	agar	plate	was	used	to	inoculate	3	ml	of	LB	medium	and	

grown	at	37°C,	200	rpm	over-night.		The	following	day	the	culture	was	

diluted	1:100	in	LB	medium	and	grown	at	37°C,	200	rpm	until	the	optical	

density	at	600	nm	(OD600)	reached	0.5.	The	cells	were	then	centrifuged	at	

4000	rpm	for	10	minutes	at	4°C.	The	supernatant	was	discarded	and	the	

pellet	re-suspended	in	50	ml	of	MgCl2.	Cells	were	centrifuged,	

re-suspended	in	50	ml	CaCl2	and	incubated	on	ice	for	20	min.	Following	

another	centrifugation,	cells	were	re-suspended	in	8.6ml	of	CaCl2.	After	

adding	1.4	mL	of	glycerol,	the	cells	were	aliquoted	in	0.5	ml	tubes	and	

snap	frozen	in	liquid	nitrogen.	Competent	cells	were	stored	at	-80°C.	

2.1.4				Transformation	of	competent	cells	

E.	coli	competent	cells,	stored	at	-80°C,	were	thawed	and	mixed	with	DNA	

in	pre-chilled	round	bottomed	universal	tubes	and	incubated	on	ice	5-20	

minutes	on	ice.	Less	than	500	ng	of	DNA	was	used	to	transform	50-100	μL	

of	competent	cells.	Up	to	7.5	μL	of	ligation	mix	solution	were	used	to	

transform	50	μL	of	competent	cells	to	obtain	a	good	yield.	The	solution	

was	heat	shocked	for	90	seconds	in	water	bath	at	42°C	and	then	placed	on	

ice	for	2	minutes.	1	mL	of	LB	medium	was	added	to	the	cells	followed	by	

incubation	at	37°C	for	1	hour	shaking.	E.	coli	DH5α	transformed	with	
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ligation	mix	were	pelleted	and	re-suspended	in	200	μl.	100	μl	of	the	

suspension	were	plated	on	LB	agar	plates	with	the	appropriate	selection	

antibiotic	and	then	incubated	at	37°C	overnight.		
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2.2		Molecular	Biology	

2.2.1				Reagents,	stocks	solutions	and	buffers	

5×	TBE:	40	mM	Tris	base,	40	mM	boric	acid,	1	mM	EDTA	pH	8.0,	stored	at	

room	temperature.	

	

6×	Ficoll	loading	dye:	16%	Ficoll	PM400	(purchased	by	Sigma-Aldrich)	

0.2%	orange	G	in	H2O,	stored	at	room	temperature.	

	

Oligonucleotides:	Lyophilised	primers	were	dissolved	in	TE	to	obtain	a	

100	mM	solution	and	stored	at	-20°C	(purchased	by	Sigma-Aldrich).		

	

TE	buffer:	10	mM	Tris-HCl	pH	8.0,	1	mM	EDTA,	stored	at	room	

temperature.	

	

2.2.2				Small	scale	plasmid	preparation	

For	the	preparation	of	small	scale	of	plasmid	DNA,	the	Macherery-Nagel	

mini	prep	kit	was	used.	A	single	bacterial	colony	was	used	to	inoculate	3	to	

5	mL	of	LB	medium	containing	the	appropriate	antibiotic	(ampicillin	100	

μg/mL,	chloramphenicol	34	μg/mL,	and	kanamycin	50	μg/mL)	and	grown	

overnight	in	an	orbital	shaker	at	37°C,	200	rpm.	All	of	the	overnight	

culture	was	then	used	to	extract	the	plasmid	DNA	according	to	the	

manufacturer’s	instruction.	Plasmid	DNA	was	eluted	in	50	μl	of	elution	

buffer.	The	plasmid	DNA	concentration	and	purity	was	determined	using	

Nanodrop	ND-100	spectrophotometer	before	being	stored	at	-20°C.	

	

2.2.3				Large	scale	plasmid	preparation	

Large	scale	preparation	of	high	quality	plasmid	DNA	was	carried	out	using	

the	Sigma	GenEluite	HP	maxi	prep	kit.	A	single	colony	was	used	to	

inoculate	5	ml	of	LB	medium	containing	the	appropriate	antibiotic	

(ampicillin	100	μg/mL,	chloramphenicol	34	μg/mL,	and	kanamycin	50	

μg/mL)	and	grown	for	5-6	hours	in	an	orbital	shaker	at	37°C,	200	rpm.	All	

of	the	culture	was	then	used	to	inoculate	200	mL	of	LB	containing	the	
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appropriate	antibiotic	and	grown	overnight	in	an	orbital	shaker	at	37°C,	

200	rpm.	The	overnight	culture	was	pelleted	by	centrifugation	at	4000	g	

for	15	minutes	and	plasmid	DNA	was	extracted	following	the	

manufacturer’s	instruction.	The	DNA	was	eluted	in	500	μL	of	elution	

buffer	and	stored	at	-20°C.	

	

2.2.4				Determination	of	DNA/RNA	concentration	

Nucleic	acids	concentration	and	purity	were	determined	using	a	Nanodrop	

ND-1000	UV-Vis	Spectrophotometer	(NanoDrop	Technologies).	The	

A260/280	ratio	was	used	to	estimate	sample	purity.	A	ratio	between	1.8	and	

2.0	was	expected	for	DNA	samples,	while	a	ratio	between	2.0	and	2.2	was	

considered	acceptable	for	RNA	samples.		

	

2.2.5				Agarose	gel	electrophoresis	

Depending	on	the	size	of	the	DNA	to	resolve,	0.5-2%	agarose	gel	(w/v)	

was	run	in	0.5%	TBE	buffer.	To	the	gel,	0.5	μg/ml	of	ethidium	bromide	

was	added.	DNA	samples	were	loaded	in	1×	Ficoll	loading	dye.	DNA	

agarose	gels	were	run	at	80V	for	45-90	minutes	depending	on	the	sample	

in	0.5X	TBE	buffer.	Gels	were	visualised	using	transillumination	with	

ultraviolet	light	and	documented	using	Gel-Doc	2000	(Bio-Rad)	and	Bio-

Rad	Quantity	One	computer	software.		

	

2.2.6				DNA	extraction	and	purification	from	agarose	gels	

To	purify	DNA	from	agarose	gels,	DNA	bands	were	excised	using	a	surgical	

scalpel.	Purification	was	conducted	following	the	manufacturer’s	

instructions	provided	in	the	Macherey-Nagel	Gel/PCR	purification	kit.	For	

small	DNA	fragments	(<500	bp)	used	in	cloning,	the	DNA	was	eluted	in	30	

μl	of	pre-heated	at	60°C	elution	buffer.	To	increase	the	DNA	purified	yield,	

two	consecutive	elutions	with	15-20	μl	were	performed.		For	large	

fragments	(>2	kb),	the	DNA	was	eluted	with	two	separate	elutions	in	40	μl	

final	volume.		
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2.2.7				Restriction	enzyme	digestion	of	DNA	

Plasmid	DNA	was	digested	with	restriction	endonucleases	to	generate	

compatible	ends	for	cloning	and	verify	created	plasmid.	All	restriction	

endonucleases	and	corresponding	buffers	were	purchased	from	New	

England	Biolabs	Inc.	(NEB)	and	used	according	the	manufacturer’s	

instructions	(Table	2.1).	

To	verify	newly	created	plasmids	prior	to	sequencing,	100	ng	of	plasmid	

DNA	was	digested	in	10	μl	with	the	appropriate	restriction	enzymes;	to	

digest	large	quantities	of	DNA	for	cloning	and	ligations	1	μg	of	DNA	was	

digested	in	10	μl	volume	reactions.	DNA	was	digested	for	1-2	hours	

according	to	the	amount	of	DNA	and	at	the	optimal	temperature	for	the	

enzyme	used.		

2.2.8				Removal	of	5’	phosphate	group	from	linearised	plasmid	DNA	

In	order	to	prevent	linearised	plasmids	to	self-ligate	in	ligation	reactions,	

phosphate	groups	were	removed	from	5’	ends	using	Antarctic	

Phosphatase.	1	μg	of	plasmid	DNA	was	treated	with	1	μl	of	the	enzyme	and	

incubated	at	37°C	for	30	minutes.	A	further	1μl	of	the	enzyme	was	added	

to	the	sample	and	incubated	at	37°C	for	more	30	minutes.	The	enzyme	was	

then	deactivated	by	incubation	at	65°C	for	5	minutes.	

	

Restriction	
Endonuclease	 Restriction	site	5'->	3'	
EcorI-HF	 GAATTC	
SalI-HF	 GTCGAC	
NheI-HF	 GCTAGC	
XhoI	 CTCGAG	

BamHI-HF	 GGATCC	
XbaI	 TCTAGA	

	

Table	2.1	Restriction	endonucleases.	All	restriction	endonucleases	were	

purchased	from	New	England	Biolabs	Inc.	(NEB)	and	were	used	according	

to	the	manufacturer's	instruction	
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2.2.9				Phosphorylation	of	blunt	PCR	products	

Phosphorylation	of	blunt	PCR	products	was	performed	using	the	T4	

Polynucleotide	Kinase	(T4	PNK)	before	ligation.	One	microliter	of	the	

enzyme	was	added	to	the	to	the	DNA	and	incubated	at	37°C	for	30	

minutes.		

2.2.10				Ligation	of	DNA	fragments	

DNA	fragments	and	digested	plasmid	were	ligated	using	the	T4	DNA	ligase	

in	order	to	create	recombinant	plasmids.	Required	mass	of	the	insert	was	

calculated	depending	on	the	desired	insert/vector	molar	ratio,	the	mass	of	

the	vector	and	the	lengths	of	both	plasmid	and	insert	as	shown	in	Formula	

2.1.		

	

Required	mass	insert	(g)	=	desired	insert/vector	molar	ratio	×	mass	of	vector	

(g)	×	ratio	of	insert	to	vector	lengths	

Formula	2.1	

Ligation	reactions	were	set	up	using	100	ng	of	the	digested	vector,	the	

calculated	mass	of	insert,	1	μl	T4	DNA	ligase	and	1×	T4	ligase	buffer	in	

10	μl	final	volume	and	left	overnight	at	room	temperature.	

2.2.11				Gibson	cloning	

In	order	to	sub-clone	DNA	fragments	in	plasmids,	the	NEBuilder	HiFi	DNA	

Assembly	Cloning	Kit	was	used.	Twenty	nanograms	of	the	DNA	to	insert	

and	30ng	of	digested	vector	DNA	were	added	for	total	volume	up	to	1	µl,	

and	1	µl	of	NEBuilder	HiFi	DNA	Assembly	Master	mix	was	added	to	the	

reaction.	Total	volume	of	the	reaction	was	3	µl.		Samples	were	incubated	in	

a	thermocycler	at	50°C	for	20	minutes.	Following	incubation,	samples	

were	stored	at	-20°C	or	used	for	transformation.	E.	coli	DH5α	were	

transformed	with	3	µl	of	the	assembly	reaction.	
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2.2.12				Polymerase	Chain	Reaction	(PCR)	

Polymerase	Chain	Reaction	(PCR)	was	performed	for	the	generation	of	

DNA	fragments	for	cloning	and	the	screening	of	recombinant	plasmids.	

The	peqlab	Primus	96	advanced	thermal	cycler	was	used.	

For	the	amplification	of	DNA	fragments	to	clone	into	vectors,	Phusion	

High-Fidelity	DNA	polymerase	was	used.	A	standard	reaction	was	set	up	as	

shown	in	Table	2.2.	Samples	were	initially	denatured	at	98°C	for	30	

seconds	followed	by	25-30	cycles	of	a	denaturating	step	of	98°C	for	10	

seconds,	annealing	step	depending	on	the	primers	melting	temperatures	

for	30	seconds,	then	elongation	at	72°C	for	30	sec/1	kb.	A	final	elongation	

step	at	72°C	for	10	minutes	was	included	at	the	end	of	the	amplification.	

To	check	if	the	amplicons	were	the	correct	size,	10	μl	of	the	reaction	were	

run	on	agarose	gel.	

For	the	screening	of	newly	generated	plasmids	prior	to	enzyme	digestion	

and	sequencing,	colony	PCR	was	performed.	One	single	clone	from	a	

ligation	mix	was	picked	and	used	to	inoculate	500	μl	of	LB	media	and	

grown	for	4-6	hours	in	an	orbital	shaker	at	37°C,	200	rpm.	A	standard	Taq	

Polymerase	PCR	reaction	was	set	up	as	shown	in	Table	2.3.	Sample	were	

initially	denatured	at	95°C	for	3	minutes	followed	by	25	cycles	consisting	

in	a	denaturing	step	at	95°C	for	30	seconds,	an	annealing	step	at	55°C	for	

30	seconds	and	elongation	at	68°	1	min/kb.	A	further	elongation	step	at	

68°C	for	5	minutes	was	included.	To	check	the	amplicons	size,	10	μl	of	the	

reaction	was	run	on	agarose	gel.	

	

Volume	 Component/Reagent	

x	μL	 100	ng	DNA	template	

1.0	μL	 10	μM	forward	primer	(Sigma-Aldrich)	

1.0	μL	 10	μM	reverse	primer	(Sigma-Aldrich)	

10.0	μL	 5×	Phusion	HF	buffer	(NEB)	

1	μL	 10	mM	dNTP	mix	

0.5	μL	 Phusion	High-Fidelity	DNA	Polymerase	(NEB)	

Up	to	50	μL	 nuclease-free	H2O	

Table	2.2	Standard	Phusion	High-Fidelity	DNA	polymerase	reaction.	



Chapter	2:	Materials	and	Methods	

	

	 58	

Volume	 Component/Reagent	

x	μL		 variable	DNA	template	

1.0	μL	 10	μM	forward	primer	(Sigma-Aldrich)	

1.0	μL	 10	μM	reverse	primer	(Sigma-Aldrich)	

5.0	μL	 10×	Standard	Taq	reaction	buffer	(NEB)	

1	μL	 10	mM	dNTP	mix	

0.25	μL	 Taq	DNA	Polymerase	(NEB)	

Up	to	50	μL	 nuclease-free	H2O	

Table	2.3	Standard	Taq	DNA	Polymerase	reaction.	
	

2.2.13				Site-directed	mutagenesis	

Primers	for	the	site-directed	mutagenesis	were	designed	using	the	

NEBaseChangerTM	v1.2.5	tool	(http://nebasechanger.neb.com/)	(Table	2.6	

and	Table	2.7)		Reactions	were	set	up	using	1	ng	template	DNA.	The	

standard	protocol	for	Phusion	DNA	Polymerase	was	used.	Following	

amplification,	the	PCR	product	was	incubated	with	the	DpnI	enzyme	in	

order	to	remove	the	template	DNA.	One	microliter	of	DpnI	was	added	

directly	to	the	50	μl	of	mutagenesis	reaction	and	incubated	at	37°C	for	30	

minutes.	All	the	reaction	volume	was	run	on	0.8%	agarose	gel	and	the	

band	excised	for	Gel	purification	and	eluted	in	30	μl.	Thereafter,	1	μl	of	the	

T4	PNK	and	1×	T4	reaction	buffer	were	added	to	the	sample	and	incubated	

at	37°C	for	30	minutes	for	the	phosphorylation	of	blunt	ends.	A	further	1	

μl	of	T4	DNA	ligase	was	added	to	the	sample	and	incubated	overnight	at	

room	temperature.	The	following	day,	50	ng	of	the	sample	was	used	to	

transform	50	μl	E.	coli	DH5α	before	DNA	isolation	and	sequencing	to	

confirm	the	presence	of	the	desired	mutation.	
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2.2.14		List	of	Primers	

	
Primer	name	 Sequence	5'-	3'	
Pan2	5UTR	 GGTTGGGTCAGGCATCTAAA	
Pan2	3UTR	 GGTGGGCTAGGACCTTCAA	
Pan3	5UTR	 AGCGTCTTCCTTTCCTCCC	
Pan3	3UTR	 CCTGTTCGTTTCCCAAATGT	
Table	2.4	List	of	primers	for	amplification	from	cells	

	
	
	

Primer	name	 Sequence	5'-	3'	
YTHDF1	FW	 AAAAAGGATCCGGGCGTGTGTTCATCATCAAG	

YTHDF1	RV	 AAAAAGTCGACGATAATTTTCAGCACTTGCTTGGC	

FW_CNOT1_EcoRI	 AAAAAAGAATTCATGTTGGCCTGTCTGCAAGCTTG	

RV_CNOT1_SalI	 AAAAAAGTCGACCAGTGTCCAAGTCCACAGCCA	

CNOT1_1020_1317_EcoRI_FW	 AAAAAAGAATTCATGGCCCAGGCTCAGGCCCAGGTC
CAG	

CNOT1_1020_1317_SalI_RV	 AAAAAAGTCGACGCAGAGAGTTGCTCATCTAAATT
C	

CNOT2_NehI_FW	 AAAAAAGCTAGCATGGTGAGGACTGATGGACATAC	

CNOT2_XhoI_RV	 AAAAAACTCGAGTTAGAAGGCTTGCTGAGCAGG	

pAD_CNOT7_XhoI_FW	 AAAAAACTCGAGATGCCAGCGGCAACTGTAG	

pAD_CNOT7_XhoI_RV	 AAAAAACTCGAGTCATGACTGCTTGTTGGCTTC	

pBD_CNOT6L_Eco_FW	 AAAAAAGAATTCATGAGACTAATAGGGATG	

pBD_CNOT6L_SalI	 AAAAAAGTCGACCTACCTCCGATTAGGCAAG	

CNOT3_XbaI_FW	 AAAAAATCTAGAATGGCGGACAAGCGCAAAC	

CNOT3_BamHI_RV	 AAAAAAGGATCCTCACTGGAGGTCCCGGTC	

Table	2.5	List	of	primers	used	for	cloning	
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Name	 Sequence	5'-	3'	

CNOT7_N19I_RV2	 TGGGCTTGCATCTTGGATGAAG	

CNOT7_N19I_RV_3	 AACTTCACAAATTCTTTGGC	

CNOT7_M24I_FW_2	 ATGAAGAGATTAAGAAAATTCGTCAAGTTAT	

CNOT7_M24I_RV_2	 CCAAGTTGCAAGCCCAAAC	

CNOT7_R20C_FW	 AGATCATAGCTAAAGAATTTGTGAAGTTTGG	

CNOT7_R20C_RV	 ACAGTTGCCGCTGGCATT	

CNOT7_N19S_FW	 TGGGCTTGCAGCTTGGATGAAG	

CNOT7_N19S_RV	 AACTTCACAAATTCTTTGGCTATG	

CNOT7_R28C_FW	 AGATCATAGCTAAAGAATTTGTGAAGTTTGG	

CNOT7_R28C_RV	 ACAGTTGCCGCTGGCATT	

CNOT7_G45C_FW	 GAGTTTCCAGTTGTGGTTGCAAG	

CNOT7_G45C_RV	 GGTGTCCATAGCAACGTA	

CNOT7_A58V_FW_2	 AGGAGCAATGTTGACTATCAATAC	

CNOT7_A58V_RV_2	 GAATTCTCCAATGGGTCTTG	

CNOT7_L79Q_FW_2	 CAGCTAGGACAGACATTTATGAATG	

CNOT7_L79Q_RV_2	 AATTATCTTTAACAAGTCTACATTAC	

CNOT7_E87Q_FW_2	 GAATGAACAGGGTCAATATCCGCCGGG	

CNOT7_E87Q_RV_2	 CCCGGCGGATATTGACCCTGTTCATTC	

CNOT7_W153C_FW_2	 GGGTCAAATGCTTGTCATTTCATAG	

CNOT7_W153C_RV_2	 CTTCACAGAGGACCACTC	

CNOT7_H157Y_FW_2	 GTTGTCATTTTATAGCGGTTAC	

CNOT7_H157Y_RV_2	 CATTTGACCCCTTCACAG	

CNOT7_D161N_FW_2	 TAGCGGTTACAACTTTGGCTAC	

CNOT7_D161N_RV_2	 TGAAATGACAACCATTTGAC	

CNOT7_G163C_FW_2	 TTACGACTTTTGCTACTTAATCAAAATC	

CNOT7_G163C_RV_2	 CCGCTATGAAATGACAAC	

Table	2.6	List	of	primers	for	CNOT7	site	directed	mutagenesis.	
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Name	 Sequence	5'-	3'	

CNOT7_G208V_FW_2	 CTCAAAGGTGTATTACAGGAGG	

CNOT7_G208V_RV_2	 ATTTTTGCAGCTCTTCATG	

CNOT7_L209F_FW_2	 AAGGTGGATTTCAGGAGGTGG	

CNOT7_L209F_RV_2	 TGAGATTTTTGCAGCTCTTC	

CNOT7_E217Q_FW_2	 AGAACAGTTACAGCTGGAACGGATAG	

CNOT7_E217Q_RV_2	 GCCACCTCCTGTAATCCAC	

CNOT7_R220L_FW_2	 GAGCTGGAACTGATAGGACCAC	

CNOT7_R220L_RV_2	 TAACTGTTCTGCCACCTC	

CNOT7_R220W_FW	 AGAGCTGGAATGGATAGGACC	

CNOT7_R220W_RV	 AACTGTTCTGCCACCTCC	

CNOT7_G228E_FW_2	 CATCAGGCAGAATCTGATTCATTG	

CNOT7_G228E_RV_2	 TTGTGGTCCTATCCGTTC	

CNOT7_L232S_FW_2	 TCTGATTCATCGCTCACAGGAATG	

CNOT7_L232S_RV_2	 TCCTGCCTGATGTTGTGG	

CNOT7_F239I_FW_2	 AATGGCCTTTATCAAAATGAGAG	

CNOT7_F239I_RV_2	 CCTGTGAGCAATGAATCAG	

CNOT7_E243G_FW_2	 AAAATGAGAGGAATGTTCTTTGAAG	

CNOT7_E243G_RV_2	 GAAAAAGGCCATTCCTGTG	

Table	2.7	List	of	primers	for	CNOT7	site	directed	mutagenesis.	
	

Name	 Sequence	5'-	3'	

Gibson	Cnot7	Fw	
CCACTGCTGGGCCTGGACAGCACCCTCGAGATGCCAGCGG
CAACTGTAGA	

Gibson	Cnot7	Rv	
TCTAGAGGTACCACGCGTGAATTCTCGACTCATGACTGCT
TGTTGGCTTC	

Table	2.8	List	of	primers	for	CNOT7	Gibson	cloning	into	pCIλN	vector.	
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2.3		Protein	purification	and	analysis	

2.3.1				Reagents,	stock	solutions	and	buffers	

	

Extraction	Buffer:	20	mM	Tris-Hcl	pH	7.8,	500	mM	NaCl,	10%	glycerol,	1	

mM	β-mercaptoethanol.	

	

Wash	Buffer:	20	mM	Tris-HCl	pH	7.8,	500	mM	NaCl,	10%	glycerol,	1	mM	

β-mercaptoethanol,	20	mM	imidazole.		

	

Elution	Buffer:	20	mM	Tris-HCl	pH	7.8,	500	mM	NaCl,	10%	glycerol,	1mM	

β-mercaptoethanol,	250	mM	imidazole.		

	

Upper	Buffer	(4x):	0.5	M	Tris	Base,	0.4%	SDS,	pH	6.8.	

	

Lower	Buffer	(4x):	1.5	M	Tris	Base,	1.0%	SDS,	pH	8.8.	

	

Running	Buffer	(10x):	0.25	M	Tris	Base,	1.0%	SDS,	1.92	glycine	

	

Reducing	 SDS	 loading	 buffer	 (4×):	 2.4	 mL	 1M	 Tris	 byffer,	 4	 mL	 100%	

glycerol,	 0.5	 mL	 β-mercaptoethanol,	 0.8	 g	 SDS,	 4	 mg	 Bromophenolblue,	

and	3.1	mL	water,	stored	at	-20°C.		

2.3.2			Expression	culture	of	E.	coli		

A single colony of E. coli BL21 RIL containing plasmid was used to inoculate 

a starter culture (1 ml LB with 50-100 µg/ml ampicillin), then incubated at 37 

ºC for 6—8  hours in an orbital shaker. The obtained starter culture was then 

used to inoculate the pre-culture (100 ml LB containing 50 µg/ml ampicillin) 

and incubated overnight at 37 ºC. The pre-culture was added to 1L of 

LB/ampicillin (50 µg/ml) and grown at 37 ºC. Once the OD600nm was between 
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0.6-0.8, the expression was induced by IPTG at a final concentration of 0.2 

mM. The expression culture was incubated at  30°C for 3 hours. 

2.3.3		Protein	extraction	from	expression	culture	of	E.	Coli	

E. coli bacteria were harvested by centrifugation at 5500 rpm at 4ºC for 15 

minutes using Sorvall SLC-6000 SUPER LITE rotor. The supernatant was 

discarded and the bacterial pellet re-suspended in protein purification 

extraction buffer as appropriate. Then the suspension was frozen at -80 ºC. The 

bacteria suspension was thawed and bacteria lysed by sonication on ice using 

Qsonica XL2000 for 5 minutes (30 sec on/30 sec off). The crude lysate was 

then centrifuged in a SS-34 rotor at 10,000 rpm at 4ºC for 30 minutes. The 

pellet was discarded and the supernatant recovered. The suspension was then 

stored at -80 ºC. 

2.3.4  Protein	purification          

Cobalt-agarose beads (Sigma) were washed twice with extraction buffer and 

then incubated overnight at 4 ºC with the soluble lysate. 5 ml of extraction 

buffer were, then, added to the beads bound to proteins containing 6His-tag 

and the samples were applied to the column. After eluting, 10 ml of wash 

buffer was added, the wash was recovered for SDS-PAGE analysis. Proteins 

were eluted using Elution buffer and fractions were collected each 0.5 mL. The 

protein purification was followed by Bradford and SDS-PAGE analysis.  

2.3.5		Bradford	assay	to	determine	protein	concentration	
A Bradford essay was used to determine protein concentration of collected 

fractions or cell lysates.    The protein assay reagent (Bio-rad, 500-0006) was 

diluted 1:5 in H2O before use. A standard curve was produced using BSA 
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dissolved in water and preparing 6 standards: 0.1mg/ml, 0.2 mg/ml, 0.4 mg/m 

l, 0.6 mg/ml, 0.8 mg/ml and 1.0 mg/ml. 10 µl of protein sample was added to 

990  µl of 1x Bradford reagent. Samples were transferred to 1 ml cuvettes and 

the absorbance read at OD600. 

2.3.6			Sodium	dodecyl	sulphate-polyacrylamide	gel	electrophoresis	

(SDS-PAGE)	

In order to perform SDS-PAGE, 10% gels were prepared and cast in gel 

cassettes (Invitrogen). The Invitrogen X-Cell SureLock Mini Cell system was 

used. Before use the comb was removed and the wells washed with 1x running 

buffer. Protein samples were denatured for 5 min in 1x SDS sample buffer 

prior to loading. Gels were run in 1x running buffer at 180V for 90 min.  

 

 

	

	

	

	

	

	

	

	

	

	

	

	

	



Chapter	2:	Materials	and	Methods	

	

	 65	

2.4		Yeast	two-hybrid	analysis	

2.4.1				Reagents,	stock	solutions	and	buffers	

	

Yeast	extract	peptone	dextrose	medium	(YPD):	10	g/L	yeast	extract,	20	g/L	

glucose,	20	g/L	bacteriological	peptone.	For	YPD	agar	plates,	20	g/L	

bacteriological	agar	was	included.	The	medium	was	sterilised	by	heat	

using	a	Prestige	medical	2100	classical	bench	top	autoclave	and	stored	at	

room	temperature.	

	

Yeast	selective	complete	medium	(YS):	6.7	g/L	yeast	nutrient	broth,	20	g/L	

glucose,	1.4	g/L	amino	acid	drop	out	mix.	For	selective	agar	plates,	20	g/L	

bacteriological	agar	was	included.		

	

Single-Stranded	DNA:	Herring	Sperm	single-stranded	DNA	(2	mg/mL,	

Sigma)	was	heated	at	98°	for	5	min	and	chilled	on	ice	before	use.	Stored	at	

-20°C.	

	

Litium	acetate	solutions:	LiAC	solutions	(2	M,	1	M	and	0.1	M;	Sigma)	were	

prepared	and	sterilised	using	0.22	µm	pore	size	filters.	Stored	at	room	

temperature.	

	

Polyethylene	 glycol	 (PEG-3350):	 a	 solution	 containing	 50%	 polyethylene	

glycol	(PEG-3350,	Sigma)	was	prepared	and	sterilised	using	0.22	µm	pore	

size	filters.	Stored	at	room	temperature.	

	

Reducing	 SDS	 loading	 buffer	 (4×):	 2.4	 mL	 1M	 Tris	 byffer,	 4	 mL	 100%	

glycerol,	 0.5	 mL	 β-mercaptoethanol,	 0.8	 g	 SDS,	 4	 mg	 Bromophenolblue,	

and	3.1	mL	water,	stored	at	-20°C.		
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2.4.2				Culture	of	Saccharomyces	cerevisiae	strain	YRG2	

The	yeast	strain	Saccharomyces	cerevisiae	YRG2	(Stratagene,	stored	at	-80°	

in	YPD	containing	50%	glycerol)	was	used	for	yeast	two-hybrid	analyses.	

To	obtain	single	colonies	 the	yeast	was	streaked	on	YPD	agar	plates	and	

grown	 in	 incubator	 at	 30°C.	Once	 the	 colonies	were	obtained	 (2-4	days)	

the	 plates	 was	 stored	 at	 4°C	 for	 several	 weeks.	 Liquid	 cultures	 were	

inoculated	 with	 large	 single	 colonies	 and	 grown	 in	 universal	 tubes	

containing	YPD	and	incubated	at	30°C,	200	rpm	overnight.	

	

2.4.3				Transformation	of	YRG2	cells	

Plasmids	pBD-GAL4	Cam	and	pAD-GAL4-2.1	(Stratagene)	and	their	

derivatives	were	used	for	all	yeast	two-hybrid	analyses.	S.	cerevisiae	YRG2	

cells	were	made	competent	through	heat	shock	treatment	and	used	on	the	

same	day	they	were	made.	One	single	colony	was	picked	from	the	YPD	

agar	plate	and	used	to	inoculate	10	mL	YPD	culture	and	incubated	

overnight	in	a	shaker	incubator	at	30°C,	200	rpm.	This	culture	was	then	

used	to	inoculate	50	mL	of	YPD	medium	to	obtain	OD600	0.2.	This	culture	

was	then	incubated	in	a	shaker	incubator	at	30°C,	200	rpm	until	the	OD600	

reached	0.8	(3-5	hours).	The	culture	was	then	centrifuged	to	pellet	the	

yeast	at	4,000	rpm	for	5	minutes	at	room	temperature.	The	supernatant	

was	discarded	and	the	pellet	re-suspended	in	25	mL	of	sterile	water	

followed	by	another	centrifuge	step.	The	pelleted	yeast	was	then	re-

suspended	in	1	mL	of	0.1	M	LiAc	and	transferred	to	a	1.5	mL	microfuge	

tube.		Cells	were	then	centrifuged	at	13,000	rpm	for	30	sec	in	a	bench	

micro-centrifuge.	The	supernatant	was	discarded	and	the	cells	were	re-

suspended	to	a	final	volume	of	500	μL	in	0.1	M	LiAc	and	aliquoted	in	50	µL	

lots	in	microtubes.	One	50	mL	culture	provided	sufficient	cells	for	ten	

transformations.	The	cells	were	pelleted	and	the	supernatant	discarded.	

The	50%	PEG-3350	solution	was	added	to	the	yeast	cells	followed	by	the	

mix	containing	the	other	transformation	components	as	described	in	

Table	2.9.	

	



Chapter	2:	Materials	and	Methods	

	

	 67	

Volume	 Reagent/Component	

240	μL	 50%	w/v	PEG-3350		

36	μL	 1.0M	LiAc	

25	μL	 Single-stranded	DNA	(2.0	mg/ml)	

50	μL	 500	ng	of	combined	plasmid	DNA	diluted	in	H2O	

Table	2.9	Mix	for	yeast	transformation	

Following	the	addition	of	all	the	components,	the	pellet	was	re-suspended	

by	vortexing.	The	yeast	transformation	mix	was	then	incubated	at	30°C,	

200	rpm	for	30	min	followed	by	20	min	incubation	at	42°C	in	a	water	bath.	

The	samples	were	then	centrifuged	at	4,000	g	for	30sec	and	the	yeast	re-

suspended	in	500	μL	of	sterile	water.	100	μL	of	this	suspension	was	plated	

onto	yeast	selective	plates	and	incubated	at	30°C	for	3-5	days	until	

colonies	formed.	

2.4.4				Yeast	two-hybrid	β-galactosidase	assay	

For	each	transformation,	three	independent	yeast	colonies	were	analysed.	

Yeast	colonies	were	streaked	into	triangles	on	yeast	selective	plates.	After	

48-72	hours	half	of	the	triangle	of	yeast	was	used	to	inoculate	2	mL	of	

yeast	selective	medium.	After	incubation	at	30°C,	200	rpm	for	24	h,	one	ml	

of	this	culture	was	used	to	obtain	the	OD600	as	measure	of	the	culture	

density.	When	the	culture	was	dense,	with	OD600	>1,	the	samples	was	

diluted	1:10	with	yeast	selective	medium.	From	the	remaining	culture	

25	μL	was	added	to	25	μL	of	β-Glo	reagent	(Promega,	Cat.	E469A)	in	a	

white	96	well	plate	and	incubated	for	5	minutes	shaking	and	then	25	

minutes	at	room	temperature	in	the	dark.	β-galactosidase	luminescence	

was	measured	using	a	GloMax	96	microplate	luminometer	(Promega).	The	

β-galactosidase	activities	values	were	then	normalised	using	the	OD600	

values.	
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2.4.5				Western	blot	analysis	of	yeast	cell	lysates	

To	confirm	the	expression	of	the	GAL4	AD-CNOT7	and	the	

GAL4	BD-HA-CNOT1MIF4G,	GAL4	BD-HA-CNOT6L,	and	

GAL4	BD-HA-BTG1fusion	proteins,	yeast	lysates	were	produced	for	

western	blot	analysis.	Individual	colonies	were	streaked	into	triangles	and	

then	cultured	in	2	mL	yeast	selective	medium.	One	millilitre	of	the	yeast	

culture	was	transferred	into	1.5	mL	microfuge	tube	and	centrifuged	at	

3000	g	for	2	minutes.	The	supernatant	was	discarded	and	the	pellet	was	

re-suspended	in	100	μL	of	2.0	M	LiAc.	The	suspension	was	centrifuged	

again	and	the	pellet	was	re-suspended	in	100	μL	of	water.	After	the	

addition	of	100	μL	0.4M	NaOH,	the	cells	were	vortexed	and	incubated	for	

10	minutes	at	room	temperature.	The	cells	pelleted	again	and	

re-suspended	in	50	μl	of	1×	reducing	SDS	loading	buffer.	The	samples	

were	then	boiled	at	98°C	for	5	minutes	before	being	analysed	by	SDS-

PAGE	or	stored	at	-80°C.	
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2.5		Cell	culture	

2.5.1				Reagents,	stock	solutions	and	buffers	for	use	in	tissue	culture	

Dulbecco's	Phosphate	buffered	saline	(PBS):	137	mM	NaCl,	2.7	mM	KCl,	

4.3	mM	NaHPO4,	1.47	mM	KH2PO4	(1×	PBS	without	Ca2+,	Mg2+,	Sigma-

Aldrich)	

	

Dulbecco’s	Modified	Eagle	media	(DMEM)	complete:	DMEM	(Sigma-

Aldrich,),	10%	foetal	bovine	serum	(FBS)	(Thermo-Fisher	Scientific),	

100	units/mL	penicillin	and	100	units/mL	streptomycin	(PAA),	L-

glutamine	200	mM	(Lonza)		

	

Trypsin/EDTA	solutions:	10×	concentrated	solutions	of	phosphate-buffered	

saline	containing	0.5%	trypsin	and	0.2%	EDTA	were	purchased	from		

(PAA)	stored	at	-20°C.		1×	solutions	obtained	by	the	addition	of	PBS	were	

stored	at	4°C.	

2.5.2				Routine	maintenance	of	cell	lines	

Cell	culture	was	performed	in	a	Class	II	biological	safety	cabinet	under	

aseptic	conditions.	Adherent	cells	were	routinely	maintained	in	Dulbecco’s	

modified	Eagles	medium	(DMEM)	supplemented	with	10%	foetal	bovine	

serum	(FBS),	2	mM	L-glutamine,	100	units/ml	penicillin	and	100	units/ml	

streptomycin,	in	a	humidified	incubator	at	37°C	and	5%	CO2.	When	cells	

were	70%-80%	confluent,	they	were	washed	with	pre-warmed	phosphate	

buffered	saline	(PBS)	and	incubated	in	1-2	ml	of	trypsin/EDTA	for	1	to	5	

minutes	depending	on	cell	type.	Trypsin	was	deactivated	by	addition	of	

8-9	ml	of	complete	DMEM	and	the	cells	re-suspended.	The	suspension	was	

then	centrifuged	at	1100	rpm	for	5	minutes,	the	supernatant	removed	and	

the	cells	were	re-suspended	in	complete	DMEM	for	dilution	and	plating.	
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Cell	line	 Origin	 Number	of	passage	 Supplier	
MCF7-NKI	 Breast	cancer	cell	 12	 DSMZ	

HEK293	
Human	embryonic	kidney	

293	 12	 DSMZ	
HeLa	 Cervical	cancer	cell	 12	 DSMZ	

	

Cell	line	 Origin		
Number	of	
passage		 Supplier	

MCF7-NKI	 Breast	cancer	cell	 12	DSMZ	

HEK293	
Human	embryonic	kidney	
293	 12	DSMZ	

HeLa	 Cervical	cancer	cell	 12	DSMZ	
	Table	2.10	Mammalian	cell	lines	used.	All	cell	lines	were	supplied	from	

Deutsche	Sammlung	von	Mikroorganismen	und	Zellkulturen	GmbH	

(DSMZ)	

2.5.3				Freezing	cells	for	long	term	storage	

To	store	cells	into	liquid	nitrogen,	cells	were	detached	from	a	75	cm2	flask	

using	trypsin/EDTA,	transferred	in	a	15	ml	Falcon	tube	and	centrifuged	at	

1100	rpm	for	5	min.	After	centrifugation,	the	pellet	was	re-suspended	in	

2	ml	of	complete	DMEM	containing	10%	of	dimethylsulfoxyide	(DMSO)	

and	1	ml	aliquots	of	the	cell	suspension	were	transferred	into	cryovials.	

The	cryovials	were	then	placed	at	-80°C	in	a	Mr.	Frosty	container	

(NALGENE	Labware),	which	allows	slow	freezing	of	-1°C	per	minute.	After	

several	days,	cryovials	were	placed	in	liquid	nitrogen	for	long-term	

storage.		

2.5.4				Retrieving	cells	from	liquid	nitrogen	storage	

To	start	culture	cells	from	liquid	nitrogen	storage,	they	were	firstly	quickly	

thawed	by	incubation	at	37°C	in	the	water	bath,	and	then	added	to	9	ml	of	

complete	DMEM	medium	pre-warmed	at	37°C.	In	order	to	remove	the	

DMSO	from	the	cell	suspension,	cells	were	pelleted	at	1100	rpm	for	5	

minutes.	The	suspension	was	then	re-suspended	in	10	ml	of	complete	

DMEM	medium	pre-warmed	at	37°C.	The	cell	suspension	was	then	

transferred	to	a	75	cm2	flask	and	placed	in	the	humidified	incubator	

(5%	CO2	and	37°C).	After	24	hours,	the	medium	was	changed,	and	the	cell	

passaged	between	48	and	96h	after	retrieval	from	liquid	nitrogen.	
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2.6		Immunoprecipitation	analyses	

2.6.1			Reagents,	stock	solutions	and	buffers	for	use	in	

immunoprecipitations	

	
1	M	Dithiothreitol	(DTT):	dissolved	in	H2O,	stored	at	-20°C.	

	

Agarose	beads:	protein	A-agarose	beads	and	protein	G-agarose	beads	were	

purchased	from	Roche	and	stored	at	4⁰C.	

	

Cell	lysis	buffer	containing	0.2%	NP-40:	50	mM	1	M	Tris-Hcl	pH	8.0,	

150	mM	NaCl,	5	mM	MgCl2,	0.5	mM	EDTA,	5%	glycerol,	0.2%	NP-40,	1	mM	

DTT.	After	the	addition	of	one	Roche	complete	protease	inhibitor	cocktail	

tablet	to	50	mL,	the	lysis	buffer	was	stored	at	-20°C.	

	

	Phosphate	buffered	saline:	137	mM	NaCl,	2.7	mM	KCl,	4.3	mM	Na2HPO4,	

1.47	mM	KH2PO4	(1×	PBS	without	Ca2+,	Mg2+;	PAA).	

	

Upper	Buffer	(4x):	0.5	M	Tris	Base,	0.4%	SDS,	pH	6.8.	

	

Transfer	buffer	(10x):	0.25	M	Tris	Base,	1.92	M	glycine,	stored	at	room	

temperature.		

	

Reducing	 SDS	 loading	 buffer	 (4×):	 2.4	 mL	 1M	 Tris	 byffer,	 4	 mL	 100%	

glycerol,	 0.5	 mL	 β-mercaptoethanol,	 0.8	 g	 SDS,	 4	 mg	 Bromophenolblue,	

and	3.1	mL	water,	stored	at	-20°C.		
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2.6.2				Preparation	of	protein	lysates	for	immunoprecipitation	

40-80×104	HEK293T	cells	were	seeded	in	6cm	diameter	culture	dishes.	

After	24	hours	when	the	cells	were	50-70%	confluent,	the	DMEM	medium	

was	changed	and	cells	were	transfected	with	the	appropriate	plasmid	

using	JetPEI	transfection	reagent.	A	total	of	5	µg	total	plasmid	(2.5	µg	of	

each	vector)	was	added	to	10	µl	of	JetPEI	following	the	manufacturer	

instruction.		The	DNA/JetPEI	mixture	was	incubated	for	30	minutes	before	

being	added	to	the	cells	drop	wise.	After	48	hours	from	transfection	cells	

harvested	by	pipetting	the	medium	directly	onto	the	cells.	Cell	suspension	

was	centrifuged	at	4,000	g	(4°C)	for	5	minutes	and	the	pellet	re-suspended	

in	1ml	of	pre-chilled	PBS	(4°C)	to	wash	the	cells	twice.	Pellets	were	then	

re-suspended	in	500	µl	of	cold	cell	lysis	buffer	containing	0.2%	NP-40.	

Cellular	lysates	were	then	freeze/thawed	twice	(-80°C)	and	centrifuged	at	

16,000	g	for	5min	(4°C).	Supernatants	were	then	stored	at	-80°C	for	

further	use.		

2.6.3				Preparation	of	antibody-agarose	beads	for	

immunoprecipitation	

To	prepare	agarose	beads	for	immunoprecipitations,	10	µL	of	protein	A	

and	10	µL	of	protein	G	agarose	beads	(Roche)	were	mixed	together	in	a	1.5	

mL	microfuge	tube	and	centrifuged	at	300	g	for	30	sec.	The	supernatant	

was	discarded	and	the	beads	were	washed	twice	with	500	µL	of	PBS	

before	the	appropriate	antibody	was	added.	One	microgram	of	antibody	

was	used	per	10	µL	of	beads	and	the	total	final	volume	was	500	µL	in	PBS.	

Antibodies	used	for	immunoprecipitations	are	listed	in	Table	2.11.	The	

beads-antibody	mixture	was	then	incubated	at	room	temperature	on	a	

rotator	shaker	for	1	hour.	Following	centrifugation	at	3000	g	for	30	sec	the	

supernatant	was	carefully	removed	with	a	gel	loading	tip.	The	agarose	

beads	were	then	washed	three	times	with	500	µL	PBS	followed	by	one	

wash	with	500	µL	of	cell	lysis	buffer	containing	0.2%	NP-40.	To	the	

antibody	coated	beads,	450	µL	of	protein	lysates	was	added.	The	mixture	
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was	then	incubated	overnight	on	a	rotator	shaker	at	4°C.	The	following	

day	the	mixture	was	pelleted	at	300	g	for	30	sec	and	the	supernatant	

discarded.		Beads	were	then	washed	three	times	with	500µL	of	lysis	buffer	

containing	0.2%	NP-40,	prior	to	add	10	µl	of	PBD	and	10	µL	of	SDS	loading	

buffer.	The	samples	were	boiled	for	5	minutes	and	subjected	to	SDS-PAGE	

for	western	blot	or	stored	at	-80°C	until	necessary.	

	
Antibody	 Dilution	 Clone	 Supplier	

Anti-Flag	 1	mg	per	10	mL	of	agarose	beads	
M2,	

monoclonal	 Sigma-Aldrich	

Anti-GFP	 1	mg	per	10	mL	of	agarose	beads	
FL,	

polyclonal	
Santa	Cruz	

Biotechnology	
	
Table	2.11	List	of	antibody	used	for	immunoprecipitations	
	

2.7		siRNA	knockdown	

2.7.1				Reagents,	stock	solutions	and	buffers	for	use	in	protein	

analysis	

	

TE	Buffer:	10	mM	Tris-HCl	pH	8.0,	1	mM	EDTA.	

	

DMEM	complete:	DMEM	(Sigma-Aldrich),	10%	fetal	bovine	serum	(FBS)	

(Thermo-Fisher	Scientific),	100	units/mL	penicillin	and	100	units/mL	

streptomycin	(PAA),	glutamine	(200	mM;	Lonza).	

	

Serum	free	medium:	DMEM	(Sigma-Aldrich,	D6546),	100	units/mL	

penicillin	and	100	units/mL	streptomycin	(PAA,	P11-010),	glutamine	

(200	mM;	Lonza,	BE17-60SE).	

	

	Phosphate	buffered	saline:	137	mM	NaCl,	2.7	mM	KCl,	4.3	mM	Na2HPO4,	

1.47	mM	KH2PO4	(1×	PBS	without	Ca2+,	Mg2+;	PAA).	

	

siRNA:	siRNAs	were	purchased	from	Ambion.		
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2.7.2		siRNA	transfection	

Working	in	class	II	biological	safety	cabinet,	MCF7	cells	were	seeded	in	6	

well	plates	at	15×104	cells	per	well.	For	each	well,	2.2	pmoles	of	siRNA	(31	

ng)	duplexes	were	diluted	in	200	µl	of	serum	free	medium	vortexing	

gently.	The	siRNA	used	are	reported	in	Table	2.12.	Ten	microliters	of	

Interferin	(Polyplus,	Cat.	409-10)	were	then	added	to	the	siRNA	duplex,	

homogenised	immediately	for	10	sec,	and	incubated	for	10	minutes	at	

room	temperature.	During	the	incubation	time,	the	growth	medium	was	

replaced	with	2	ml	of	fresh	complete	medium	per	well.	The	transfection	

mix	was	then	added	onto	the	cells	and	distributed	by	swirling.	

Transfection	efficiency	was	estimated	by	observing	cells	by	light	

microscopy	48-96	hours	after	transfection	of	AllStars	Cell	Death	Control	

siRNA	(Qiagen,	Cat.	1027299).	After	48	hours	from	transfection	cells	were	

washed	twice	with	PBS,	and	harvested	in	1	ml	of	PBS	by	scraping.	Cell	

suspension	was	centrifuged	4000	g	at	4°C	for	5	minutes	and	the	pellet	re-

suspended	in	1	ml	of	pre-chilled	PBS	(4°C)	to	wash	the	cells.	Pellets	were	

then	re-suspended	in	500	µl	of	cold	cell	lysis	buffer	containing	0.2%	

NP-40.	Cellular	lysates	were	then	freeze/thawed	twice	(-80°C)	and	

centrifuged	at	16,000	g	for	5	min	at	4°C.	Supernatants	were	then	stored	at	

-80°C	for	further	use	or	analysed	immediately	by	western	blot.		

	

siRNA	 Supplier	

siRNA	Pan2	 Ambion,	4390824,	ID:	s19252	

siRNA	Pan3	 Ambion,	4392420,	ID:	s48723	

Silencer	Negative	control	No	1	siRNA	 Ambion,	AM4611	

AllStars	Cell	Death	Control	siRNA	 Qiagen,	1027299	

	Table	2.12	siRNA	used	for	knockdown.		
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2.8		RNA	tethering	assay	

2.8.1		Reagents,	stock	solutions	and	buffers	for	use	in	protein	

analysis	

	

Dulbecco’s	Modified	Eagle	media	(DMEM)	complete:	DMEM	(Sigma-

Aldrich),	10%	foetal	bovine	serum	(FBS)(Thermo-Fisher	Scientific),	

100units/mL	penicillin	and	100	units/mL	streptomycin	(PAA),	L-

glutamine	200	mM	(Lonza).		

	

Phosphate	buffered	saline:	137	mM	NaCl,	2.7	mM	KCl,	4.3	mM	Na2HPO4,	

1.47	mM	KH2PO4	(1×	PBS	without	Ca2+,	Mg2+;	PAA).		

	

Hepes-buffered	saline	(HBS):	280	mM	NaCl,	50	mM	HEPES	pH	7.0,	10	mM	

KCl,	12	mM	dextrose,	1.5	mM	Na2PO4.	

	

Radioimmunoprecipitation	assay	buffer	(RIPA):		150	mM	NaCl,	10%	NP-40,	

0.5%	sodium	deoxycholate,	0.1%	SDS,	50	mM	Tris,	pH	8.0.	

	

2.8.2		Cell	seeding	and	transfection	for	RNA	tethering	assay	

Working	 in	 class	 II	biological	 safety	 cabinet,	HEK293T	cells	were	seeded	

into	12-well	culture	plates	at	8-10×104	cells	per	wells.	After	24	hours,	cells	

at	70%	confluency	were	co-transfected	using	CaCl2.	For	each	transfection,	

250	ng	of	the	reporter	plasmid	pRL-5boxB	and	250	ng	of	pCIλN	derivative	

plasmids.	DNA-Calcium	phosphate	mixture	was	set	up	as	reported	in	Table	

2.13	 and	 incubated	 for	 30	minutes	 before	 being	 added	drop-wise	 to	 the	

cells.	 After	 16	 hours	 the	 medium	 was	 removed	 replaced	 with	 fresh	

medium	after	two	washes	with	PBS.	Twenty	four	hours	after	transfection	

the	cells	were	harvested	for	the	luciferase	assay.	
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Reagent	 Amount	

DNA	 250	ng	of	pRL5boxB	and	250	ng	of	pCIλN	plasmids	

2M	CaCl2	 6	μL	

dH2O	 Up	to	50	μL	

2×HBS	 50	μL	

Table	2.13	Transfection	setup	for	RNA	tethering	assay	

2.8.3		Luciferase	reporter	assay	

Twenty	four	hours	after	transfection	of	the	reporter/tethering	plasmid,	

cells	were	washed		with	ice-cold	PBS	and	100	μL		of	Luciferase	cell	lysis	

buffer	(NEB)	were	added	directly	on	the	cells.	The	plate	was	then	placed	at	

-80°C	for	15	minutes	until	completely	frozen.	The	samples	were	then	

thawed	and	harvested	by	pipetting	to	help	the	lysis	process.	The	

suspension	was	transferred	into	1	mL	microfuge	tube	and	centrifuged	

16,000	g	for	5min	at	4°C.	The	samples	were	stored	in	-80°C	freezer	or	used	

immediately	to	perform	the	luciferase	assay.	Bradford	assay	was	

performed	to	determine	protein	concentration	of	the	samples.	

The	luciferase	assay	was	performed	using	the	BioLuxGluc	Luciferase	Assay	

kit	(NEB).	Reagents	for	the	assay	were	prepared	according		to	the	

manufacturer's	instruction.	Ten	microliters	of	cell	lysates	were	

transferred	on	white	opaque	flat	bottom	96	well	plate.	Fifty	microliters	of	

BioLuxGluc	reagent	were	added	for	each	well	and	luminescence	was	read	

using	the	Promega	GloMax	96	microplate	luminometer	(delay	5.0	sec,	

integration	time	2.0	sec)	Each	transfection	was	carried	out	in	triplicate.		

	

2.8.4		Cellular	lysates	for	western	blot	

Working	in	a	class	II	biological	safety	cabinet,	HEK293T	cells	were	seeded	

into	6-well	culture	plates	at	16-20×104	cells	per	wells.	Transfection	with	

the	calcium	phosphate	protocol	was	performed	as	described	previously	

doubling	the	amount	of	the	reagents.	After	48	hours	from	transfection,	

cells	were	washed	twice	with	cold	PBS	and	harvested	by	directly	pipetting	

1ml	of	PBS	onto	the	cells.	Cellular	suspensions	were	then	transferred	to	

1.5	ml	microfuge	tubes	and	centrifuged	at	3,000	g	for	5	min	at	4°C.	The	
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supernatant	was	discarded	and	the	pellet	re-suspended	with	100	μl	RIPA	

buffer.	Samples	were	then	incubated	1	hour	in	a	disk	tube	rotator	at	4°C.	

Cell	suspension	was	then	pelleted	at	13,000	g	for	30	sec	at	4°C	and	the	

supernatant	was	analysed	by	SDS-PAGE	and	western	blot.		
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2.9		Protein	analysis	

2.9.1		Reagents,	stock	solutions	and	buffers	for	use	in	protein	

analysis	

Upper	buffer	(4×):	0.5	M	Tris	base,	0.4%	SDS,	pH6.8;	stored	at	room	

temperature.	

	

	Lower	buffer	(4×):	1.5	M	Tris	base,	0.4%	SDS,	pH	8.8;	stored	at	room	

temperature.	

		

Running	buffer	(10×):	0.25	M	Tris	Base,	1.0%	SDS,	1.92	M	glycine;	stored	at	

room	temperature	Transfer	buffer	(10×):	0.25	M	Tris	Base,	1.92	M	glycine;	

stored	at	room	temperature.	

		

Reducing	 SDS	 loading	 buffer	 (4×):	 2.4	 mL	 1M	 Tris	 byffer,	 4	 mL	 100%	

glycerol,	 0.5	 mL	 β-mercaptoethanol,	 0.8	 g	 SDS,	 4	 mg	 Bromophenolblue,	

and	3.1	mL	water,	stored	at	-20°C.		

	

Transfer	buffer	(10×):	0.25	M	Tris	Base,	1.92	M	glycine.	Stored	at	room	

temperature.		

		

Tris	buffer	saline	supplemented	with	0.05%	Tween-20	(TBST):	50	mM	

TrisHCl	pH	7.8,	150	mM	NaCl,	0.1%	Tween-20.	Stored	at	room	

temperature.		

	

10%	APS:	10%	ammonium	persulphate	(APS)	in	H2O.	
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2.9.2		Bradford	assay	to	determine	protein	concentration	

A	Bradford	assay	was	performed	to	determine	the	concentration	of	

proteins.	The	Sigma	protein	reagent	(Sigma-Aldrich,	B6916-500ML)	was	

diluted	1:5	in	H2O	before	use.	A	protein	standard	curve	was	produced	

using	BSA	dissolved	in	water.	Standard	0.2	mg/mL,	0.4	mg/mL,	0.6	

mg/mL,	0.8	mg/mL,	and	1.0	mg/mL	and	2	µL	of	the	protein	sample	buffer	

was	added.	Two	microliters	of	protein	sample	were	added	to	the	998	µL	of	

diluted	Bradford	reagent.	Samples	were	transferred	to	a	1	ml	cuvette	and	

the	absorbance	read	at	600	nm.	The	standard	curve	was	obtained	by	linear	

regression	analysis	using	Microsoft	Excel	and	was	used	to	calculate	the	

protein	concentration	of	the	samples.		

	

2.9.3		Sodium	dodecyl	sulphate-polyacrylamide	gel	electrophoresis	

(SDS-PAGE)	

Proteins	were	analysed	using	SDS-PAGE.	Resolving	gels	were	prepared	in	

the	 appropriate	 percentage	 (Table	 2.14)	 and	 cast	 in	 gel	 cassettes	

(Invitrogen).	The	separating	gel	was	cast	first	and	isopropanol	was	added	

on	 the	 top	 and	 allowed	 to	 set	 for	 30	 minutes.	 After	 removing	 the	

isopropanol,	 the	 stacking	 gel	 was	 cast	 and	 the	 appropriate	 comb	 was	

inserted	 in	 the	 gel	 and	 left	 to	 set	 for	 further	 30	minutes.	 Before	use	 the	

comb	was	 removed	 and	 the	wells	were	washed	with	 1×	 running	 buffer.		

The	 Invitrogen	X-Cell	 SureLock	Mini	Cell	 system	was	used	 for	SDS-PAGE	

analysis.	 Protein	 samples	 were	 denatured	 for	 5	 min	 in	 1×	 SDS	 sample	

buffer	prior	to	loading.	Gels	were	run	in	1×	running	buffer	at	180	V	for	60-

90	min.		
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		 Resolving	gel	 		 Stacking	gel	

		 10%	 12%	 14%	 		 4%		

Protein	MW	(kDa)	 30-200	 20-150	 10-80	

	 		 	 	 	 	 	40%	acrylamide:	

Bisacrylamide	(29:1)	 2.0	mL	 2.4	mL	 2.8	mL	

	

300	μL	

4×	lower	buffer	 2.0	mL	 2.0	mL	 2.0	mL	

	

-	

4×	upper	buffer	 -	 -	 -	

	

750	μL	

10%	APS	 80	μL	 80	μL	 80	μL	

	

1950	μL	

TEMED	 8	μL	 8	μL	 8	μL	

	

60	μL	

H2O	 4.0	mL	 3.6	mL	 3.2	mL	 		 6	mL	

Table	2.14	Preparation	of	SDS-PAGE	gels	

2.9.4		Western	blot	analysis	

Proteins	separated	by	SDS-PAGE,	were	transferred	to	nitrocellulose	

Whatman	Protan	0.45	μm	membrane	using	the	Invitrogen	X-Cell	SureLock	

Mini	Cells	system	for	1	hour	at	25	V	in	1×	transfer	buffer.	The	membrane	

was	then	blocked	using	5%	w/v	skimmed	milk	powder	in	1×	TBST	for	1	

hour	on	a	platform	rotator	at	room	temperature.	The	membrane	was	then	

transferred	to	a	50	ml	Falcon	tube	and	incubated	overnight	at	4°C	with	

TBST	containing	5%	w/v	skimmed	milk	powder	the	appropriate	primary	

antibody	(Table	2.15	Membranes	were	then	washed	three	times	with	

TBST	and	were	transferred	to	a	new	50	ml	falcon	tube	containing	5	ml	5%	

milk	in	TBST	with	the	appropriate	secondary	antibody	solution	(Table	

2.16)	and	incubated	1	hour	at	room	temperature	on	a	platform	shaker.	

The	membrane	was	then	washed	three	times	with	TBST	and	placed	

between	two	plastic	sheets.	The	Pierce	ECL	Western	Blotting	substrate	

detection	kit	(Thermo-Fisher	Scientific,	Cat.	32209)	was	added	directly	on	

the	membrane.	After	one	minute	of	incubation,	the	signals	were	detected	

using	a	Fujifilm	LAS-400	digital	imaging	system.	Exposure	time	varied	

depending	on	the	protein	detected.	Images	were	analysed	using	ImageJ.	
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Primary	
Antibodies	 Dilution	 Clone	 Supplier	

Pan2/USP52	 1:1000	 C-20,	polyclonal	
Santa	Cruz	
Biotechnology	

	 	 	 	

Pan3	 1:500	 A-9,	monoclonal	
Santa	Cruz	
Biotechnology	

	 	 	 	
Anti-Flag	 1:1000	 M2,	monoclonal	 Sigma-Aldrich	

	 	 	 	

Anti-GFP	 1:1000	 FL,	polyclonal	
Santa	Cruz	
Biotechnology	

	 	 	 	

Anti-HA	 1:1000	
3F10,	
monoclonal	 Roche	

	 	 	 	

Anti-V5	probe	 1:1000	 E10,	monoclonal	
Santa	Cruz	
Biotechnology	

	 	 	 	

Anti-GAL4-TA	 1:1000	
C-10,	
monoclonal	

Santa	Cruz	
Biotechnology	

	 	 	 	

Anti-Tubulin	 1:1000	 C-20,	polyclonal	
Santa	Cruz	
Biotechnology	

	

Table	2.15	Primary	antibodies	used	for	western	blotting.	Antibodies	

were	diluted	in	TBST	containing	5%	w/v	skimmed	milk	powder.	

	
Secondary	Antibodies	 Dilution	 Supplier	

Chicken	anti-mouse	HRP	 1:5000	 Santa	Cruz	Biotechnology	

Goat	anti-rat	HRP	 1:1000	 Santa	Cruz	Biotechnology	

Rabbit	anti-goat	HRP	 1:1000	 Santa	Cruz	Biotechnology	

Goat	anti-rabbit	HRP	 1:1000	 Cell	signalling		

Table	2.16	Secondary	antibodies	used	for	western	blotting.	Antibodies	

were	diluted	in	TBST	containing	5%	w/v	skimmed	milk	powder	.	
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2.10		Stable	isotope	labelling	in	cell	culture	(SILAC)-rapid	

immunoprecipitations	mass	spectrometry	of	endogenous	protein	

(RIME)	

2.10.1		Reagents,	stock	solutions	and	buffers	for	use	in	SILAC-RIME	

analysis	

	

"Heavy"-labelled	medium:	R/K-deficient	SILAC	DMEM	(PAA),	10%	dialysed	

fetal	bovine	serum	(Sigma-Aldrich),	800	μM	L-Lysine	

13C615N2Hydrochloride	(Sigma-Aldrich),	482	μM	L-Arginine	13C615N4	

hydrochloride	(Sigma-Aldrich),	L-glutamine	(200	mM;	Lonza).	

	

"Light"-labelled	medium:	R/K-deficient	SILAC	DMEM	(PAA,	E15-086),	),	

10%	dialysed	fetal	bovine	serum	(Sigma-Aldrich),	800	μM	L-Lysine	

12C614N2-Hydrochloride	(Sigma-Aldrich),	482	μM	L-Arginine	12C614N4	

hydrochloride	(Sigma-Aldrich),	L-glutamine	(200	mM;	Lonza).	

	

Lysis	buffer:	5	mM	Tris-HCl	pH	8.0,	85	mM	NaCl,	0.5%	NP-40,	protease	

inhibitor.	

	

RIPA	buffer:	10mM	Tris-HCl	pH	8,	140	mM	NaCl,	1	mM	EDTA,	0.5	mM	

EGTA,	0.1%	SDS,	0.1%	sodium	deoxycholic	acid,	1%	Triton	X-100,	and	

protease	inhibitor.	

	

Sonication	buffer:	50	mM	Tris-HCl	pH	8.0,	10	mM	EDTA,	0.1%	SDS,	0.5%	

sodium	deoxycholic	acid,	and	protease	inhibitors.	

	

Trypsin	solution:	10	μg/mL	trypsin	in	100	mM	NH4HCO3	
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2.10.2		Preparation	of	magnetic	beads		

Protein	A	magnetic	beads	suspension	(100	µL)	was	placed	on	a	magnetic	

stand	and	the	supernatant	was	removed	by	aspiration.	One	millilitre	of	

PBS	supplemented	with	5	mg/mL	BSA	was	added	to	wash	and	block	the	

beads	and	then	the	tube	was	put	back	on	the	magnetic	stand.	This	step	

was	repeated	further	three	times.		The	beads	were	then	re-suspended	in	

500	µL	of	PBS/BSA	and	added	to	cellular	lysates.		

2.10.3		Preparation	of	cell	lysates	

MCF7	cells	(1×107)	were	grown	in	"heavy"-labelled	complete	media	or	

"light"-labelled	complete	media.		

When	confluent,	the	media	were	removed	and	replaced	with	media	

containing	1%	formaldehyde	(Tebu-bio).	After	8	min,	glycine	was	added	to	

a	final	concentration	of	0.2	M.	The	cells	were	then	washed	with	10	mL	of	

cold	PBS	and	harvested	with	a	cell	scraper	in	500	µL	of	PBS.	The	cell	

suspensions	were	then	centrifuged	at	2,000	g	for	3min	at	4°C,	the	

supernatant	was	removed	and	the	cells	were	re-suspended	in	500	µL	of	

PBS.	After	repeating	the	centrifugation	step,the	supernatant	was	removed	

and	the	cell	pellet	frozen	at	-80°C	until	further	use.	The	frozen	pellet	was	

then	re-suspended	in	5	mL	of	lysis	buffer	and	incubated	one	hour	on	ice	

followed	by	50	strokes	in	a	tight	pestle	Dounce	homogenizer.	Nuclei	were	

separated	from	the	cytoplasmic	extract	by	centrifugation	and	washed	with	

25	mL	of	lysis	buffer.	Washed	nuclei	were	re-suspended	then	in	1	mL	of	

sonication	buffer	and	subjected	to	15	cycles	of	sonication	in	a	cooled	

waterbath	sonicator	(Diagenode	Bioruptor,	Medium	intensity,	30sec	

on/off	cycles).	
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2.10.4		Immunoprecipitation	

Nuclear	and	cytoplasmic	fractions	were	investigated	separately	or	

combined.		The	extracts	were	centrifuged	at	14,000	rpm	at	4°C	to	clear	

from	aggregates	and	were	then	incubated	overnight	with	the	appropriate	

antibodies	while	tumbling	at	4°C.		For	control	immunoprecipitations	pre-

immune	rabbit	IgG	was	used.	"Heavy"	SILAC	labelled	extracts	were	used	

for	immunoprecipitations	using	a	mix	of	10	μg	anti-CNOT6	and	5	μg	

anti-CNOT6L,	or	10	μg	anti-CNOT7	and	10μg	anti-CNOT8	custom	

antibodies	(Eurogentec).	The	extracts	were	then	incubated	with	100	µL	of	

protein	A	coated	magnetic	beads	equilibrated	with	sonication	buffer	for	4	

hours	at	4°C	tumbling.	RIPA	buffer	was	used	to	rinse	the	beads	and	control	

and	specific	immunoprecipitations	were	combined	followed	by	five	

washes	with	0.5	mL	RIPA	buffer	followed	by	two	rinses	with	1.0	mL	50	

mM	ammonium	bicarbonate.	The	supernatant	was	removed	and	the	beads	

subjected	to	on-based	tryptic	digestion	adding	10	μL	of	trypsin	solution	

directly	onto	the	beads.		Beads	were	re-suspended	by	vortexing	and	

incubated	at	37°C	overnight.	The	tubes	were	placed	on	a	magnet	to	allow	

the	beads	to	collect	at	the	tube	wall;	the	supernatant	was	removed	and	

directly	placed	into	formic	acid	to	give	a	final	concentration	of	5%.	

Digested	 peptide	 mixtures	 were	 diluted	 1:10	 with	 loading	 buffer	 (0.1%	

formic	 acid/2%	 acetonitrile/water),	 and	 2–5	μL	 aliquot	 of	 the	 diluted	

peptide	mixture	was	analysed	by	nano-LC-MS/MS.	

The	 SILAC-RIME	 experiments	 were	 carried	 out	 by	 Dr	Klaas	 Mulder,	

Cambridge	 Research	 Institute,	 Cancer	 research	 UK	 and	 the	 proteomics	

facility,	Cambridge	Research	Institute,	Cancer	research	UK.	
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2.11		Bioinformatics	

2.11.1		Protein-protein	interaction	network	generation		

Protein-protein	interaction	data,	deriving	from	previous	SILAC-RIME	

experiments,	were	processed	by	using	Microsoft	Excel	and	imported	in	

Cytoscape	as	“Network	from	table”.	Attributes	tables	were	also	imported	

in	order	to	have	a	correlation	between	the	node	and	the	Heavy/Light	ratio.	

Once	imported,	networks	were	visualized	by	“Spring	Embedded”	layout.	

To	analyse	network	different	plugins	were	used,	which	were	downloaded	

from	the	Cytoscape	App	store	(http://apps.cytoscape.org/).	By	using	the	

VizMapper	option,	bg_name	was	set	as	Node	Label	showing	canonical	

names	of	proteins.	CNOT6-CNOT6L	and	CNOT7-CNOT8	protein-protein	

interaction	networks	were	merged	using	the	"merge	networks"	option	in	

the	Tool.		

		

2.11.2			Expansion	of	intra-network	protein-protein	interactions	

The	BisoGenet	Cytoscape	plugin	(v.1.41)	(Martin	et	al.,	2010)	was	used	to	

search	for	molecular	interactions	from	the	SysBiomics	database	of	

BisoGenet	and	to	display	the	results	as	interaction	networks.	The	

SysBiomics	database	integrates	data	from	interaction	several	databases	

including	DIP,	BIOGRID,	HPRD,	BIND,	MINT	and	INTACT.	The	associated	

information	of	the	protein	networks	includes	annotations	from	the	NCBI,	

UniProt,	KEGG,	and	Gene	Ontology	databases.	The	BisoGenet	plugin	was	

launched	with	the	option	“Expand	current	network”	and	identifiers	were	

set	as	“Protein	identifiers	only”,	data	settings	as	“Protein	Protein	

Interaction”,	the	output	as	“Proteins”	and	the	method	used	was	“by	adding	

edges	connecting	input	nodes".	
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2.11.3		Clustering	analysis	

Clustering	analysis	was	carried	out	by	two	Cytoscape	plug-ins.	The	

ClusterOne	plugin	(v.1.0)	(Zhang	et	al.,	2014)	was	used	to	find	potential	

overlapping	protein	complexes	in	a	protein	interaction	network.	It	was	

used	to	group	proteins	into	functional	clusters	by	using	the	parameters:	

minimum	size	3,	node	penalty	2,	merging	method	"single-pass".	The	

clusters	found	were	sorted	by	number	of	nodes,	density,	quality	and	P-

value.	

As	an	alternative	method,	MCODE	was	used	to	find	clusters	defined	as	

highly	interconnected	regions	(Bader	et	al.,	2003).	After	the	MCODE	run,	

the	original	network	has	a	set	of	nodes	called	MCODE_SCORE	that	can	be	

used	to	colour	the	nodes	in	the	network	by	their	neighbourhood	density	

using	Cytoscape’s	Visual	Styles.	The	MCODE	plug-in	was	used	with	default	

parameters.	

	

2.11.4		Generation	of	Residues	interaction	networks	(RIN)	

Residue	interaction	networks	were	obtained	by	using	the	RINalyzer	2.0	

package	(Doncheva	et	al.,	2011).		Residue	interaction	network	(RIN)	

format	data	was	obtained	using	the	RINertator	(v0.5)	module	together	

with	the	Reduce	(v3.14)	and	Probe	(v2.12)	tools	starting	from	Protein	

databank	(PBD)	data	of	the	NOT–module	crystal	structure	(PDB	accession	

number	4C0D).	RIN	data	was	then	visualised	and	explored	using	UCSF	

Chimera	and	Cytoscape	3.1.1.	

	

2.11.5		Analysis	of	protein	variants	using	UCSF	Chimera	

UCSF	Chimera	(Pettersen	et	al.,	2004)	was	used	to	inspect	how	mutated	

residues	are	accommodated	within	the	CNOT7	protein	structure	(PDB	

accession	number	4GMJ).	Residues	within	5	angstroms	from	the	

investigated	amino	acid	were	visualised	as	atoms.	Residues	were	mutated	

by	the	option	Tool>	Structure	editing	>	rotamers.	The	Dunbrack	rotamer	

library	was	selected	and	only	rotamers	with	a	probability	>5%	were	

examined.	Clashes	were	found	by	the	option	Surface/Binding	Analysis	>	
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Find	Clashes/	Contacts.	The	"Find	atoms	with	VDW	overlap"	was	set	0.6	

angstroms	and	"Subtract	from	overlap	for	potentially	H-bonding	pairs"	

was	set	0.6.		Found	clashes	were	resolved	by	Tool	>	Structure	Editing	>	

Minimise.	Clashing	residues	were	selected	and	minimisation	of	the	

structure	was	performed	by	selecting	the	appropriate	model	to	minimise,	

using	Steepest	descent	steps	100,	Steepest	descent	step	size	0.02	

angstroms,	Conjugate	gradient	steps	10,	Conjugate	gradient	step	

(angstrom)	0.02,	Update	interval	10,	and	Fixed	atoms	"unselected".	

Hydrogen	atoms	were	added	while	considering	H-bonds.	Charges	were	

assigned	with	default	parameters.		
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2.12		Phylogenetic	analysis	

2.12.1		Retrieval	of	homologous	proteins		

Homologues	sequences	of	the	examined	proteins	were	retrieved	by	using	

the	Domain	Enhanced	Lookup	Time	Accelerated–Basic	Local	Alignment	

Sequence	Tool	(DELTA-BLAST)	(Boratyn	et	al.,	2012).	The	reference	

protein	(refseq_protein)	database	of	was	used	as	the	query	dataset,	and	

humans	proteins	as	subjects.		

Parameters	were	set	as	below:	

• evalue	indicating	the	expect	value	(E)	for	saving	the	hits	was	set	to	

10;	

• max_target_seqs	defining	the	number	of	aligned	sequences	to	keep	

was	set	to	500;	

• wordsize	defining	the	word	size	of	initial	match	was	set	to	3;	

• matrix	indicating	the	scoring	matrix	name	was		set	BLOSUM62;	

• gapopen	indicating	the	cost	to	open	a	gap	was	set	to	11;	

• gapextend	indicating	the	cost	to	extend	a	gap	was	set	to	1;	

• comp_based	stats	indicating	the	composition-based	statistic	set	to	2	

(default).	

Only	proteins	with	a	query	length	coverage	>75%	were	considered	as	

homologues	of	the	subject	protein.	Low	quality	or	incomplete	proteins	

were	discarded	for	the	further	analyses.		 	

2.12.2		Alignment	of	retrieved	proteins	

Retrieved	homologues	amino	acid	sequences	were	aligned	using	MAFFT	

(v7.221)(Katoh	et	al.,	2002;	Katoh	and	Standley,	2013).		

The	multialignment	was	performed	using	the	parameters	and	the	E-INS-i	

accuracy	oriented	method:	

• --ep	indicating	the	offset	value	for	group-to-group	alignment	was	

set	to	0	in	order	to	allow	large	gaps	and	preserving	the	domains	

alignment;	

• --genafpair	specifying	the	local	algorithm	with	the	generalised	

affine	gap	cost	(Altschul,	1998)	to	compute	the	pairwise	alignment;	
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• --maxiterate	indicating	the	number	of	cycle	of	iterative	refinement	

to	perform	was	set	to	1000;	

The	used	command	line	was:	

MAFFT-einsi		--ep	0	--genafpair	--maxiterate	1000	input		>	output		

Input	and	output	files	were	in	FASTA	format.		

The	amino	acidic	multialignment	was	then	converted	into	nucleotide	

alignment	using	the	PAL2NAL	tool	(Suyama	et	al.,	2006)	for	further	

analyses.	

2.12.3		Phylogenetic	reconstruction	with	Neighbour-joining	method	

Phylogeny	 reconstruction	 of	 the	 homologues	 sequences	 was	 performed	

using	MEGA	v.6.06	 (Tamura	et	al.,	2013).	Neighbour-joining	method	was	

used	 as	 statistical	 method,	 using	 the	 Maximum	 Composite	 Likelihood	

substitution	model	including	transitions	and	transversions.	Inferred	trees	

were	tested	by	bootstrap	method	(1000	replicates).		

2.12.4		Selection	of	the	best	substitution	model	

Statistical	selection	of	the	best-fit	models	of	nucleotide	substitution	was	

carried	out	by	using	JModelTest	(Posada,	2008).	Likelihood	calculation	

was	performed	on	seven	substitution	schemes	(56	substitution	models)	

with	rate	variation	parameters	+I,	+G,	and	nCat=4.	The	base	tree	for	

likelihood	calculations	was	optimised	using	maximum	likehood	and	the	

base	tree	search	was	the	best	between	Nearest-Neighbour	Interchange	

(NNI)	and	the	Subtree-Pruning-Regrafting	(SPR)	heuristic	searches.	Once	

the	likelihoods	were	calculated,	the	substitution	model	was	chosen	

according	to	the	Akaike	Information	Criterion	(AIC).		

2.12.5		Phylogenetic	reconstruction	by	Maximum-Likelihood	method	

Maximum-likelihood	 phylogenesis	 was	 estimated	 by	 using	 PhyML	

software	 (Guindon	 et	 al.,	 2010;).	 The	 input	 multialigned	 sequence	 used	

was	the	JModeltest	output	in	phylip	format.		

Parameters	used	were:	

• -i	specifying	the	input	file;	

• -d	indicating	the	data	type	was	set	nt;	
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• -n	specifying	the	number	of	dataset	was	set	1;	

• --run_id	attributing	a	name	to	the	analysis;	

• -b	specifying	the	approximate	Likelihood-Ratio	Test		was	set	as	SH-

like	branch	supports	alone	(-4)	

• --run_id	

• -m	specifying	the	nucleotide	substitution	model,	was	set	as	resulted	

from	jModelTest	AIC	calculations;	

• -f	 	was	set	m	 to	 estimate	 equilibrium	 frequencies	using	maximum	

likelihood;	

• -v	indicating	the		proportion	of	invariable	sites	was	set	to	e	in	order	

to	 estimate	 this	 parameter	 by	 maximising	 the	 likelihood	 of	 the	

phylogeny;	

• -c	indicating	the	number	of	substitution	rate	categories	was	set	to	4	

as	default;	

• -a	specifying	the	shape	of	gamma	distribution	if	required	was	set	to	

be	estimated	(e);	

• -o	indicates	the	output	file;	

• -s	defining	the	topology	search	operation	set	to	BEST	to	chose	the	

best	 one	 between	 Nearest	 Neighbour	 	 Interchange	 (NNI)	 and	

Subtree	Pruning	and	Regrafting	(SPR)		search.	

	

The	general	command	line	used	was:	

./phyml	–I	<inputfile>	 -d	nt	–n	1	–b	 -4	–run_id	 “name	analysis”	–m	“model	

code”	–f	m	–v	e	–c	4	–a	e	–no_memory_check	–o	<output	file>	-s	BEST.		
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2.12.6		Phylogenetic	analysis	by	Maximum-Likelihood	(PAML)	

Variability	analyses	were	performed	using	the	tool	codeml	in	the	

Phylogenetic	Analysis	by	Maximum-Likelihood	(PAML	4)	package	(Yang,	

2007).		

Codeml	required	the	multialigned	proteins	in	phylip	format	and	the	

Maximum	Likelihood	phylogenetic	tree	in	newick	format	as	inputs.	The	

program	was	run	using	the	.ctl	file	edited	appropriately	as	shown	in	Figure	

2.1.	The	four	models	of	natural	selection	required	different	parameters	as	

summarised	in	Table	2.17	Comparisons	between	the	null	and	selection	

models	were	performed	by	Likelihood	Ratio	Tests	and	χ2	calculations	to	

select	the	model	with	the	best	fit.		In	order	to	run	branch-site	models,	the	

phylogenetic	tree	was	edited	specifying	the	examined	lineage	with	"#".	

Sites	under	positive	selective	pressures	were	selected	with	the	Bayes	

Empirical	Bayes	(BEB)	analyses	(Yang	et	al.,	2005).	

	

	

Parameters	 Site	models	 Branch-site	models	

	
m1	 m2a	 A0	 A	

model	 0	 0	 2	 2	
Nsite	 0	 2	 2	 2	

fix_omega	 0	 0	 1	 0	
omega	 0.4	 0.4	 0.4	 1	

	

Table	2.17	Parameters	of	the	models	used	for	Phylogenetic	Analysis	

by	Maximum-Likelihood	(PAML).		
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Figure	2.1	Phylogenetic	Analysis	by	Maximum-Likelihood	(PAML)	

control	file.	PAML	analysis	was	carried	out	using	the	parameters	as	

indicated	in	the	control	(.ctl)	file.	
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2.13	Statistical	data	analyses	

Statistical	analyses	were	performed	using	GraphPad	Prism	v.6.0g	for	Mac	

OS	X,	GraphPad	Software,	La	Jolla	California	USA,	www.graphpad.com.	

Correlation	analyses	were	performed	on	the	datasets	deriving	from	SILAC-

RIME	experiments.	Pearson	correlation	coefficients	(r)	and	two-tailed	P	

values	were	computed	to	infer	statistical	significance.		

One-way	ANOVA	followed	by	Dunnett's	multiple	comparisons	tests	were	

performed	to	compute	statistical	significance	of	the	yeast	two-hybrid	

β-galactosidase	assays	data	and	the	RNA	tethering	assays	data.	

Phylogenetic	trees	reconstructed	by	Neighbour-joining	method	were	

tested	by	bootstrap	tests	(1000	replicates)	using	MEGA	v.6.06	(Tamura	et	

al.,	2013).		Phylogenetic	trees	reconstructed	by	Maximum-Likelihood	

method	were	tested	by	SH-like	bootstrap	test	(1000	replicates)	using	

PhyML	(Guindon	et	al.,	2010).		

Likelihood	Ratio	Test	and	χ2	calculations	were	used	to	select	the	selection	

model	with	the	best	fit	using	PAML4	(Yang,	2007).		
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Chapter	3.		 The	interactome	of	the	nuclease	module	

of	the	Ccr4-Not	complex	

3.1		Introduction	

Degradation	of		mRNA	plays	a	central	role	in	regulation	of	gene	expression	

and	in	quality	control	of	mRNA	biogenesis.	

The	shortening	of	poly(A)	tail	(deadenylation)	in	most	cases	is	the	first	

step	of	cytoplasmic	mRNA	degradation	(Yamashita	et	al.,	2005;	Zheng	et	

al.,	2008).	In	the	traditional	view,	mature	mRNAs	have	long	poly(A)	tails	

ranging	from	70	to	80	nucleotides	(nt)	in	S.	cerevisiae,	and	from	200	to	250	

nt	in	mammalian	cells	(Chen	and	Shyu,	2011).		However,	more	recent	

studies	based	on	direct	sequencing	techniques	suggest	that	the	poly(A)	tail	

is	noticeably	shorter.	Both	using	TAIL-SEQ	and	PAL-SEQ	methods,	which	

were	developed	in	the	Kim	and	Bartel	labs,	respectively,	it	was	found	that	

the	medium	tail	length	in	mammalian	cells	is	just	under	100	nt	long	

(Chang	et	al.,	2014;	Subtelny	et	al.,	2014).	In	mammals,	deadenylase	

enzymes	are	required	to	shorten	the	poly(A)	tails,	triggering	decapping	

and	exposing	the	mRNA	to	the	Xrn1	or	exosome	ribonucleases	(Couttet	et	

al.,	1997;	Meyer	et	al.,	2004).	Mammalian	deadenylation	is	a	process	with	

biphasic	kinetics	(Yamashita	et	al.,	2005;	Bartlam	and	Yamamoto,	2010).		

According	to	one	model,	the	first	phase	is	a	slow	deadenylation	led	by	the	

Pan2-Pan3	complex	that	shortens	the	poly	(A)	tail	to	approximately	110	nt	

without	degradation	of	the	mRNA	body.	The	second	phase	involves	the	

Ccr4-Caf1	complex	that	shortens	the	poly(A)	tail	to	10	nucleotides,	in	this	

phase	degradation	of	the	mRNA	body	was	observed	(Yamashita	et	al.,	

2005).	The	Ccr4-Caf1	and	Pan2-Pan3	complex	can	form	a	large	complex	on	

mRNA	in	the	cytoplasm	that	coordinates	the	two	phases	(Zheng	et	al.,	

2008).	The	nuclease	subunits	of	the	Ccr4-NOT	complex	underwent	to	a	

duplication	event	in	vertebrates;	CNOT6	and	CNOT6L	are	orthologues	of	

the	Ccr4	subunit	and	CNOT7	and	CNOT8	are	othologues	of	the	Caf1	

subunit.		In	addition	to	the	catalytic	subunits,	the	Ccr4-Not	and	Pan2-Pan3	

complexes	contains	non-catalytic	subunits	whose	role	in	mRNA	decay	is	

not	completely	understood.		



Chapter	3:	The	interactome	of	the	nuclease	module	of	the	Ccr4-Not	complex	

	

96	

Deadenylation	is	finely	regulated	on	global	level	and	on	mRNA	specific	

level.	As	soon	the	mRNA	is	imported	from	the	nucleus	in	the	cytoplasm,	

the	poly(A)	tail	undergoes	to	a	basal	shortening.		

The	deadenylation	of	specific	mRNAs	can	be	triggered	by	destabilising	

elements	with	a	protein-mediated	recruitment	of	the	deadenylase	

complex	(Goldstrohm	and	Wickens,	2008).			

AU-rich	elements	(AREs)	are	the	most	common	destabilising	elements	

found	in	the	mRNA	(Chen	et	al.,	1995;	Barreau	et	al.,	2005).	AREs	are	

sequence	regions	rich	in	adenosines	and	uridines	found	in	the	3’UTR	of	the	

mRNAs	(Wu	and	Brewer,	2012;	Chen	et	al.,	1995).	The	protein	

Tristetraprolin	(TTP)	associates	with	the	AREs	and	promotes	the	mRNA	

degradation	directly	binding	the	central	scaffold	CNOT1	of	the	Ccr4-Not	

complex	(Lykke-Andersen	and	Wagner,	2005;	Fabian	et	al.,	2013).		

Another	mRNA	decay	pathway	that	requires	interacting	factors	for	the	

recruitment	of	the	deadenylase	complexes	is	the	microRNA-mediated	

decay.	Most	miRNAs	repress	gene	activity	by	base-pairing	to	target	

mRNAs	triggering	degradation	(Bushati	and	Cohen,	2007;	Chen	and	Shyu,	

2011).	The	miRNA-mediated	decay	requires	Argonaute	(AGO)	proteins,	

the	GW182	that	recruits	the	Ccr4-Not,	and	the	Dcp1-Dcp2	complexes	

(Behm-Ansmant	et	al.,	2006).		

The	study	of	the	interactions	of	the	Pan2-Pan3	and	Ccr4-NOT	complexes	

led	to	the	characterisation	of	the	deadenylation	role	in	different	regulatory	

pathways.	The	work	described	in	this	chapter	aimed	to	identify	new	

partners	that	interact	with	Ccr4	and	Caf1,	as	well	as	with	Pan2	and	Pan3	to	

determine	new	pathways	that	trigger	mRNA	degradation.	Stable	Isotope	

Labelling	with	Amino	acids	in	Cell	culture	(SILAC)-Rapid	

Immunoprecipitation	and	Mass	spectrometry	of	Endogenous	proteins	

(RIME)	together	with	bioinformatics	tools	for	protein-protein	network	

generation	and	exploration	(Cytoscape)	were	used	to	discover	the	Ccr4	

and	Caf1	interactome.	Pan2-Pan3	preliminary	experiments	to	discover	its	

interactome	were	performed.	This	study	identified	unique	and	shared	

interaction	partners	of	the	deadenylase	subunits.	Moreover,	new	

interaction	partners	for	the	Ccr4	and	Caf1	subunit	were	identified.		
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3.2		Stable	Isotope	Labelling	with	Amino	acids	in	Cell	culture-Rapid	

Immunoprecipitation	and	Mass	spectrometry	of	Endogenous	

proteins	(SILAC-RIME)	of	the	Ccr4-Not	nuclease	module	

Stable	Isotope	Labelling	with	Amino	acids	in	Cell	culture	(SILAC)-Rapid	

Immunoprecipitation	and	Mass	spectrometry	of	Endogenous	proteins	

(RIME)	was	used	to	discover	the	interactome	of	the	Ccr4	and	Caf1	

subunits	of	the	Ccr4-Not	complex.	The	approach	is	based	on	the	in	vivo	

labelling	of	endogenous	proteins	by	incorporation	of	amino	acids	with	

substituted	stable	isotopic	nuclei.	Two	populations	of	cells	are	grown	in	

culture	media	containing	amino	acids	with	the	“light”	or	“heavy”	isotopes.	

The	labelled	amino	acids	are	incorporated	in	the	newly	synthetized	

proteins.	This	technique,	coupled	to	affinity	purification	and	mass	

spectrometry	allowed	to	determine	the	interactome	of	several	proteins	

(Fang	et	al.,	2008;	Trinkle-Mulcahy	et	al.,	2008;	Zhong	et	al.,	2011;	Foster	

et	al.,	2013)	(Figure	3.1).		

This	approach	was	used	to	discover	the	interactome	of	the	Caf1	(CNOT7	

and	CNOT8)	and	Ccr4	(CNOT6	and	CNOT6L)	deadenylase	subunits	and	

was	performed	in	collaboration	with	Dr.	Klaas	Mulder		(Faculty	of	Science,	

Radboud	Institute	for	Molecular	Life	Science,	Radboud	University,	

Netherlands).	

MCF7	cells	were	labelled	by	growth	in	culture	medium	containing	13C6	
15N2-L-lysine	and	13C6	15N4-L-arginine	and	are	referred	hereafter	as	heavy	

SILAC	labelled	cells.	In	parallel,	cells	were	grown	in	culture	media	

containing	12C614N2-L-lysine	and	12C614N4-L-arginine,	and	are	hereafter	

referred	as	light	SILAC	labelled	cells.	Following	the	labelling	and	

crosslinking,	cellular	extracts	were	obtained	and	immunoprecipitations	

with	magnetic	beads	were	performed.	Light	SILAC	cell	extracts	were	used	

for	control	immunoprecipitations	with	purified	pre-immune	rabbit	IgG.		

Heavy	SILAC	labelled	cell	extracts	were	used	for	immunoprecipitations	

using	a	mix	of	CNOT6	and	CNOT6L	antibodies,	or	a	mix	of	CNOT7	and	

CNOT8	antibodies.	Cytoplasmic	and	nuclear	extracts	were	initially	

analysed	separately.	Following	RIME	immunoprecipitations,	the	eluted	
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proteins	were	analysed	by	LC-MS/MS	mass	spectrometry	for	the	

identification	of	unique	peptides.		

A	schematic	overview	of	the	approach	is	represented	in	Figure	3.2.		

The	advantage	of	this	approach	relies	on	its	high	confidence	of	detecting	

not	only	direct	but	also	low	affinity	and	indirect	protein-protein	

interactions	preserving	the	cellular	localisation.		
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Figure	3.1	Stable	isotope	labelling	with	amino	acids	in	cell	culture	

(SILAC).		SILAC	is	based	on	the	in	vivo	labelling	of	endogenous	proteins	by	

incorporation	of	amino	acids	with	substituted	stable	isotopic	nuclei.	Two	

populations	of	cells	are	grown	in	the	presence	of	amino	acids	with	the	

“light”	isotope	or	the		“heavy”	form	of	the	amino	acids.	The	labelled	amino	

acids	are	incorporated	in	the	newly	synthetized	proteins.	Proteins	are	

purified	by	affinity	purification	by	incubating	cellular	extracts	with	control	

antibody	or	with	specific	anti-protein	antibody.	Eluted	proteins	are	

identified	by	LC-MS/MS.	
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Figure	3.2	SILAC-RIME	approach	to	obtain	Ccr4	and	Caf1	interactome.	

MCF7	cells	were	grown	in	medium	containing	12C6	14N2-lysine	and	12C6	
14N4-arginine	for	light	labelling	and	13C6	15N2-lysine	and	13C6	15N4-arginine	

for	heavy	labelling	(SILAC).	The	RIME	consisted	in	cross-linking,	cellular	

lysis	and	immunoprecipitations	with	magnetic	beads	coated	with	CNOT6	

and	CNOT6L	antibodies	or	with	CNOT7	and	CNOT8	antibodies.	

Immunoprecipitation	with	pre-immune	rabbit	IgG	coated	beads	were	used	

as	control.	Following	RIME,	the	eluted	proteins	were	analysed	by	

LC-MS/MS	for	the	identification	of	unique	peptides	and	results	were	

analysed	by	computational	tools.		
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3.3		Visualisation	of	SILAC-RIME	data		

Two	SILAC-RIME	experiments	were	performed.	In	the	first	experiment,	

the	nuclear	and	cytoplasmic	fractions	were	analysed	separately.	In	the	

second	experiment,	the	nuclear	and	cytoplasmic	extracts	were	combined	

before	immunoprecipitation	analysis.	Using	CNOT6-CNOT6L	antibodies,	

38	interacting	proteins	were	detected	in	the	cytoplasmic	fraction	and	310	

interacting	proteins	in	the	nuclear	fraction.	Using	a	mixture	of	CNOT7	and	

CNOT8	antibodies,	113	interacting	proteins	were	detected	in	the	

cytoplasmic	fraction	and	358	interacting	proteins	in	the	nuclear	fraction.	

When	the	nuclear	and	cytoplasmic	extracts	were	combined,	493	

interacting	proteins	were	detected	upon	immunoprecipitation	using	

CNOT6	and	CNOT6L	antibodies,	and	603	interacting	proteins	using	a	

mixture	of	CNOT7	and	CNOT8	antibodies	(Figure	3.3).	

	The	SILAC-RIME	data,	analysed	using	Proteome	Discoverer	v.1.3	that	only	

uses	unique	peptides	for	ratio	analysis,	is	reported	in	Supporting	Table	

3.1.		To	obtain	a	visual	overview	of	the	immunoprecipitated	proteins,	the	

Cytoscape	package	was	used.	Nodes	representing	proteins	were	coloured	

according	the	heavy/light	chain	ratio	resulted	from	the	SILAC	analysis	

using	continuous	mapping	from	blue	indicating	lower	values	to	green	

indicating	higher	values	as	shown	in	Figure	3.4.	Black	nodes	indicated	

proteins	with	no	heavy/light	ratio	resulting	from	SILAC-RIME	analyses	

and	were	discarded	from	further	analysis.		

To	examine	the	relatedness	between	the	data	sets,	correlation	analyses	

between	the	nuclear,	cytoplasmic	and	combined	fractions	were	

performed.	Correlation	in	the	dataset	with	a	P	value	<0.0001	was	found	

for	the	CNOT6/CNOT6L	data	between	the	nucleus	and	cytoplasm,	between	

the	cytoplasm	and	the	combined	fraction,	between	the	nucleus	and	the	

combined	fractions,	and	between	the	union	of	the	cytoplasm	and	nucleus	

fractions	interrogated	separately	and	the	combined	fraction	(Figure	3.5	A,	

B,	C,	and	D	respectively).	The	CNOT7/CNOT8	data	was	found	to	be	

correlated	with	a	P	value	<0.0001	(Figure	3.6	A,	B,	C,	and	D).	Based	on	

these	findings,	further	analyses	were	performed	on	the	combined	fraction	

dataset	representative	of	both	the	nuclear	and	cytoplasmic	fractions.		



Chapter	3:	The	interactome	of	the	nuclease	module	of	the	Ccr4-Not	complex	

	

102	

	

Figure	3.3	Venn	diagrams	indicating	overlap	between	SILAC-RIME	

data	sets.	The	table	summarises	the	number	of	proteins	

co-immunoprecipitated	with	CNOT6-CNOT6L	and	CNOT7-CNOT8	and	

detected	in	the	cytoplasmic,	nuclear,	and	combined	fractions.	Proteins	

found	in	more	than	one	fraction	are	grouped	in	overlaps	of	the	circles	in	

Venn	diagrams.	
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Figure	3.4	SILAC-RIME	results	visualised	by	Cytoscape.	Cytoscape	was	

used	to	visualise	SILAC-RIME	results	of	the	Ccr4	(CNO6/CNOTT6L)	and	

Caf1(CNOT7/CNOT8)	co-immunoprecipitated	proteins	in	(A)	the	

cytoplasmic	fraction	(B),	in	the	nuclear	fraction,	and	(C)	in	the	combined		

fraction.			Proteins	were	coloured	as	a	measure	of	their	heavy/light	

peptide	ratio	with	continuous	mapping	from	blue	indicating	lower	values	

to	green	indicating	bigger	values.	Nodes	with	no	heavy/light	ratio	

resulting	from	the	analyses	were	coloured	in	black	and	were	discarded	

from	subsequent	analyses.		
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Figure	3.5	Correlation	between	CNOT6/CNOT6L	

co-immunoprecipitated	proteins	from	the	nuclear,	cytoplasmic	and	

combined	fractions.	The	CNOT6/CNOT6L	interactome	was	investigated	

in	nuclear,	cytoplasmic	and	combined	extracts.	Pearson	correlation	

coefficients	with	P	values	<0.0001	were	found	between	Heavy/Light	ratios	

(H/L)	of	the	CNOT6/CNOT6L	co-immunoprecipitated	proteins	in	(A)	the	

nuclear	fraction	and	the	cytoplasmic	fraction;	(B)	the	cytoplasmic	fraction	

and	the	combined	fraction;	(C)	the	nucleus	fraction	and	the	combined	

fraction;	and	(D)	between	the	union	of	the	nuclear	and	cytoplasm	

fractions	investigated	separately	and	the	combined	fraction.	
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Figure	3.6	Correlation	between	CNOT7/CNOT8	

co-immunoprecipitated	proteins	from	the	nuclear,	cytoplasmic	and	

combined	fractions.	The	CNOT7/CNOT8	interactome	was	investigated	in	

nuclear,	cytoplasmic	and	combined	extracts.	Pearson	correlation	

coefficient	with	P	values	<0.0001	were	found	between	Heavy/Light	ratios	

(H/L)	of	the	CNOT7/CNOT8	co-immunoprecipitated	proteins	in	(A)	the	

nuclear	fraction	and	the	cytoplasmic	fraction;	(B)	the	cytoplasmic	fraction	

and	the	combined	fraction;	(C)	the	nucleus	fraction	and	the	combined	

fraction;;	and	(D)	between	the	union	of	the	nuclear	and	cytoplasm	

fractions	investigated	separately	and	the	combined	fraction.	
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3.4		Combined	protein-protein	interaction	network	of	the	nuclease	

module	

Immunoprecipitates	derived	from	total	cell	lysates	contained	the	largest	

number	of	unique	proteins	and	were	significantly	overlapping	with	the	

proteins	immunoprecipitated	using	both	the	nuclear	and	cytoplasmic	

fractions.	Thus,	the	attention	was	focussed	on	the	networks	obtained	using	

total	cell	lysates.		

In	order	to	obtain	insight	into	all	proteins	interacting	with	the	nuclease	

module,	the	Caf1	(CNOT7/CNOT8)	an	Ccr4	(CNOT6/CNOT6L)	protein	

interaction	networks	were	merged	and	visualised	using	Cytoscape	

(Shannon	et	al.,	2003).	In	the	network,	proteins	were	represented	as	

nodes	and	protein-protein	interactions	as	edges	between	nodes	(Figure	

3.7).	The	generated	network	was	further	explored	using	Cytoscape	plug-

ins.	The	Bisogenet	plug-in	was	used	to	integrate	data	from	known	protein-

protein	interaction	databases	(Martin	et	al.,	2010).		

Four	different	networks	were	generated	by	applying	different	cut-off	

values	based	on	the	relative	abundance	in	the	immunoprecipitates	

obtained	using	specific	and	control	antibodies	as	evident	from	the	

heavy/light	peptide	ratios	of	the	SILAC	data	(Figure	3.8	A).		As	expected,	

increasing	the	cut-off	value	using	the	heavy/light	peptide	ratios,	the	

number	of	nodes	was	reduced	thereby	simplifying	the	network	topology,	

but	increasing	information	loss.	Using	heavy/light	ratios	>2	as	the	cut-off	

threshold,	the	resulting	network	was	composed	of	645	nodes;	selecting	

heavy/light	ratios	>3	as	the	cut-off	threshold,	579	nodes	constituted	the	

network;	when	heavy/light	ratios	>	5	were	selected	as	the	cut-off	value,	only	

381	nodes	were	present;	setting	an	heavy/light	ratio	cut-off	at10,	the	number	

of	nodes	constituting	the	network	was	257	(Figure	3.8	B).	Along	with	the	

number	of	nodes,	the	average	number	of	connected	nodes	termed	neighbours	

nodes	-hence	the	number	of	interactions	per	protein-	also	decreased	when	

the	cut-off	value	based	on	the	heavy/light	peptide	ratios	was	increased	

(Figure	3.8	C).	The	resulting	networks	were	manually	inspected	and	

evaluated	in	order	to	select	the	most	informative	one.	The	network	generated	

with	proteins	with	a	heavy/light	peptide	ratio	>	3.0	was	considered	as	the	
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most	biologically	informative	and	was	chosen	to	perform	subsequent	

analyses.			
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Figure	3.7	Protein-protein	interactions	network.	Proteins	in	the	

generated	networks	are	represented	as	nodes	and	protein-protein	

interactions	are	represented	as	grey	edges.		
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Figure	3.8	Nuclease	module	interactome	networks.	(A)	Four	different	

networks	were	generated	applying	different	cut-off	values	based	on	the	

heavy/light	peptide	ratios	of	the	SILAC-RIME	data.	(B)	Increasing	the	

heavy/light	peptide	ratio	values,	many	nodes	were	lost	simplifying	the	

network	topology	at	the	expense	of	information	loss.	(C)	Along	with	the	

number	of	nodes,	the	average	number	of	neighbour	nodes	decreased	when	

the	heavy/light	peptide	ratio	cut-off	values	increased.	
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3.4.1			Clustering	analyses	

	
The	protein-protein	interaction	network	constituted	by	proteins	with	a	

heavy/light	peptide	ratio	>	3.0,	was	inspected	with	MCODE	(Bader	et	al.,	

2003)	and	ClusterONE	(Zhang	et	al.,	2014).	The	two	Cytoscape	plug-ins	

use	unique	methods	to	find	protein	clusters	in	a	protein-protein	

interaction	network.	The	former	searches	for	highly	interconnected	

regions	in	the	network,	many	of	which	correspond	to	known	molecular	

complexes.	ClusterONE	is	a	plug-in	detecting	potential	overlapping	

proteins	complexes	in	networks.		

MCODE	clustering	approach	identified	21	different	clusters	(Figure	3.9	A).	

The	content	of	nodes	grouped	in	the	clusters	varied	from	three	to	29.	

ClusterONE	plug-in	returned	59	clusters,	which	nodes	content	varied	from	

three	nodes	to	nine	(Figure	3.9	B).	This	automated	search	for	cluster	was	

used	as	starting	point	for	the	network	inspection.	With	this	approach	it	

was	possible	to	identify	most	of	the	known	interactions	with	the	Ccr4-Not	

complex	and	new	interacting	partners	that	indicate	the	involvement	of	the	

deadenylase	complex	in	cellular	pathways	not	yet	characterised.	Figure	

3.10	shows	how	the	clustering	analyses	allowed	the	identification	of	the	

Pat1-Lsm	complex,	proteins	involved	in	the	decapping	of	the	mRNA,	

proteins	involved	in	miRNA	repression,	PUM	proteins,	and	the	new	

interacting	partners	YTH	domain	containing	protein	family	members	

proteins.	Both	the	approaches	identified	the	Ccr4-Not	component	

complex,	the	Lsm	complex,	and	the	decapping	complex	components.	
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Figure	3.9	Clustering	analyses	of	the	Caf1-Ccr4	interactome.	The	
clustering	analysis	was	performed	using	two	Cytoscape	plug-ins.	(A)	

MCODE	returned	twenty	clusters	by	searching	for	dense	areas	in	the	

protein-protein	interaction	network.	(B)	ClusterONE	detected	59	potential	

overlapping	protein	complexes.		
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Figure	3.10	Ccr4-NOT	complex	interactome.	The	interactions	of	the	

Caf1	and	Ccr4	subunits	of	the	Ccr4-Not	complex	were	investigated	with	

Cytoscape.	Important	biological	interactions	were	found	in	the	

interactome	such	as	the	Pat1-LSm	complex	components,	proteins	involved	

in	decapping,	miRNA	repression	proteins,	Pumilio	proteins,	and	YTH	

domain	containing	proteins.		
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3.4.1.1		Molecular	complexes	identified	by	MCODE	
	
The	MCODE	(Bader	et	al.,	2003)	analysis	returned	21	clusters	of	proteins	

within	the	protein-protein	interaction	network	and	their	content	in	terms	

of	clustered	proteins	is	shown	in	Supporting	Table	3.2.	Some	of	the	

clusters	found	are	hereafter	presented	to	support	the	validity	of	the	

clustering	method,	describing	known	functional	clusters.	The	analysis	

detected	decapping	complex	components	to	interact	with	the	nuclease	

module	(Figure	3.11).	Ccr4	(CNOT6/CNOT6L)	was	found	to	interact	with	

all	the	grouped	proteins	DCP1A	and	its	paralogue	DCP1B,	DCP2,	and	EDC4	

whereas	Caf1	(CNOT7/CNOT8)	was	found	to	interact	only	with	the	

enhancer	of	mRNA	decapping	protein	EDC4	(Rehwinkel	et	al.,	2005;	

Behm-Ansmant	et	al.,	2006;	Mathys	et	al.,	2014;	Nishimura	et	al.,	2015;	

Ozgur	et	al.,	2015a).		

The	LSm	complex	components	LSM1,	LSM3,	LSM4,	and	LSM6	were	also	

found	to	interact	with	the	Ccr4	subunits	(Figure	3.12)	(Tharun	et	al.,	2000;	

Yamashita	et	al.,	2005;	Ozgur	et	al.,	2010;	Totaro	et	al.,	2011).	

Furthermore,	the	clustering	analysis	identified	the	involvement	of	the	

Ccr4-NOT	complex	in	the	eukaryotic	replication.		Interactions	with	the	

mini-chromosome	maintenance	complex	(MCM)	components	MCM2,	

MCM3,	MCM5,	MCM6,	and	MCM7	were	found	(Figure	3.13).	Ccr4	

interacted	with	all	the	five	proteins	of	the	complex,	whereas	Caf1	

interacted	with	MCM7	and	MCM3	subunits	only.	The	MCM	complex	is	an	

important	component	of	the	pre-replication	complex	and	was	found	to	be	

fundamental	for	the	correct	formation	of	the	replication	forks	(Hyrien,	

2016;	Wu	et	al.,	2014;	Bell	and	Botchan,	2013).	Recently	the	MCM	complex	

interactome	was	studied	by	affinity	and	proximity	purification	coupled	to	

mass	spectrometry.	The	study	demonstrated	the	interaction	of	the	

complex	with	proteins	involved	in	DNA	repair,	in	cell	cycle	progression,	

and	in	RNA	processing	(Dubois	et	al.,	2016).	Splicing	factors	and	

poly(A)-binding	protein	(PAPB1)	were	also	demonstrated	to	interact	with	

the	MCM	complex.	These	findings	together	with	the	SILAC-RIME	results	

presented	in	this	chapter	may	indicate	an	involvement	of	the	MCM	

complex	in	the	mRNA	degradation.	Further	investigations	are	needed	to	
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confirm	the	recruitment	of	the	Ccr4-Not	complex	by	MCM	complex	and	to	

define	the	role	of	the	latter	in	the	mRNA	processing.		

	

	
	Figure	3.11	Decapping	complex	identified	by	MCODE.	The	MCODE	

clustering	analyses	detected	components	of	the	decapping	complex.	The	

CNOT6/CNOT6L	subunits	were	found	to	interact	with	the	decapping	

enzymes	DCP1A	and	its	paralogue	DCP1B,	with	DCP2,	and	with	the	

enhancer	of	mRNA	decapping	EDC4.	The	CNOT7/CNOT8	subunits	were	

found	to	interact	only	with	EDC4.		
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Figure	3.12	Components	of	the	LSm	complex	identified	by	MCODE.	

The	MCODE	plug-in	detected	LSm	complex	LSM1,	LSM3,	LSM4,	and	LSM6	

components	interacting	with	the	Ccr4	subunits	of	the	Ccr4-NOT	complex.		
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Figure	3.13	Mini-chromosome	maintenance	complex	identified	by	

MCODE.	MCODE	plug-in	identified	the	mini-chromosome	maintenance	

complex	components	MCM2,	MCM3,	MCM5,	MCM6	and	MCM7.	Although	

Ccr4	was	found	to	interact	with	all	five	proteins,	the	Caf1	subunits	were	

found	to	interact	only	with	the	MCM3	and	MCM7	subunit	of	the	MCM	

complex	required	for	DNA	replication	and	cell	proliferation.		
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3.4.1.2		Molecular	complexes	identified	by	ClusterONE	
	

ClusterONE	(Zhang	et	al.,	2014)	returned	59	clusters	and	their	content	in	

terms	of	clustered	proteins	is	shown	in	Supporting	Table	3.3.	Hereafter	

are	presented	some	of	the	molecular	clusters	found	in	the	protein-protein	

interaction	network	as	support	for	this	type	of	clustering	method.	The	

remaining	clusters	will	not	be	discussed.	The	analysis	identified	the	Ccr4-

Not	complex	among	all	the	proteins	constituting	the	network	as	shown	in	

Figure	3.14.		

Another	cluster	found	was	constituted	by	the	LSm	complex	subunits	

LSM1,	LSM2,	LSM3,	LSM4,	and	LSM6	grouped	together	with	the	small	

nuclear	ribonucleoprotein	polipeptides	(SNRP)	SMD2,	RUXE,	and	RUXF	

(Figure	3.15).	Caf1	was	found	to	interact	with	the	SNRP	peptides	D2,	E,	

and	F	but	not	with	the	LSm	complex	subunits.	Ccr4	interacted	with	the	

LSm	complex	subunits	and	RUXE.	Contacts	between	the	SNRP	peptides	

and	LSm	complex	subunits	were	also	detected	(Tharun	et	al.,	2000;	

Yamashita	et	al.,	2005;	Azzouz	et	al.,	2009;	Ozgur	et	al.,	2010;	Totaro	et	al.,	

2011).		

Interestingly,	the	analysis	grouped	polypyrimidine	binding	proteins	

interacting	with	Caf1	and	Ccr4	(Figure	3.16).	The	polypyrimidine	binding	

protein	PTBP1	was	grouped	with	the	poly(rC)	binding	proteins	PCBP1,	

PBC2,	and	HRNPK.	These	proteins	represents	the	major	cellular	

polypyrimidine	binding	proteins	and	are	associated	with	pre-mRNA	

processing	and	mRNA	transport	and	metabolism	(Patton	et	al.,	1991;	Zhou	

et	al.,	2010;	Fukuda	et	al.,	2009;	Choi	et	al.,	2009).	In	this	cluster	is	present	

as	well	the	ATP-dependent	DNA	helicase	RUVB1,	which	contacts		PCBP1,	

PBC2,	and	Caf1.	The	Ccr4	subunit	interacted	with	all	the	four	

polypyrimidine	binding	proteins	but	not	with	the	ATP-dependent	DNA	

helicase.	

A	further	cluster	found	was	constituted	by	the	four	subunits	of	the	

coatomer	protein	complex	COPA,	COPB2,	COPD,	and	COPG	interacting	with	

the	Caf1	subunit	of	the	Ccr4-NOT	complex	(Figure	3.17).	This	multi-
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subunit	complex	is	important	for	intracellular	transport	by	initiating	the	

formation	of	transport	vesicles	and	cargo	sorting	(Wang	et	al.,	2016).	

	

Importantly,	a	more	heterogeneous	cluster	found	was	composed	by	

Serine/Arginine-Rich	splicing	factors	SRF1	and	SRF2,	the	U2	small	nuclear	

RNA	auxiliary	factor	1	(U2AF1),	the	polymerase	(DNA)	Delta	interacting	

protein	3	(PDIP3),	and	the	YTH	domain	containing	protein	1	(YTHDC1).	

The	polymerase	(DNA)	Delta	interacting	Protein	3	resulted	to	interact	

with	both	SRSF2	and	Caf1.	SRSF1	and	SRF2	interacted	with	the	YTHDC1	

putative	splicing	factor.	Ccr4	was	found	to	interact	only	with	the	

Serine/Arginine-Rich	splicing	factors	SRF1	and	SRF2,	and	with	U2AF1	

(Figure	3.18).	The	PDIP3	protein	is	a	component	of	the	TREX	complex	

involved	in	mRNA	export	(Folco	et	al.,	2012).	Interestingly,	YTHDC1	is	a	

protein	characterised	by	the	presence	of	the	YTH	domain	that	specifically	

binds	N6-methyladenosine	(m6A).	Recently,	a	key	role	for	this	protein	was	

demonstrated	in	alternative	splicing	as	well	as	the	regulation	of	RNA	

turnover	and	RNA	translation	(Wang	et	al.,	2014;	Adhikari	et	al.,	2016;	

Roundtree	and	He,	2016;	Xiao	and	Guifang,	2016).	
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Figure	3.14	The	Ccr4-Not	complex	identified	using	ClusterONE.	The	

clustering	analysis	performed	by	ClusterONE	identified	the	components	of	

the	Ccr4-Not	complex	CNOT1,	CNOT2,	CNOT3,	CNOT6	and	CNOT6L,	

CNOT7	and	CNOT8,	RQCD1,	and	CNOT10.		
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Figure	3.15	LSm	complex	subunits	and	small	nuclear	

ribonucleoproteins	(SNRP)	identified	by	ClusterONE.	The	clustering	

analysis	performed	by	ClusterONE	grouped	Lsm	complex	subunits	LSM1,	

LSM2,	LSM3,	LSM4,	and	LSM6	together	with	small	nuclear	

ribonucleoprotein	polypeptides	(SNRP)	SMD2,	RUXE,	and	RUXF.		
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Figure	3.16	Polypyrimidine	binding	proteins	identified	by	

ClusterONE.	The	ClusterONE	analysis	identified	a	group	of	pyrimidine	

binding	proteins.	The	polypyrimidine	binding	protein	PTBP1	was	grouped	

with	the	poly(rC)	binding	proteins	PCBP1,	PBC2,	and	HRNPK.	In	this	

cluster	is	present	as	well	the	ATP-dependent	DNA	helicase	RUVB1.	
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Figure	3.17	Coatomer	protein	complex	subunits	identified	by	

ClusterONE.	The	ClusterOne	plug-in	identified	four	subunits	of	the	

coatomer	protein	complex	(COPA,	COPB2,	COPD,	and	COPG1)	interacting	

with	the	Caf1	proteins.		
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Figure	3.18	Splicing	factors	identified	by	ClusterONE.	The	ClusterOne	

plug-in	grouped	Serine/Arginine-Rich	splicing	factors	SRF1	and	SRF2	

together	with	the	U2	small	Nuclear	RNA	Auxiliary	Factor	1	(U2AF1).	The	

polymerase	(DNA)	Delta	interacting	Protein	3	resulted	to	interact	with	

both	SRSF2	and	CNOT7/CNOT8.	SRSF1	and	SRF2	interacted	with	the	

YTHDC1	putative	splicing	factor.		
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3.5		Evaluation	of	Pan2	and	Pan3	antibodies	

According	to	one	biphasic	kinetic	model,	Pan2-Pan3	complex	is	the	first	

deadenylase	involved	in	the	deadenylation	of	the	mRNA	(Yamashita	et	al.,	

2005)	.	The	complex	is	composed	of	two	proteins:	Pan2	(127	kDa)	and	

Pan3	(76	kDa)	(Sachs	and	Deardorff,	1992;	Boeck	et	al.,	1996a).	Pan2	is	

the	subunit	equipped	with	catalytic	activity.	Understanding	the	

interactome	of	the	Pan2-Pan3	deadenylase	would	be	useful	to	determine	

and	clarify	the	function	of	the	Pan2-Pan3	complex	and	provide	insight	into	

its	relationship	with	the	Ccr4-Not	complex.		

Therefore, in order to perform SILAC-RIME analysis of Pan2-Pan3 complex, 

commercially	available	antibodies	targeting	the	two	proteins	were	tested	

by	western	blot	of	MCF7	cellular	lysates	(Figure	3.19).		

Unfortunately,	 both	 antibodies	 failed	 to	 specifically	 identify	 the	 two	

proteins.		

To	further	investigate	the	quality	of	the	antibodies,	siRNA	knockdown	of	

Pan2	and	Pan3	was	used	to	assess	the	quality	of	the	antibodies.	To	ensure	

that	the	siRNA	transfection	was	efficient,	the	transfection	efficiency	was	

evaluated	using	a	cell	death	inducing	siRNA	(Allstar	Cell	Death)	as	positive	

control	and	a	non-targeting	siRNA	as	negative	control.	This	experiment	

indicated	that	the	siRNA	transfection	protocol	was	efficient	(Figure	3.20).		

Subsequently,	siRNAs	were	used	to	knockdown	protein	levels	of	Pan2	and	

Pan3	in	MCF7	cells.	Pan2	and	Pan3	antibodies	were	used	respectively	for	

the	detection	of	Pan2	and	Pan3	in	non-transfected	and	siRNA	transfected	

cells	by	western	blot	as	shown	in	Figure	3.21.	These	experiments	did	not	

validate	the	quality	of	the	commercially	available	antibodies.	At	this	point,	

further	SILAC-RIME	experiments	were	not	further	pursued	due	to	lack	of	

availability	of	high	quality	antibodies.	
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Figure	3.19	Pan2	and	Pan3	antibodies	test.	(A)	Pan2	(UPS52)	(C-20)	

(Santa	Cruz)	antibody.	A	whole-cell	lysate	from	MCF-7	breast	cancer	cells	

was	separated	by	10%	SDS-PAGE.	Proteins	were	transferred	to	a	

nitrocellulose	membrane	and	subjected	to	immunoblot	analysis.	(B)	Pan3	

(A-9)	(Santa)	antibody.	A	whole-cell	lysate	from	MCF-7	breast	cancer	cells	

was	separated	by	10%	SDS-PAGE.	Proteins	were	transferred	to	a	

nitrocellulose	membrane	and	subjected	to	immunoblot	analysis.	
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Figure	3.20	Transfection	efficiency	of	Interferin	tested	with	AllStars	

Cell	Death	siRNA.	MCF7	human	breast	cancer	cells	were	transfected	using	

Interferin	with	siRNA	inducing	cell	death	(AllStar	Cell	Death)	and	negative	

control	(non	targeting	siRNA).	
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Figure	3.21	Western	blot	of	cellular	lysates	of	MCF7	cells	transfected	

with	Pan2	and	Pan3	siRNAs.	(A)	Pan2	(UPS52)	antibody.	A	lysate	from	

MCF-7	breast	cancer	cells	was	separated	by	10%	SDS-PAGE.	Proteins	were	

transferred	to	a	nitrocellulose	membrane	and	subjected	to	immunoblot	

analysis.	Lane	1,	lysate	from	mock-transfected	MCF-7	cells;	lane	2,	lysate	

from	MCF-7	cells	transfected	with	siRNAs	targeting	Pan2.	(B)	Anti-Pan3	

antibody.	A	lysate	from	MCF-7	breast	cancer	cells	was	separated	by	10%	

SDS-PAGE.	Proteins	were	transferred	to	a	nitrocellulose	membrane	and	

subjected	to	immunoblot	analysis.	Lane	1,	lysate	from	mock-transfected	

MCF-7	cells;	lane	2,	lysate	from	MCF-7	cells	transfected	with	siRNAs	

targeting	Pan3.		
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3.6		Discussion		

3.6.1		The	interactome	of	the	Ccr4-Not	deadenylase	module		

The	deadenylase	module	of	the	Ccr4-Not	complex	is	the	responsible	for	its	

catalytic	activity.	SILAC-RIME	analyses	discovered	the	interactome	of	the	

Ccr4-Not	complex	deadenylase	module.		SILAC	coupled	affinity	

purification	and	mass	spectrometry	has	been	largely	used	to	determine	

the	interactome	of	proteins	(Fang	et	al.,	2008;	Trinkle-Mulcahy	et	al.,	

2008;	Zhong	et	al.,	2011;	Foster	et	al.,	2013).		This	is	a	rapid,	high	

sensitivity	and	cost	effective	method	for	direct	identification	of	

endogenous	protein-protein	interactions.	Crosslinking	allowed	to	preserve	

the	endogenous	protein-protein	interactions	and	to	maintain	low-affinity	

interactions.			The	high	specifity	was	obtained	by	the	use	of	non-specific	

IgG	as	control	taken	along	in	parallel	in	all	experiments	(Mohammed	et	al.,	

2013).	The	SILAC-RIME	analyses	allowed	the	detection	of	proteins	directly	

or	indirectly	interacting	with	the	Caf1	and	Ccr4	deadenylase	subunits.	The	

SILAC-RIME	data	was	visualised	by	Cytoscape	allowing	a	schematic	

representation	of	the	interacting	proteins.	The	relative	ratios	of	heavy	and	

light	peptides	are	indicative	of	the	enrichment	of	proteins	in	samples	

obtained	with	a	specific	antibody	(Figure	3.4).	The	experiments	were	

performed	separately	for	Caf1	(CNOT7	and	CNOT8)	and	Ccr4	(CNOT6	and	

CNOT6L)	and	the	cytoplasmic,	nuclear	as	well	as	combined	nuclear	and	

cytoplasmic	fractions	were	analysed.	The	Caf1	subunit	was	found	to	have	

more	interactions	in	all	analysed	fractions	as	compared	to	the	Ccr4	

subunit	(Figure	3.3).	The	Bisogenet	plugin	was	used	in	conjunction	with	

Cytoscape	to	retrieve	interactions	from	protein-protein	interactions	

databases	in	order	to	complete	the	network	with	interactions	between	all	

its	components	(Martin	et	al.,	2010).	In	the	generated	network	of	protein-

protein	interactions,	proteins	were	represented	as	nodes	and	the	

interactions	were	represented	as	edges	(Figure	3.7).	Proteins	interacting	

with	both	Caf1	and	Ccr4	constituted	the	central	dense	region	of	the	

protein	interaction	network.	The	complexity	of	the	resulting	network	did	

not	allow	a	clear	and	straightforward	analysis.	Four	different	cut-off	
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thresholds	based	on	the	heavy/light	peptide	ratios	(>2,	>3,	>5,	and	>10)	

were	used	to	generate	networks	and	evaluating	their	topology.	From	an	

accurate	inspection,	the	network	generated	using	a	cut-off	threshold	of	

Heavy/Light	peptide	ratio	>3	was	chosen	(Figure	3.8).		

The	protein-protein	interaction	network	was	inspected	in	order	to	find	

important	biological	pathways	that	may	involve	the	recruitment	of	the	

Ccr4-Not	complex.	To	this	aim,	two	clustering	methods	were	used	to	find	

protein	clusters	based	on	connectivity	data	(MCODE)	or	based	on	

potential	overlapping	protein	complexes	(ClusterONE)	(	Bader	et	al.,	2003,	

Zhang	et	al.,	2014).	Both	MCODE	and	ClusterONE	were	used	in	conjunction	

with	Cytoscape.	The	two	approaches	identified	different	numbers	of	

protein	clusters.	MCODE	identified	twenty	clusters	with	number	of	nodes	

grouped	in	the	clusters	varying	from	three	to	29.	ClusterOne	identified	59	

potential	clusters	with	node	content	ranging	from	three	to	nine	

(Figure	3.9).			

The	clustering	analysis	identified	clusters	of	known	protein-protein	

interactions	with	the	Ccr4-Not	complex	and	new	partners	such	as	the	

mini-chromosome	maintenance	complex	(MCM)	component	of	the	

eukaryotic	pre-replication	complex	(Figure	3.13),	polypyrimidine	binding	

proteins	involved	in	pre-mRNA	processing	and	mRNA	transport	and	

metabolism	(Figure	3.16),	and	YTH	domain	containing	protein	family	1	

(YTHDF1)	involved	in	alternative	splicing.	The	YTH	domain	containing	

protein	family	members	specifically	bind	N6-metyladenosine	(m(6)A)	

(Figure	3.18).		

Interestingly	other	proteins	belonging	to	the	YTH	domain	containing	

protein	family	were	found	in	the	SILAC-RIME	produced	interactome	even	

though	were	not	included	in	the	found	clusters.		YTHDF1-3	proteins	were	

found	to	interact	with	the	Caf1	nuclease	of	the	Ccr4-Not	complex	

(Figure	3.10).		YTHDF	(or	YTHD)	proteins	were	found	to	be	involved	in	

mRNA	stability	(Wang	et	al.,	2014).	The	SILAC-RIME	data	presented	in	this	

chapter	suggest	a	recruitment	of	the	Ccr4-NOT	complex	by	the	YTHDC1,	

YTHDF1,	YTHDF2,	and	YTHDF3	in	agreement	with	the	recent	findings	that	
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demonstrated	a	recruitment	of	the	Ccr4-NOT	complex	by	YTHDF2	via	

CNOT1	(Du	et	al.,	2016).	

	

3.6.2		Pan2	and	Pan3	

According	to	one	model	the	first	phase	of	deadenylation	is	carried	out	by	

the	Pan2-Pan3	deadenylase	complex.	It	is	suggested	that	this	complex	is	

composed	of	the	deadenylase	subunit	Pan2	and	the	non-catalytic	subunits	

Pan3	forming	a	1:2	trimeric	complex	(Uchida	et	al.,	2004;	Boeck	et	al.,	

1996a;	Brown	et	al.,	1996).		

In	order	to	characterise	the	Pan2-Pan3	interactome	by	SILAC-RIME,	the	

quality	and	specificity	of	two	commercially	available	antibodies	

recognising	the	two	endogenous	proteins	were	tested.	The	Pan2/UPS52	

(C-20)	(Santa	Cruz)	antibody	was	tested	on	MCF7	cell	lysates.	Western	

blots	analysis	detected	a	specific	pattern	of	two	bands	but	these	were	not	

of	the	correct	size	(Figure	3.19	A).	Optimisation	of	the	western	blot	and	

cellular	lyses	was	carried	out	but	the	same	result	was	achieved.	Unlike	the	

Pan2	antibody,	the	Pan3	(A-9)	(Santa	Cruz)	antibody	allowed	the	

detection	of	a	protein	of	the	correct	size	of	76	kDa	(Figure	3.19	B).			

Further	test	for	antibody	specificity	were	carried	out	using	siRNA-

mediated	knockdown.		

Unfortunately,	in	both	cases	it	was	not	possible	to	observe	a	reduction	of	

the	protein	expression	(Figure	3.21).		These	preliminary	experiments	did	

not	indicate	that	the	tested	antibodies	were	suitable	for	the	SILAC-RIME	

analysis	of	Pan2	and	Pan3.	
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Chapter	4.		 	Analysis	of	the	NOT	module	of	the	Ccr4-

Not	complex	

4.1		Introduction	

The	Ccr4-Not	complex	consists	of	two	catalytic	and	six	non-catalytic	

subunits.	The	largest	subunit	of	the	complex,	CNOT1,	acts	as	a	central	

scaffold	(Maillet	and	Collart,	2002;	Winkler	et	al.,	2006).	Several	modules	

are	associated	with	CNOT1	in	the	complex	(Bai	et	al.,	1999).	The	

CNOT11/CNOT10	module	is	attached	to	the	N-terminus	of	CNOT1	

containing	anti-parallel	α-helices;	its	function	it	is	still	not	clear	(Basquin	

et	al.,	2012;	Bawankar	et	al.,	2013).		The	nuclease	module	is	attached	to	

the	MIF4G	domain	of	CNOT1.	This	sub-complex	contains	both	catalytic	

subunits,	of	which	each	is	encoded	by	two	paralogous	genes	in	vertebrata:	

Ccr4	is	encoded	by	CNOT6	and	CNOT6L	while	Caf1	is	encoded	by	CNOT7	

and	CNOT8	(Winkler	and	Balacco,	2013).		

A	neighbouring	DUF3819	domain	interacts	with	CNOT9	(Bawankar	et	al.,	

2013).			

On	its	C-terminus,	CNOT1	binds	CNOT2	and	CNOT3	constituting	the	NOT	

module.	CNOT2	and	CNOT3,	contain	at	their	C-terminal	a	conserved	

domain	named	NOT-box,	which	is	the	region	responsible	for	the	

hetero-dimerisation	of	the	two	proteins.	Moreover,	the	C-termini	are	

extended	by	two	connector	sequences	termed		CS	that	wrap	like	clamps	

around	CNOT1.	The	region	responsible	for	the	interaction	with	CNOT1	is	

termed	Not	Anchoring	Region	(NAR)	(Boland	et	al.,	2013).		

The	NOT	module	components	are	involved	in	several	cellular	processes	

and	their	depletion	may	cause	important	changes	in	cell	development	and	

survival	also	phenotypically	afflicting	the	organisms.	Knockdown	of	

CNOT2	leads	to	apoptotic	cell	death	(Ito	et	al.,	2011a).	Several	roles	for	

CNOT3	were	observed.	This	protein	was	described	to	promote	the	mitotic	

progression	by	down-regulating	the	expression	of	the	spindle	check-point	

protein	MAD1	(Takahashi	et	al.,	2012).	In	yeast,	the	CNOT3	orthologous	

protein	Not5,	binds	poly(U)	in	vitro	with	a	site	at	the	NOT	box	(Bhaskar	et	

al.,	2013).	Moreover,	studies	revealed	the	involvement	of	CNOT3	in	B	cell	
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differentiation	destabilising	p53	mRNA	and	in	preventing	cell	death	by	

targeting	specific	mRNA	(Inoue	et	al.,	2015;	Suzuki	et	al.,	2015b).		CNOT3	

is	important	for	cardiac	function	and	was	shown	to	regulate	the	mRNA	of	

metabolic	enzymes	in	mice	(Neely	et	al.,	2010;	Morita	et	al.,	2011).	Genetic	

studies	on	retinitis	pigmentosa	have	identified	CNOT3	as	penetrance	factor	

of	t	PRPF31	(Venturini	et	al.,	2012;	Rose	et	al.,	2014).	Moreover,	studies	

identified	mutations	in	CNOT3	involved	in	T-cell	acute	lymphoblastic	

leukemia	onset	(De	Keersmaecker	et	al.,	2013).	

The	aim	of	the	results	presented	in	this	chapter	was	to	identify	amino	acid	

residues	that	are	important	and	essential	for	the	trimeric	assembly	and	

function	of	the	NOT	module.		

Somatic	mutations	found	in	different	type	of	cancers	were	collected	from	

the	COSMIC	database	and	the	Ensemble	genome	browser	and	their	effects	

on	protein	function	were	predicted	using	bioinformatics	analysis.		

Investigation	of	the	structure	in	the	crystal	structure	published	by	Boland	

et	al.,	2013,		was	performed	by	a	two-dimensional		crystal	map	exploration	

using	RINalyzer	and	PISA	tools.	These	approaches	narrowed	the	

investigation	to	fewer	residues	of	the	CNOT1,	CNOT2	and	CNOT3	proteins	

that	are	likely	for	NOT	module	assembly	and	function.		
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4.2			Collection	of	mutations	and	prediction	of	their	impact	on	the	

function	of	the	NOT-module	

A	list	of	somatic	mutations	of	the	NOT	module	components	was	retrieved	

from	COSMIC	version	v.67	and	Ensembl.		The	Catalogue	Of	Somatic	

Mutations	In	Cancer	(COSMIC)	is	the	world	largest	comprehensive	

resource	of	information	on	somatic	mutations	in	human	cancer	annotating	

data	from	the	scientific	literature	and	tumour	resequencing	data	from	the	

Cancer	Genome	Project	at	Sanger	Institute,	UK	(Bamford	et	al.,	2004;	

Forbes	et	al.,	2008,	2011).	The	Ensemble	genome	browser	annotates	

information	for	genomic	analyses	in	different	species	with	an	emphasis	on	

the	human	genome.	The	browser	includes	a	collection	of	mutations	found	

in	human	cancer	as	for	the	case	of	COSMIC	(Chen	et	al.,	2010;	Rios	et	al.,	

2010;	Flicek	et	al.,	2014).	In	total	257	mutations	were	collected:	75	

somatic	mutations	for	the	CNOT1	C-terminus	(amino	acid	residues	1560-

2376),	83	for	CNOT2,	and	99	for	CNOT3.		

In	order	to	predict	their	impact	on	the	function	of	the	proteins,	the	

mutations	were	analysed	with	Sorting	Intolerant	From	Tolerant	(SIFT)	

software.	This	tool	allows	prediction	of	amino	acid	substitutions	that	may	

affect	protein	function	based	on	the	conservation	of	amino	acid	residues	in	

sequence	alignments	derived	from	closely	related	sequences,	collected	

through	PSI-BLAST (Ng	and	Henikoff,	2001,	2002,	2003,	2006;	Kumar	et	

al.,	2009).		The	analysis	predicted	mutations	having	no	effect	on	the	

protein	function	(tolerated)	and	mutations	deleterious	for	the	protein	

function	(damaging).	This	analysis	indicated	that	a	significant	proportion	

of	the	mutations	annotated	in	COSMIC	and	Ensembl	are	predicted	to	be	

damaging	to	protein	function	(Figure	4.1).	The	output	of	a	more	detailed	

analysis	is	presented	in	Supporting	Table	4.1,	Supporting	Table	4.2,	and	

Supporting	Table	4.3	for	CNOT1,	CNOT2	and	CNOT3,	respectively.		

Tissue	localisation	as	annotated	in	the	databases	was	investigated	for	all	

the	mutations	retrieved	and	was	represented	as	pie	charts	in	Figure	4.2	

A-C	respectively	for	CNOT1,	CNOT2	and	CNOT3.	The	highest	number	of	

mutations	of	the	three	proteins	was	found	in	lung,	endometrium,	and	large	

intestine	tumor	samples.	
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Figure	4.1	Impact	of	the	NOT	module	mutations	on	the	proteins	

function.	The	mutations	impact	on	the	proteins	function	was	predicted	

using	the	Sorting	Intolerant	From	Tolerant	(SIFT)	software	that	

distinguished	between	damaging	and	tolerated	mutations	based	on	the	

conservation	of	amino	acid	residues	in	sequence	alignments	derived	from	

closely	related	sequences.	Of	in	total	75	CNOT1	mutations	found	in	its	C-

terminus	(amino	acids	1560-2376),	43	were	predicted	to	be	tolerated	and	

32	were	predicted	to	affect	the	protein	function.	COSMIC	annotated	83	

mutations	found	in	CNOT2.	Only	25	of	these	were	predicted	to	have	an	

impact	on	the	function	of	the	protein.		The	mutations	found	in	the	CNOT3	

protein	were	99.	SIFT	predicted	39	to	affect	the	protein	function.		
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Considering	the	high	number	of	mutations	found,	the	attention	was	

focused	on	the	residues	that	are	involved	in	the	assembly	of	the	NOT	

module	based	on	the	available	crystal	structure	of	the	human	NOT	module	

(PBD	accession	number	4C0D)	(Boland	et	al.,	2013).	The	fragments	

considered	were	amino	acid	residues	1560	to	2353	for	CNOT1;	residues	

350	to	541	for	CNOT2;	and	residues	607	to	748	for	CNOT3.	

The	number	of	predicted	damaging	mutations	in	these	regions	were:	29	

for	CNOT1,	six	for	CNOT2,	and	eight	for	CNOT3.	The	corresponding	tissue	

localisation	is	summarised	in	Figure	4.2	D,	E,	and	F	respectively.	CNOT1	

mutations		affecting	the	function	were	localised	in	large	intestine	(9),	

endometrium	(seven)	and	lung	(three),	kidney	(three),	and	

haematopoietic	and	lymphoid	(five)	tumour	tissues.	Five	mutations	were	

annotated	with	unknown	localisation	(N/A).	Distribution	of	the	six	CNOT2	

mutations	ranged	in	haematopoietic	and	lymphoid	(one),	large	intestine	

(one),	and	lung	(two)	tumors	and	the	remaining	two	had	not	annotated	

localisation.	CNOT3	deleterious	mutations	were	detected	in	large	intestine	

(three),	lung	(two),	breast	(one),	ovary	(one),	and	oesophagus	(one)	

cancers.	

Table	4.1,	Table	4.2,	and	Table	4.3	summarise	the	damaging	mutation,	the	

SIFT	score	and	their	tissue	localisation	relatively	to	CNOT1,	CNOT2,	and	

CNOT3.	The	SIFT	score	(0	to	1)	is	indicative	of	the	probability	of	the	
mutation	to	be	deleterious	for	the	protein	function.	The	smaller	the	value,	

the	higher	is	the	likelihood	for	the	protein	to	affect	the	protein	function.	

Mutations	with	a	SIFT	score	<0.5	were	considered	to	be	damaging.	

This	approach	allowed	to	reduce	the	investigation	field	to	43	mutations	

likely	to	affect	the	function	of	the	NOT	module	of	the	Ccr4-Not	

deadenylase	complex.	
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Figure	4.2	Tissue	localisation	of	mutations	found	in	the	NOT	module.	

Pie	charts	show	the	tissue	localisation	of	the	mutations	annotated	in	

COSMIC	and	Ensembl	databases.	Tissue	localisation	of	all	the	retrieved	

mutations	is	shown	for	CNOT1	(A),	CNOT2	(B)	and	CNOT3	(C).		Tissue	

localisation	of	the	mutations	predicted	by	SIFT	to	be	damaging	for	the	

proteins	function	is	shown	for	CNOT1	(D),	CNOT2	(E),	and	CNOT3	(F).	
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Mutation	
ID	

Positi
on	

Residue	
Ref.	

Residue	
alt.	

SIFT	
score	

Tissue	
Localisation	

R1793G	 1793	 R	 G	 0.002	 N/A	

P1803A	 1803	 P	 A	 0.01	
Haematopoietic	and	

lymphoid	
G1827C	 1827	 G	 C	 0.004	 Large	intestine	
R1870H	 1870	 R	 H	 0.003	 Large	intestine	
R1941Q	 1941	 R	 Q	 0.011	 Large	intestine	
L1946P	 1946	 L	 P	 0.001	 Large	intestine	

D1977G	 1977	 D	 G	 0	
Haematopoietic	and	

lymphoid	
R1992Q	 1992	 R	 Q	 0	 Large	intestine	

R2045W	 2045	 R	 W	 0	
Endometrium	and	large	

intestine	
R2045Q	 2045	 R	 Q	 0	 Endometrium	
M2063V	 2063	 M	 V	 0.021	 Lung	
K2073R	 2073	 K	 R	 0.023	 Kidney	
Y2092S	 2092	 Y	 S	 0	 N/A	
L2102F	 2102	 L	 F	 0.004	 N/A	

D2105Y	 2105	 D	 Y	 0	
Haematopoietic	and	

lymphoid	
E2108A	 2108	 E	 A	 0	 Large	intestine	
A2135V	 2135	 A	 V	 0.002	 N/A	
V2152G	 2152	 V	 G	 0	 N/A	
I2158T	 2158	 I	 T	 0.025	 Liver	
R2163Q	 2163	 R	 Q	 0.007	 N/A	

R2197H	 2197	 R	 H	 0.009	
Endometrium	and	large	

intestine	
P2206H	 2206	 P	 H	 0.001	 Large	intestine	
R2209H	 2209	 R	 H	 0.045	 Endometrium	
N2211S	 2211	 N	 S	 0.003	 Endometrium	
I2250M	 2250	 I	 M	 0	 Lung	
Q2252H	 2252	 Q	 H	 0	 Lung	
R2263C	 2263	 R	 C	 0	 Endometrium	

R2263H	 2263	 R	 H	 0	
Endometrium	and	large	

intestine	
N2268H	 2268	 N	 H	 0	 Large	intestine	
T2297M	 2297	 T	 M	 0.001	 Large	intestine	
P2319S	 2319	 P	 S	 0	 Kidney	
K2331Q	 2331	 K	 Q	 0	 Endometrium	
Table	4.1	CNOT1	damaging	mutations.		List	of	29	mutations	found	in	

CNOT1	(residues	1560-2353)	predicted	to	be	deleterious	for	the	protein	

function	by	SIFT	and	their	corresponding	tissue	localisation.	The	SIFT	

score	(0	to	1)	is	indicative	of	the	probability	of	the	mutation	to	be	

deleterious.	



Chapter	4:	Analysis	of	the	NOT	module	of	the	Ccr4-Not	complex	

	

	 139	

Mutation	

ID		

Positi

on	

Residue	

Ref.	

Residue	

alt.	

SIFT	

Score	

Tissue		

localisation		

V374E	 374	 V	 E	 0.032	
Haematopoietic	and	

lymphoid	

T423M	 423	 T	 M	 0.011	 N/A	

K435Q	 435	 K	 Q	 0.027	 Large	intestine	

A460T	 460	 A	 T	 0.001	 N/A	

D468Y	 468	 D	 Y	 0.007	 Lung	

R524W	 524	 R	 W	 0.001	 Lung	

Table	4.2	CNOT2	damaging	mutations.	List	of	six	CNOT2	mutations	

relative	to	the	NOT	module	crystal	predicted	to	be	deleterious	for	protein	

function	by	SIFT	and	their	relative	tissue	localisation.	The	SIFT	score	(0	

to	1)	is	indicative	of	the	probability	of	the	mutation	to	be	deleterious.	

	

	

Mutation	

ID	

Positi

on	
Residue	Ref.	

Residue	

Alt.	

SIFT	

Score	

Tissue	

localisation		

R633C	 633	 R	 C	 0	 Lung	

S667L	 667	 S	 L	 0.007	 Large	intestine	

Q684R	 684	 Q	 R	 0.003	 Large	intestine	

Q684H	 684	 Q	 H	 0.001	 Large	intestine	

H709Q	 709	 H	 Q	 0.033	 Ovary	

R735Q	 735	 R	 Q	 0	 Lung	

K736N	 736	 K	 N	 0.01	 Oesophagus	

R750Q	 750	 R	 Q	 0.01	 Breast	

Table	4.3	CNOT3	damaging	mutations.	List	of	eight	CNOT3	mutations	

relative	to	the	NOT	module	crystal	predicted	to	be	deleterious	for	the	

protein	function	by	SIFT	and	their	relative	tissue	localisation.	SIFT	score	

(0	to	1)	is	indicative	of	the	probability	of	the	mutation	to	be	deleterious.	
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4.3				Structure	analysis	

To	determine	important	residues	for	the	assembly	of	the	NOT	module,	the	

NOT	module	crystal	structure	(PDB	accession	number	4C0D)	was	

inspected	(Boland	et	al.,	2013).	Two	approaches	were	used.	

Proteins,	Interfaces,	Structures	and	Assemblies	(PISA)	was	use	to	explore	

the	NOT	module	interfaces.	The	package	provides	an	assessment	of	

macromolecular	interfaces,	characterising	interactions	between	residues	

between	proteins,	thermodynamically	stability	of	the	assemblies	and	their	

probable	dissociation	patterns	(Krissinel	and	Henrick,	2007).	

The	second	approach	provided	an	insight	of	the	contacts	between	all	the	

amino	acids	present	in	the	crystal	by	exploration	of	a	two-dimensional	

map	of	the	crystal	structure	obtained	by	RINalyzer	(Doncheva	et	al.,	2011)	

in	combination	with	UCSF	Chimera	(Pettersen	et	al.,	2004)	and	Cytoscape	

(Shannon	et	al.,	2003).	This	analysis	provided	an	insight	on	all	the	residues	

of	the	crystal	structure	and	the	attention	was	focused	on	the	residues	

annotated	in	the	COSMIC	database	and	Ensemble	and	that	were	predicted	

to	be	deleterious	for	the	protein	function	by	SIFT	analysis	(Figure	4.3).			

4.3.1				Proteins,	Interfaces,	Structures	and	Assemblies	(PISA)	

PISA	is	a	tool	for	the	exploration	of	macromolecular	interfaces	(Krissinel	

and	Henrick,	2007).		

The	crystal	structure	of	the	human	NOT	module	(PDB	accession	number	

4C0D)	was	used	as	input	for	the	analysis.	The	software	evaluated	all	the	

possible	interfaces	and	their	chemical	and	thermodynamic	properties.		

The	number	of	atoms	(Nat)	and	the	number	of	residues	(Nres)	of	the	

single	components	of	the	crystal	structure	were	calculated.	Moreover,	

PISA	provided	information	about	the	surface	of	the	three	proteins	such	as	

the	number	of	atoms	(sNat),	the	number	of	residues	(sNres),	and	the	

surface	area.	Furthermore	the	solvation	energy	of	folding	(SEFD),	the	

energy	difference	between	the	unfolded	and	folded	state	of	the	monomer,	

which	is	due	to	the	solvation	effect,	ΔG	(kcal/mol)	was	calculated	for	the	

monomers.	It	indicates	the	thermal	stability	of	the	monomers,	more	

negative	values	indicates	more	stable	folded	states.	These	results	are	
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shown	in	Table	4.4.	Importantly,	PISA	provided	information	about	the	

contacts	between	residues	of	the	three	proteins.		Hydrogen	bonds	and	the	

salt	bridges	formed	between	the	interfaces	were	identified,	annotating	

their	distance,	the	residues	involved	and	the	atoms	involved	in	the	

interactions.	CNOT1-CNOT3	interface	contacts	are	shown	in	Table	4.5,	

CNOT1-CNOT2	interface	contacts	are	shown	in	Table	4.6,	and	

CNOT2-CNOT3	hydrogen	bonds	and	salt	bridges	contacts	are	shown	in	

Table	4.7	and	Table	4.8	respectively.	Prediction	of	the	Gibbs	free	energy	of	

dissociation	of	the	assemblies	(ΔGdiss)	suggested	that	the	most	stable	

assembly	is	the	heterotrimer	(49.8	kcal/mol)	,	followed	by	the	CNOT2-

CNOT3	dimer	(40.8	kcal/mol),	CNOT1-CNOT2	dimer	(30.7	kcal/mol)	and	

the	less	stable	is	the	CNOT1-CNOT3	dimer	(6.8	kcal/mol).	A	dissociation	

pattern	was	predicted	as	dissociation	of	the	dimer	CNOT2	-CNOT3,	and	the	

monomer	CNOT1.	
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Figure	4.3	Bioinformatic	approaches	to	identify	amino	acid	residues	

critical	for	the	NOT	module.	Identification	of	amino	acid	residues	critical	

for	the	NOT	module	function	and	assembly	was	performed	using	two	

approaches.	A	list	of	mutations	was	collected	from	the	COSMIC	database	

and	Ensembl	and	SIFT	was	used	to	predict	tolerated	and	the	deleterious	

mutations.	The	crystal	structure	of	the	NOT	module	was	inspected	by	PISA	

and	RINalyzer	in	order	to	identify	residues	important	for	the	CNOT1,	

CNOT2	and	CNOT3	interactions.		
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Interfacing	monomers	

	
Structure	 Surface	 SEFD	

	
Nat	 Nres	 sNat	 sNres	 Area,	Å2	 ΔG	(kcal/mol)	

CNOT1	 4096	 512	 2253	 482	 23936.0	 -513.0	
CNOT2	 1558	 191	 1125	 188	 15257.2	 -146.6	
CNOT3	 1210	 142	 847	 139	 11229.8	 -109.0	
Table	4.4	Interfacing	monomers.	PISA	calculated	the	total	number	of	

atoms	(Nat)	and	the	number	of	residues	(Nres)	that	form	interactions	in	

the	crystal	structure	of	the	NOT	module	(PBD:	4C0D).	Moreover	it	

calculated	the	number	of	atoms	(sNat),	the	number	of	residues	(sNres),	

and	the	area	(Å2)	of	the	interaction	surfaces	of	the	three	proteins.	The	

solvation	energy	of	folding	(SEFD)	for	the	corresponding	monomer	is	

shown		ΔG	(kcal/mol).	

CNOT3	 Distance	(Å)	 CNOT1	 Contact	
Residue	 Atom	

	
Residue	 Atom	

	TYR	613	 [	OH	]	 2.62	 GLN1982	 [	OE1]	 Hb	
HIS	624	 [	ND1]	 3.25	 GLN1987	 [	OE1]	 Hb	
SER	629	 [	OG	]	 3.06	 TYR1933	 [	OH	]	 Hb	
SER	631	 [	OG	]	 3.83	 GLU2040	 [	OE1]	 Hb	
ARG	633	 [	NH2]	 3.85	 GLU2000	 [	OE2]	 Hb	
TYR	613	 [	OH	]	 3.24	 HIS1978	 [	NE2]	 Hb	
GLN	614	 [	O		]	 3.43	 TYR2074	 [	OH	]	 Hb	
GLU	618	 [	O		]	 3.71	 TYR2036	 [	OH	]	 Hb	
GLU	618	 [	OE1]	 2.70	 TYR2074	 [	OH	]	 Hb	
GLU	618	 [	OE2]	 3.68	 TYR2036	 [	OH	]	 Hb	
HIS	624	 [	O		]	 3.01	 GLN1987	 [	NE2]	 Hb	
SER	629	 [	O		]	 3.02	 ARG1992	 [	NH2]	 Hb	
SER	629	 [	OG	]	 3.55	 ARG1929	 [	NH1]	 Hb	
ASP	630	 [	O		]	 3.27	 ARG1992	 [	NH2]	 Hb	
ASP	630	 [	OD1]	 2.33	 TYR1933	 [	OH	]	 Hb	
GLU	632	 [	O		]	 3.11	 ARG1992	 [	NH2]	 Hb	
ARG	633	 [	NH2]	 3.85	 GLU2000	 [	OE2]	 Sb	
Table	4.5	CNOT1	and	CNOT3	contacts.	PISA	was	used	to	identify	

interaction	between	the	two	indicated	proteins,	the	distance	between	the	

residues	involved	in	the	interaction,	the	atoms	of	the	residues	involved	

and	the	type	of	bond	formed	(Hb,	hydrogen	bond;	Sb,	salt	bond).	The	table	

summarise	the	contacts	between	the	CNOT1	and	CNOT3	residues.	
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CNOT2	 Distance	(Å)	 CNOT1	 Contact	
Residue	 Atom	

	
Residue	 Atom	

	VAL	351	 [	N	]	 2.92	 GLU2302	 [	OE1]	 Hb	
ASP	353	 [	OD2]	 2.89	 THR2260	 [	OG1]	 Hb	
GLN	354	 [	O	]	 2.95	 ARG2306	 [	NH2]	 Hb	
PHE	355	 [	O	]	 2.82	 GLN2303	 [	NE2]	 Hb	
GLY	356	 [	O	]	 2.64	 ARG2306	 [	NE	]	 Hb	
MET	357	 [	N	]	 3.52	 GLU2302	 [	OE2]	 Hb	
ARG	365	 [	NH2]	 3.11	 GLU2348	 [	OE2]	 Hb	
ARG	365	 [	NH2]	 3.37	 GLU2348	 [	OE1]	 Sb	
ARG	365	 [	NH2]	 3.11	 GLU2348	 [	OE2]	 Sb	
HIS	375	 [	NE2]	 3.17	 VAL2082	 [	O	]	 Hb	
LEU	378	 [	O	]	 3.38	 ASN2315	 [	N	]	 Hb	
LEU	378	 [	O	]	 2.89	 ASN2315	 [	ND2]	 Hb	
GLY	379	 [	O	]	 3.08	 ASN2315	 [	ND2]	 Hb	
SER	380	 [	O	]	 2.65	 GLN2127	 [	NE2]	 Hb	
LEU	395	 [	N	]	 3.38	 ASP2105	 [	OD1]	 Hb	
LEU	395	 [	N	]	 3.48	 ASP2105	 [	OD2]	 Hb	
TYR	396	 [	N	]	 3.06	 ASP2105	 [	OD2]	 Hb	
PHE	399	 [	O	]	 3.88	 ARG2045	 [	NH1]	 Hb	
PRO	402	 [	O	]	 3.19	 ARG2097	 [	NH1]	 Hb	
TRP	403	 [	NE1]	 2.45	 GLU2040	 [	OE2]	 Hb	
ALA	404	 [	O	]	 3.16	 ARG2097	 [	NE	]	 Hb	
CYS	408	 [	SG	]	 3.45	 ARG2045	 [	NH1]	 Hb	
ASP	412	 [	O	]	 3.52	 ARG2045	 [	NH2	 Hb	
PHE	540	 [	O	]	 3.60	 LYS2093	 [	NZ	]	 Sb	
Table	4.6	CNOT1	and	CNOT2	contacts.	PISA	was	used	to	identify	

interaction	between	the	two	indicated	proteins,	the	distance	between	the	

residues	involved	in	the	interaction,	the	atoms	of	the	residues	involved	

and	the	type	of	bond	formed	(Hb,	hydrogen	bond;	Sb,	salt	bond).	The	table	

summarise	the	contacts	between	the	CNOT1	and	CNOT2	residues.	

	

	

	

	

	

	

	

	



Chapter	4:	Analysis	of	the	NOT	module	of	the	Ccr4-Not	complex	

	

	 145	

CNOT3	 Distance	(Å)	 CNOT2	 Contact	
Residue	 Atom	

	
Residue	 Atom	

	TRP	622	 [	NE1]	 3.41	 GLN	537	 [	O		]	 Hb	
TRP	622	 [	O		]	 2.73	 GLN	537	 [	NE2]	 Hb	
HIS	623	 [	O		]	 2.74	 GLN	537	 [	NE2]	 Hb	
MET	625	 [	O		]	 3.71	 ASN	534	 [	ND2]	 Hb	
PRO	626	 [	O		]	 3.64	 ASN	534	 [	ND2]	 Hb	
ARG	633	 [	N		]	 3.53	 ASP	414	 [	OD2]	 Hb	
ARG	635	 [	NH2]	 3.21	 GLN	411	 [	O		]	 Hb	
ARG	635	 [	NH2]	 2.84	 ASP	414	 [	OD1]	 Hb	
ARG	635	 [	NH1]	 2.79	 ASP	414	 [	OD1]	 Hb	
TYR	637	 [	OH	]	 2.61	 ASN	424	 [	OD1]	 Hb	
ARG	640	 [	NH1]	 3.21	 ASP	412	 [	OD2]	 Hb	
ASN	641	 [	N		]	 2.64	 ASP	454	 [	OD2]	 Hb	
ASN	641	 [	O		]	 3.18	 VAL	455	 [	N		]	 Hb	
CYS	643	 [	N		]	 3.28	 GLY	453	 [	O		]	 Hb	
PRO	647	 [	O		]	 3.07	 ARG	476	 [	NH1]	 Hb	
TYR	648	 [	OH	]	 2.52	 GLU	522	 [	OE2]	 Hb	
TYR	648	 [	O		]	 3.27	 ARG	476	 [	NH1]	 Hb	
TYR	648	 [	O		]	 2.63	 TYR	471	 [	OH	]	 Hb	
HIS	649	 [	ND1]	 3.10	 TYR	448	 [	OH	]	 Hb	
HIS	649	 [	NE2]	 3.52	 GLU	522	 [	OE2]	 Hb	
HIS	649	 [	O		]	 3.09	 ARG	476	 [	NH2]	 Hb	
HIS	650	 [	N		]	 3.75	 TYR	448	 [	OH	]	 Hb	
HIS	650	 [	NE2]	 3.00	 ARG	476	 [	O		]	 Hb	
HIS	650	 [	O		]	 2.83	 GLN	457	 [	NE2]	 Hb	
ASP	658	 [	OD2]	 2.43	 LYS	398	 [	NZ	]	 Hb	
ARG	665	 [	NH1]	 2.68	 LEU	505	 [	O		]	 Hb	
SER	667	 [	N		]	 3.08	 ASP	442	 [	OD1]	 Hb	
SER	667	 [	OG	]	 2.76	 ASP	442	 [	OD1]	 Hb	
GLU	669	 [	OE1]	 3.24	 GLY	440	 [	N		]	 Hb	
THR	670	 [	OG1]	 2.61	 ASP	442	 [	OD1]	 Hb	
TYR	677	 [	OH	]	 2.64	 ALA	432	 [	O		]	 Hb	
GLU	679	 [	OE1]	 3.79	 ASN	424	 [	ND2]	 Hb	
GLU	679	 [	OE2]	 3.19	 THR	423	 [	N		]	 Hb	
GLU	679	 [	OE2]	 3.11	 ASN	424	 [	N		]	 Hb	
GLY	680	 [	O		]	 3.62	 PHE	415	 [	N		]	 Hb	
LYS	682	 [	N		]	 2.86	 ILE	413	 [	O		]	 Hb	
ALA	683	 [	N		]	 2.95	 PRO	410	 [	O		]	 Hb	
GLN	684	 [	NE2]	 3.21	 TYR	421	 [	O		]	 Hb	
TYR	729	 [	O		]	 3.01	 ALA	432	 [	N		]	 Hb	
GLU	730	 [	OE1]	 3.00	 LYS	430	 [	NZ	]	 Hb	
Table	4.7	Hydrogen	bonds	contacts	between	CNOT3	and	CNOT2.									

The	table	summarise	the	hydrogen	bonds	between	CNOT2	and	CNOT3	

residues	identified	by	PISA.	
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CNOT3	 Distance	(Å)	 CNOT2	 Contact	
Residue	 Atom	

	
Residue	 Atom	

	ARG	635	 [	NH2]	 2.84	 ASP	414	 [	OD1]	 Sb	
ARG	635	 [	NH1]	 2.79	 ASP	414	 [	OD1]	 Sb	
ARG	635	 [	NH1]	 3.90	 ASP	414	 [	OD2]	 Sb	
ARG	640	 [	NH1]	 3.53	 ASP	412	 [	OD1]	 Sb	
ARG	640	 [	NH2]	 3.60	 ASP	412	 [	OD1]	 Sb	
ARG	640	 [	NH1]	 3.21	 ASP	412	 [	OD2]	 Sb	
HIS	649	 [	NE2]	 3.42	 GLU	522	 [	OE1]	 Sb	
HIS	649	 [	NE2]	 3.52	 GLU	522	 [	OE2]	 Sb	
ASP	658	 [	OD2]	 2.43	 LYS	398	 [	NZ	]	 Sb	
GLU	730	 [	OE1]	 3.00	 LYS	430	 [	NZ	]	 Sb	
GLU	730	 [	OE2]	 3.84	 LYS	430	 [	NZ	]	 Sb	

Table	4.8	Salt	bridges	between	CNOT3	and	CNOT2.	PISA	was	used	to	

identify	interaction	between	the	two	indicated	proteins	and	the	distance	

between	the	residues	involved	in	the	interaction.	The	table	summarises	

the	salt	bonds	between	CNOT2	and	CNOT3	residues.		
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4.3.2				RINalyzer	

In	order	to	have	a	better	understanding	of	all	contacts	between	amino	

acids	within	the	heterotrimer,	RINalyzer	was	used	to	obtain	a	bi-

dimensional	map	of	the	crystal.	

The	NOT	module	crystal	structure	(PDB	accession	number	4C0D)	was	

used	to	generate	the	Residue	interaction	networks	(RINs).	The	RINs	were	

generated	using	the	RINertator	(v0.5)	module	together	with	Reduce	

(v3.14)	and	Probe	(v2.12)	tools	(Doncheva	et	al.,	2011).	RINs	data	were	

then	visualised	and	explored	using	UCSF	Chimera	(Pettersen	et	al.,	2004)	

and	Cytoscape	3.1.1(Shannon	et	al.,	2003).		

In	the	RIN	generated,	shown	in	Figure	4.4	A,	amino	acids	were	

represented	as	nodes.	CNOT1	residues	were	coloured	in	red,	CNOT2	

residues	were	coloured	in	green,	and	CNOT3	residues	were	coloured	in	

purple.	Contacts	between	amino	acids	were	shown	as	edges	with	a	

different	colour	depending	on	their	nature	(Figure	4.4	B).	The	residue-

residue	interactions	were	classified	in	contacts	between	main	chains	

(Figure	4.4	C),	between	main	chain	and	side	chain	(Figure	4.4	D),	

hydrogen	bonds	between	main	chains	(Figure	4.4	E),	hydrogen	bonds	

between	main	chain	and	side	chain	(Figure	4.4		F),	hydrogen	bonds	

between	side	chains	(Figure	4.4	G).		This	analysis	allowed	gave	additional	

information	on	the	interaction	of	the	residues	and	their	nature.		Tables	

listing	the	residue	contacts	that	were	predicted	to	be	damagingly	by	SIFT	

analysis	are	presented	Supporting	Tables	4.4,	4.5,	and	4.6	for	CNOT1,	

CNOT2	and	CNOT3	respectively.



Chapter	4:	Analysis	of	the	NOT	module	of	the	Ccr4-Not	complex	

	

	 148	

	

	

Figure	4.4	Residue	Interaction	Network	of	the	human	NOT	module	

crystal	structure.	(A)	RINalyzer	was	used	to	obtain	the	Residue	

Interaction	Network	(RIN)	of	the	NOT	module	crystal	structure	(PDB:	

4C0D).	(B)	In	the	RIN,	amino	acids	are	represented	as	nodes	(red	for	

CNOT1,	green	for	CNOT2,	and	purple	for	CNOT3)	and	interactions	are	

represented	as	edges.	The	interactions	were	classified	according	to	their	

nature	in	(C)	contacts	between	main	chains	of	two	amino	acids,	(D)	

contacts	between	main	chain	and	side	chain,	(E)	hydrogen	bonds	between	

the	two	main	chains	of	two	amino	acids,	(F)	hydrogen	bonds	between	the	

main	chain	and	a	side	chain,	and	(G)	hydrogen	bonds	between	the	side	

chains	of	two	amino	acids.		

	

	

	

	

	

	



Chapter	4:	Analysis	of	the	NOT	module	of	the	Ccr4-Not	complex	

	

	 149	

4.4		Protein-protein	interaction	analysis	

The	effect	of	the	mutations	on	the	functionality	of	the	NOT	module	can	be	

deleterious	disrupting	the	ability	of	the	proteins	to	interact	and	assemble	

in	the	module.	Therefore,	I	next	aimed	to	investigate	the	functional	effect	

of	mutations	using	protein-protein	interaction	assays	to	complement	the	

predictions	based	on	computational	analysis.	Specifically,	the	aim	was	to	

detect	interactions	between	CNOT1	and	CNOT2,	as	well	as	CNOT1	and	

CNOT3	by	yeast	two	hybrid	analysis	and	by	co-immunoprecipitation.		

4.4.1		Yeast	two	hybrid	assay	for	CNOT1-CNOT2	interactions	

The	interaction	between	CNOT1	and	CNOT2	was	investigated	in	

S.	cerevisiae	strain	YRG2	using	a	yeast	two	hybrid	assay.	This	technique	

offers	a	sensitive,	cost-effective	and	semi-quantitative	means	to	test	and	

detect	interactions	between	two	proteins.	The	assay	relies	on	the	capacity	

to	separate	the	eukaryotic	transcriptional	activator	GAL4	into	two	

separate	domains,	the	DNA	binding	domain	(BD)	that	binds	the	upstream	

activating	sequence	(UAS)	and	the	transcriptional	activation	domain	(AD)	

that	activate	the	transcription	of	the	gene	reporter	(Ma	and	Ptashne,	

1987).	Fusion	proteins	BD-CNOT1	and	AD-CNOT2	were	produced.	The	

interaction	of	the	two	proteins	activates	the	transcription	of	the	reporter	

gene	β-galactosidase.		

In	order	to	investigate	the	interaction	between	CNOT1	and	CNOT2	with	

the	GAL4	two	hybrids	system,	the	pBD-GAL4-HA-CNOT1	and	the	pAD-

GAL4-2.1-CNOT2	plasmids	were	generated.	The	CNOT1	full	length	cDNA	

was	amplified	to	introduce	the	EcoRI	restriction	site	at	the	5’	end,	and	the	

SalI	restriction	site	at	the	3’	end	of	the	sequence.	The	PCR	product	was	

then	isolated	by	gel	electrophoresis	and	digested	with	the	EcoRI	and	SalI	

restriction	enzymes.	The	pBD-GAL4-HA	vector	was	digested	with	EcoRI	

and	SalI	restriction	enzymes,	treated	with	Antarctic	Phosphatase	in	order	

to	prevent	self-ligation	and	ligated	with	the	digested	CNOT1.		

The	CNOT2	cDNA	was	amplified	by	PCR	to	introduce	the	NheI	restriction	

site	at	the	5’	and	the	XhoI	restriction	site	at	the	3’	of	the	sequence.		The	

amplified	sequence	was	then	isolated	by	gel	electrophoresis	and	digested	

with	the	NheI	and	XhoI	restriction	enzymes.	The	pAD-2.1	vector	was	
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digested	with	NheI	and	XhoI	and	treated	with	Antarctic	Phosphatase.	

Ligation	between	the	digested	CNOT2	cDNA	fragment	and	the	digested	

pAD-GAL4-2.1	vector	was	then	set	up.	The	generation	of	the	pBD-GAL4-

HA-CNOT1	and	pAD-GAL4-2.1-CNOT2	was	confirmed	by	colony	PCRs,	

double	digestions,	and	sequencing.	Maps	of	the	generated	plasmids	are	

presented	in	Figure	4.5.	

S.	cerevisiae	YRG2	was	transformed	with	the	above-mentioned	plasmids	

on	selective	plates.	Colonies	were	used	to	inoculate	culture	to	perform	

Beta-Glo	Assay	System	(Promega)	to	quantitate	β-galactosidase	

expression	dependent	on	the	interaction	between	CNOT1	and	CNOT2.	The	

Beta-Glo	Assay	results	are	shown	in	Figure	4.6.	Empty	plasmids	were	used	

as	negative	controls	in	combination	with	the	pBD-GAL4-HA-CNOT1	and	

pAD-GAL4-2.1-CNOT2.	Unfortunately,	the	interaction	detected	was	not	

statistically	different	from	the	negative	controls.	
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Figure	4.5	Generation	of	pBD-GAL4-HA-CNOT1	and	PAD-GAL4-2.1-

CNOT2.	(A)	The	pBD-GAL4-HA-CNOT1	plasmid	was	generated	by	

inserting	CNOT1	into	the	EcoRI	and	SalI	restriction	sites	of	the	multiple	

cloning	site	(MCS).	The	pBD-GAL4	Cam	plasmid	includes	yeast	ADH1	

promoter	(P	ADH1),	GAL4	DNA	binding	domain	(GAL4-BD),	yeast	ADH1	

terminator	(T	ADH1),	yeast	TRP1	ORF	for	selection	with	tryptophan	

(TRP),	f1	origin,	pUC	origin,	chloramphenicol	resistance	ORF,	and	2μ	yeast	

origin.	(B)	The	pAD-GAL4-2.1-CNOT2	was	generated	by	inserting	CNOT2	

cDNA	into	the	NheI	and	XhoI	restriction	sites	of	the	MCS.	The	pAD-GAL4-

2.1	plasmid	has	the	same	feature	of	the	pBD-GAL4	plasmid	except	of	the	

selection	genes.	The	leucine	(LEU)	gene	is	used	for	selection	in	yeast,	and	

the	ampicillin	is	used	for	the	selection	in	bacteria.	
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Figure	4.6	CNOT1	and	CNOT2	yeast	two	hybrid	assay.		S.	cerevisiae	

YRG2	was	transformed	with	pBD-GAL4-HA-CNOT1	and	pAD-GAL4-2.1-

CNOT2.	The	Beta-Glo	Assay	System	(Promega)		was	used	to	quantitate	

β-galactosidase	expression.	Empty	plasmids	were	used	as	negative	

controls	in	combination	with	the	pBD-GAL4-HA-CNOT1	and	pAD-GAL4-

2.1-CNOT2.	Interactions	are	quantified	with	as	β-galactosidase	activity	

units	(AU).	Error	bars	indicate	the	standard	error	of	the	mean	(n=3).	
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4.4.2		Co-Immunoprecipitation	for	CNOT1-CNOT3	interaction.	

As	an	alternative	way	to	detect	protein-protein	interactions	between	

components	of	the	NOT	module,	co-immunoprecipitation	experiments	

were	carried	out.		

In	order	to	express	CNOT1	and	CNOT3	in	HEK293	cells,	plasmids	pCMV5-

GFP-CNOT11079-2736	and	pCMV5-FLAG-CNOT3	were	generated	(Figure	4.7).	

The	CNOT1	cDNA	encoding	the	C-terminus	of	CNOT1	(residues	1079	to	

2736)	was	amplified	by	PCR	to	introduce	the	EcoRI	restriction	site	at	the	

5’	end	and	the	SalI	restriction	site	at	the	3’	end.	The	PCR	product	was	then	

digested	with	the	EcoRI	and	SalI	restriction	enzymes.	The	pCMV5-GFP	

empty	vector	was	digested	with	the	same	restriction	enzymes	and	treated	

with	Antarctic	Phosphatase	to	prevent	self-ligation.	The	cloning	was	

verified	by	colony	PCRs,	double	digestions,	and	sequencing	of	the	resulting	

plasmid.		

The	CNOT3	cDNA	was	amplified	by	PCR	to	introduce	the	XbaI	restriction	

site	at	the	5’	end	and	the	BamHI	restriction	site	at	the	3’	end.	The	pCMV5-

FLAG	empty	vector	was	digested	with	XbaI	and	BamHI	and	treated	with	

Antarctic	Phosphatase.	Transformation	was	verified	by	colony	PCR	and	

the	resulting	plasmid	was	verified	by	double	digestions	and	DNA	

sequencing.		

The	two	plasmids	were	used	to	transfect	HEK293	cells	using	JetPEI	

(Polyplus).	Immunoprecipitations	were	carried	out	using	protein	

A/protein	G	agarose	beads	coupled	with	anti-FLAG	antibody.		

Western	blots	were	performed	to	detect	the	interaction	between	the	two	

proteins.	Cells	transfected	with	pCMV5-GFP-CNOT1	only	were	used	as	

negative	controls	(Figure	4.8,	lanes	1	and	3).	Detection	of	the	FLAG-CNOT3	

was	successful	in	both	crude	lysate	(lane	2)	and	in	the	

immunoprecipitated	sample	(lane	4).	Unfortunately,	detection	of	the	GFP-

CNOT1	was	successful	only	in	the	crude	lysate	of	the	co-transfected	

sample	(lane	2).	Optimisation	of	the	preliminary	experiment	was	tried	but	

conditions	for	successful	immunoprecipitation	were	not	identified.		
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Figure	4.7	Generation	of	pCMV5-GFP-CNOT1	and	pCMV5-FLAG-

CNOT3	plasmids.	(A)	The	pCMV5-GFP-CNOT1	plasmid	for	expression	of	

CNOT1	(1079-2736)	in	HEK293	cells	was	generated	by	inserting	the	cDNA	

in	the	EcoRI	and	SalI	restriction	sites	of	the	multiple	cloning	site	(MCS).	

(B)	The	pCMV5-FLAG-CNOT3	was	generated	by	inserting	the	CNOT3	

cDNA	in	the	XbaI	and	BamHI	restriction	sites	of	the	MCS.	The	pCMV5	

plasmid	includes	the	CMV	promoter,	the	human	growth	hormone	

polyadenylation	signal	(hGH	polyA	terminator),	the	SV40	promoter,	the	

pBR322	origin,	the	β-lactamase	gene	for	the	resistance	to	ampicillin	and	

its	promoter	(ampR	promoter),	the	f1	origin	and	lacZ	alpha	peptide	

(lacZ	a).	
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Figure	4.8	CNOT1	and	CNOT3	co-immunoprecipitation.	GFP-CNOT1	

and	FLAG-CNOT3	were	expressed	in	HEK293	cells.	Immunoprecipitations	

were	carried	out	using	protein	A/protein	G	agarose	beads	coupled	with	

anti-FLAG	antibody.	Crude	lysate	was	used	to	assess	the	expression	of	the	

CNOT1	fragment	and	the	CNOT3	protein	(lanes	1	and	2).		Cells	transfected	

with	pCMV5-GFP-CNOT1	only	were	used	as	negative	controls	(lanes	1	and	

3).	Detection	of	the	FLAG-CNOT3	was	successful	in	both	crude	lysate	(lane	

2)	and	in	the	immunoprecipitated	sample	(lane	4).	GFP-CNOT1	was	

detected	in	the	crude	lysate	of	the	co-transfected	sample	(lane	2),	but	not	

in	the	co-immunoprecipitation	sample	(lane	4).	
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4.5		Discussion	

The	NOT-module	components	CNOT1,	CNOT2	and	CNOT3	interact	via	

their	C-terminal	domains	(Boland	et	al.,	2013).	In	particular,	CNOT2	and	

CNOT3	interact	with	each	other	by	a	conserved	domain	termed	the	

NOT-box	(residues	350-408	and	607-634	respectively).	

The	NOT-module	is	a	fundamental	component	of	the	Ccr4-Not	complex	

and	is	involved	in	several	pivotal	cellular	processes.	The	importance	of	

this	module	is	sustained	from	its	involvement	in	different	pathologies	such	

as	heart	failure,	retinitis	pigmentosa,	osteoporosis,	obesity	and	cancers	

(Neely	et	al.,	2010;	Morita	et	al.,	2011;	Venturini	et	al.,	2012;	De	

Keersmaecker	et	al.,	2013;	Rose	et	al.,	2014;	Watanabe	et	al.,	2014).	In	this	

study	we	used	in	silico	and	in	vitro	approaches	to	attempt	to	identify	

residues	critical	for	the	assembly	of	the	NOT	module	and	its	function.	

In	order	to	better	understand	the	protein-protein	interactions	and	to	

detect	which	residues	are	critical	for	the	complex	function	and	assembly	

somatic	mutations	of	the	three	proteins	were	collected	from	COSMIC	and	

Ensemble	databases.		The	investigation	identified	75	mutations	for	CNOT1	

(amino	acidic	residues	1565-2376),	83	for	the	full	length	CNOT2	and	99	

for	the	full	length	CNOT3	mostly	found	in	lung,	endometrium,	and	large	

intestine	tumors	samples	(Figure	4.2).	However	in	the	databases	the	

localisation	of	some	mutations	was	not	specified	and	was	annotated	as	

unknown	(N/A).	

SIFT	analysis	of	the	three	protein	segments	predicted		mutations	that	may	

be	deleterious	for	protein	function	(Supporting	Tables	4.1,	4.2	and	4.3).	In	

the	NOT-module	crystal,	29	mutations	of	CNOT1,	six	of	CNOT2	and	eight	of	

CNOT3	were	predicted	to	be	deleterious	for	the	complex	function.	The	

tissue	localisation	is	less	heterogeneous	due	to	the	small	number	of	

predicted	functionally	damaging	mutations.	CNOT1	mutations	affecting	

the	function	were	localised	in	large	intestine,	endometrium	and	lung	(3);	

but	also	kidney	(3)	and	haematopoietic	and	lymphoid	(5)	tumour	tissues.	

Five	mutations	have	unknown	localisation.	Distribution	of	the	six	CNOT2	

mutations	range	in	haematopoietic	and	lymphoid	(one),	large	intestine	

(one)	and	lung	(two)	tumors	and	the	remaining	two	have	not	annotated	
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localisation.	CNOT3	deleterious	mutations	were	detected	in	large	intestine	

(three),	lung	(two),	breast	(one),	ovary	(one)	and	oesophagus	(one)	

cancers.		

PISA	interface	and	surface	analysis	performed	on	the	CNOT1,	CNOT2,	and	

CNOT3	heterotrimer	provided	chemical	information	of	the	three	possible	

interfaces	(CNOT1-CNOT2,	CNOT1-CNOT3	and	CNOT2-CNOT3)	such	as	

surface	residues,	solvent	accessible	area,	solvatation	energy,	number	of	

atoms	and	residues	involved	in	the	formation	of	the	interface,	hydrogen	

bonds,	salt	bonds	and	the	possible	assemblies	analysis.	Additional	

information	about	residue-residue	interactions	was	obtained	using	

RINalyzer,	which	provides	a	two-dimensional	map	of	interacting	residues.	

The	residue	interaction	network	is	shown	in	Figure	4.4	

By	exploration	of	the	residue	interaction	network	obtained	by	RINalyzer	

and	PISA,	interactions	of	each	residue	that	are	likely	important	for	protein	

function	were	annotated	and	reported	in	Supporting	Tables	4.4,	4.5,	and	

4.6	and	Table	4.5,	Table	4.6,	Table	4.7,	and	Table	4.8.	Interactions	were	

classified	in	main	chain-main	chain,	main	chain-side	chain,	side	chain-side	

chain	contacts	and	hydrogen	bonds	(Figure	4.4	B,	C,	D,	E,	F,	G).	

Among	all	CNOT1	variants	predicted	to	be	deleterious	for	the	protein	

function	by	SIFT,	no	residues	were	found	to	interact	with	residues	of	both	

CNOT2	and	CNOT3.	CNOT1	Arg1992	interacted	via	main	chain-side	chain	

with	Glu632,	Ser692	and	Asp630	of	CNOT3.	CNOT1	variant	R1992Q	was	

found	in	large	intestine	cancer.	CNOT1	Arg2045	interactions	resulted	in	

contacts	with	several	CNOT2	residues.	Its	main	chain	interacted	with	the	

side	chain	of	Tyr369,	Pro397	and	Phe399	of	CNOT2	and	its	side	chain	

interacted	with	those	of	Ile413	and	Cys408.	Two	variants	of	this	residue	

were	found	in	endometrium	cancer,	R2045Q	and	R2045W.	Moreover,	

CNOT1	Tyr2092	(variant	Y2092S	found	in	unknown	cancer	type)	

interacted	with	CNOT2	His375.	Asp2105	of	CNOT1	was	predicted	to	

interact	by	hydrogen	bonds	with	side	chains	of	Asn394,	Leu395	and	

Tyr396	of	CNOT2.	CNOT1	variant	D2105Y	was	found	in	haematopoietic	

and	lymphoid	cancers.		
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Only	three	residues	of	CNOT2	were	predicted	to	established	inter-

molecular	contacts.		Asp412	of	CNOT2	was	predicted	to	form	hydrogen	

bonds	with	Arg2045	of	CNOT1	and	Arg640	of	CNOT3.	Mutations	of	this	

residue	were	not	found	in	any	cancer	though	its	partner	Arg2045	of	

CNOT1was	found	mutated	in	endometrium	cancer	(variants	R2045Q	and	

R2045W).	Hydrogen	bonds	between	the	main	chain	of	Val743	of	CNOT2	

and	the	side	chain	of	Asn2315	of	CNOT1	were	predicted.	Thr423	of	CNOT2	

established	side	chain-side	chain	contacts	with	Phe698	and	Met703	of	

CNOT3.		

Arg633	of	CNOT3	was	predicted	to	form	hydrogen	bonds	with	Asp414	of	

CNOT2	and	both	hydrogen	and	salt	bonds	with	Met1996	and	Glu2000	of	

CNOT1.	This	residue	was	found	mutated	in	lung	cancer	(R633C).	Ser667	of	

CNOT3	established	contacts	with	the	side	chain	of	Asp442	of	CNOT2	with	

which	formed	hydrogen	bonds	as	well.	Mutation	S667L	of	CNOT3	was	

found	in	large	intestine	cancer.	Finally	Gln684	of	CNOT3	main	chain	was	

predicted	to	contact	the	side	chain	of	Tyr421	of	CNOT2.	Two	CNOT3	

variants,	Q684R	and	Q684H	were	found	in	large	intestine	cancer.		

These	preliminary	analyses	supplied	a	general	profile	of	the	complex	

interacting	residues	allowing	to	predict	which	mutations	could	affect	the	

interactions	between	the	heterotrimer	components	and	which	exclusively	

affect	the	function.		

In	order	to	study	how	mutations	affect	the	assembly	and	function	of	the	

NOT	module	in	vitro,	preliminary	experiments	to	detect	the	protein-

protein	interactions	of	the	two	assemblies	CNOT1-CNOT2	and	CNOT1-

CNOT3	were	performed.		

Yeast	two	hybrids	assay	were	performed	to	directly	demonstrate	the	

interactions	between	CNOT1	and	CNOT2	(Figure	4.6).	Unfortunately,	it	

was	not	possible	to	detect	the	interaction	of	the	assembly	in	this	system.				

In	order	to	prove	the	interaction	between	CNOT1	and	CNOT3	co-

immunoprecipitations	were	performed	in	HEK293	cells.	With	this	

analysis,	FLAG-CNOT3	(100	kDa)	was	successfully	immunoprecipitated,	

but	no	co-immunoprecipitation	of	GFP-CNOT1	(240	kDa)	was	detected	

(Figure	4.8)	possibly	due	to	low	expression.	In	the	future,	an	alternative	
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method	to	evaluate	the	ability	of	variants	to	interact	with	their	partners	in	

the	NOT	module	may	involve	the	reconstitution	of	the	NOT	module	using	

recombinant	(variant)	proteins	as	described	by	Boland	et	al.	(2013).	



	

	

160	

	

 

	

	

	

Chapter	5	

Analysis	of	sequence	variants	

	of	the	CNOT7	ribonuclease	

	

	

	

	

	

	

	



Chapter	5:	Analysis	of	sequence	variants	of	the	CNOT7	ribonuclease	

	

	 161	

Chapter	5.		 	Analysis	of	sequence	variants	of	the	

CNOT7	ribonuclease	

5.1		Introduction	

	
In	addition	to	at	least	six	non-catalytic	subunits,	the	Ccr4-Not	complex	

contains	two	distinct	catalytically	active	deadenylase	subunits:	Caf1	and	

Ccr4.	In	vertebrate	cells,	the	complexity	of	the	Ccr4-Not	complex	is	further	

increased	by	the	presence	of	paralogues	of	the	Caf1	subunit	(encoded	by	

either	CNOT7	or	CNOT8)	and	the	occurrence	of	two	Ccr4	paralogues	

(encoded	by	CNOT6	or	CNOT6L).		

Ccr4	belongs	to	the	exonuclease-endonuclease	phosphatase	(EEP)	protein	

family	catalysing	phosphate	ester	hydrolysis	requiring	two	Mg2+	ions	located	

in	the	active	site.	Substitution	of	the	amino	acids	Asn195,	Glu240,	Asp410,		

Asp489,	His529	coordinating	the	metal	ions	inhibits	the	enzymatic	activity	

(Dlakić,	2000;	Chen	et	al.,	2002;	Wang	et	al.,	2010).Ccr4	also	contains	a	

leucine-rich	repeat	(LRR)	domain	responsible	for	the	interaction	with	the	

second	catalytic	subunit	Caf1	(Malvar	et	al.,	1992;	Dupressoir	et	al.,	2001;	

Basquin	et	al.,	2012;	Clark	et	al.,	2004).	Caf1	contains	four	conserved	active	

site	residues	that	coordinate	divalent	ions	characterised	by	the	presence	

of	an	RNase	D	domain	(Zuo	and	Deutscher,	2001).	The	ions	are	

coordinated	to	a	single	glutamate	and	three	aspartate	residues	(DEDD)	

and	substitution	of	any	of	these	residues	abolishes	the	enzymatic	activity	

(Thore	et	al.,	2003;	Jonstrup	et	al.,	2007;	Horiuchi	et	al.,	2009).		

The	nuclease	sub-complex	is	anchored	to	the	central	MIF4G	domain	of	the	

central	scaffold	of	the	complex	CNOT1.	This	region	is	composed	of	α-helices	

and	binds	the	CNOT7/CNOT8	subunits	(Bai	et	al.,	1999;	Basquin	et	al.,	2012;	

Petit	et	al.,	2012).	Moreover,	the	interaction	between	CNOT6/CNOT6L	and	

CNOT7/CNOT8	via	its	LRR	domain	is	essential	for	the	stable	recruitment	of	

CNOT6/CNOT6L	to	the	complex	(Draper	et	al.,	1995;	Dupressoir	et	al.,	2001;	

Mittal	et	al.,	2011;	Basquin	et	al.,	2012).		

The	nuclease	module	appears	to	contain	one	subunit	of	CNOT6/CNOT6L	and	

CNOT7/CNOT8.	
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CNOT7/CNOT8.	can	interact	with	BTG/TOB	proteins.	This	family	of	six	

proteins	are	the	best	characterised	interaction	partners	of	Caf1	in	vertebrates	

(Mauxion	et	al.,	2009;	Winkler,	2010).	BTG/TOB	protein	interacts	with	Caf1	

via	their	highly	conserve	amino-terminal	BTG	domain	(Horiuchi	et	al.,	2009).	

Studies	demonstrated	that	these	proteins	when	overexpressed	inhibit	cell	

cycle	progression,	which	is	dependent	on	interactions	with	Caf1	(Horiuchi	et	

al.,	2009;	Doidge	et	al.,	2012;	Ezzeddine	et	al.,	2012).		

A	model	of	the	sub-complex	composed	of	CNOT1	MIF4G	domain,	Caf1,	Ccr4	

and	BTG2	is	shown	in	Figure	1.12	C	and	D.	Although	the	BTG1	structure	has	

not	been	resolved,	BTG1	is	likely	to	interact	with	Caf1	in	a	similar	manner	

as	BTG1	and	BTG2	are	highly	related	in	their	BTG	domain	(74%	identical)	

(Winkler,	2010).	

In	the	work	described	in	this	chapter,	the	assembly	of	the	sub-complex	

composed	of	the	CNOT1	MIF4G	domain,	BTG1,	CNOT6L,	and	CNOT7	was	

investigated.	In	particular	this	study	aims	to	detect	CNOT7	amino	acidic	

residues	essential	for	its	function	and	for	the	interaction	with	the	other	

components	of	the	nuclease	sub-complex.	The	approaches	used	in	this	

study	are	summarised	in	Figure	5.1.	Computational	methods	were	used	to	

select	a	pool	of	residues	that	resulted	mutated	in	tumour	samples	and	

annotated	in	the	Catalogue	of	Somatic	Mutations	In	Cancer	(COSMIC)	

database	(Bamford	et	al.,	2004;	Forbes	et	al.,	2008,	2011)	and	the	

Ensemble	genome	browser	(Chen	et	al.,	2010;	Rios	et	al.,	2010;	Flicek	et	

al.,	2014).	The	impact	of	each	amino	acid	substitution	on	protein	function	

was	predicted	using	the	Sorting	Intolerant	From	Tolerant	(SIFT)	package	

(Ng	and	Henikoff,	2003;	Kumar	et	al.,	2009).	This	approach,	based	on	

conservation	of	amino	acid	residues	in	sequence	alignments	derived	from	

closely	related	sequences,	distinguishes	between	tolerated	mutations	and	

mutation	deleterious	for	the	protein	function.		This	method	allowed	to	

reduce	the	number	of	residues	likely	to	play	a	critical	role	in	the	assembly	

and	function	of	the	nuclease	sub-complex.		

Furthermore,	the	Disease-Susceptibility-based	SAV	Phenotype	Prediction	

software	(SuSPect)	(Yates	et	al.,	2014)	was	used	to	predict	the	phenotypic	

effects	of	the	mutations	and	their	association	with	disease.	The	approach	
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is	based	on	combined	sequence	and	structural	features,	including	network	

information	to	identify	disease-associated	single	amino	acid	variants.		

Moreover,	the	impact	of	the	amino	acid	substitutions	on	the	stability	and	

structure	of	the	CNOT7	was	investigated	in	two	ways.		

The	effect	of	single	point	mutations	on	the	protein	stability	was	predicted	

by	Site	Directed	Mutator	(SDM)	(Worth	et	al.,	2011).	The	package	is	based	

on	observed	substitutions	occurring	in	homologous	proteins	and	which	

are	encoded	in	environment-specific	substitution	tables	(ESSTs).		

In	order	to	investigate	if	the	mutations	can	be	accommodated	into	the	

CNOT7	structure	model	(4GMJ)	without	major	rearrangements	of	the	

protein,	UCSF	Chimera	was	used	(Pettersen	et	al.,	2004).	

These	in	silico	predictions	were	indicative	of	the	possible	effects	that	

amino	acidic	substitutions	may	have	on	the	structure	and	function	of	the	

CNOT7.	To	complement	these	analyses,	the	impact	of	CNOT7	amino	acid	

substitutions	on	the	interactions	with	the	MIF4G	domain	of	CNOT1,	

CNOT6L,	and	BTG1	was	experimentally	verified	using	yeast	two	hybrid	

assays.	This	approach	was	used	to	study	the	interaction	of	the	GAL4-AD-

CNOT7	with	GAL4-BD-CNOT1MIF4G,	GAL4-BD-CNOT6L,	and	GAL4-BD-BTG1	

fusion	proteins	(Figure	5.2).	These	analyses	allowed	the	identification	of	

residues	critical	for	the	interactions	with	the	other	subunits	of	the	

nuclease	module.		

To	assess	the	function	of	CNOT7	variants	in	mRNA	degradation,	RNA	

tethering	assays	were	carried	out.	The	tethering	assay	studies	the	function	

of	RNA	regulatory	proteins	independently	of	their	ability	to	recognise	and	

bind	to	RNA.		The	examined	protein	is	expressed	as	a	fusion	protein	with	a	

tethering	peptide	(λN)	that	recognises	the	3'UTR	of	an	mRNA	reporter	

containing	five	boxB	RNA	motifs.	Once	the	λN	fusion	protein	is	bound	to	

the	3'UTR,	the	function	of	the	protein	can	be	assessed	by	evaluating	

expression	of	the	luciferase	reporter	gene.	pCIλN-CNOT7	plasmid	and	its	

mutants	were	obtained	by	Gibson	cloning	as	described	in	Materials	and	

Methods.	In	case	of	wild	type	CNOT7,	the	reporter	mRNA	will	be	degraded	

resulting	in	reduced	luciferase	activity.	Non-functional	fusion	proteins	will	

not	degrade	the	mRNA	and	the	luciferase	can	be	expressed	(Figure	5.3).		
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Figure	5.1	Overview	of	the	approaches	used	for	the	analysis	of	

sequence	variants	of	CNOT7.	The	scheme	summaries	the	approaches	

used	in	this	studyto	characterise	the	impact	of	mutations	in	CNOT7	

annotated	in	COSMIC	and	Ensemble.	For	the	characterisation	of	the	

function,	SIFT	and	SuSPect	were	used.	The	impact	on	the	structure	and	the	

stability	of	the	protein	was	predicted	using	Site	Directed	Mutator	(SDM)	

and	Chimera	UCSF.	Experimental	approaches	used	to	study	the	effect	of	

the	mutations	on	the	protein	function	(RNA	tethering	assay)	and	on	the	

interaction	with	other	proteins	of	the	nuclease	sub-complex	(yeast	

two-hybrid	assay)	are	also	indicated.		
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Figure	5.2	Detection	of	CNOT7	interactions	using	yeast	two	hybrid	

analysis.	(A)	The	GAL4-BD	hybrid	protein	(CNOT1MIF4G,	CNOT6L,	and	

BTG1)	binds	to	the	GAL4	UAS	upstream	to	the	lacZ	reporter	gene.	(B)	

When	AD-CNOT7	interacts	with	the	BD	hybrid	proteins,	the	GAL4	AD	and	

the	GAL4	BD	are	brought	in	close	proximity	leading	to	expression	of	the	

reporter	gene.	In	the	absence	of	CNOT7	interactions,	lacZ	activity	cannot	

be	detected.			
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Figure	5.3	RNA	tethering	assay	for	functional	studies	of	CNOT7	

variants.	CNOT7	was	expressed	as	a	fusion	protein	with	a	tethering	

peptide	(λN)	that	recognises	the	3'UTR	of	an	mRNA	reporter	containing	

five	boxB	motifs.	Binding	of	wild	type	λN-CNOT7	result	in	degradation	of	

the	mRNA	resulting	in	a	reduced	expression	of	the	luciferase	gene.	

Non-functional	CNOT7	variants	will	not	degrade	the	mRNA	and	high	

luciferase	activity	can	be	detected.		
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5.2		Collection	of	mutations	and	prediction	of	their	impact	on	the	

function	of	CNOT7	

A	list	of	somatic	mutations	of	CNOT7	was	retrieved	from	the	Catalogue	of	

somatic	mutations	in	cancer	(COSMIC	v.72)	and	from	Ensemble	genome	

browser.	COSMIC,	as	previously	described,	is	the	most	comprehensive	

resource	of	information	on	somatic	mutations	in	human	cancer	collecting	

data	from	literature	and	from	the	Cancer	Genome	Project	at	Sanger	

Institute	(Bamford	et	al.,	2004;	Forbes	et	al.,	2008,	2011).	The	Ensemble	

genome	browser	annotates	genomic	information	of	different	species	with	

emphasis	on	human	and	reporting	human	variants	(Chen	et	al.,	2010;	Rios	

et	al.,	2010;	Flicek	et	al.,	2014).	In	order	to	predict	the	effects	of	single	

amino	acidic	variants	on	the	function	of	the	ribonuclease,	the	Sorting	

intolerant	from	tolerant	(SIFT)	package	was	used	to	distinguish	between	

tolerated	or	damaging	mutations	(Supporting	Table	5.1).	The	algorithm	is	

based	on	the	conservation	of	amino	acid	residues	in	sequence	alignments	

derived	from	closely	related	sequences.	Out	of	46	somatic	mutations	

reported	in	the	databases,	seventeen	were	found	to	be	deleterious	for	the	

function	(Figure	5.4	A).	Tissue	localisation	of	the	46	somatic	mutations	

was	retrieved	and	inspected	where	annotated.	The	tissue	distribution	was	

heterogeneous	and	mutations	were	found	in	the	central	nervous	system	

(CNS)	(one),	endometrium	(five),	kidney	(one),	large	intestine	(seven),	

liver	(one),	lung	(eleven),	pancreas	(one),	skin	(three),	stomach	(four),	

thyroid	(one),	and	upper	digestive	tract	(one)	cancer	samples.	The	tissue	

localisation	of	eleven	mutations	was	not	available	in	the	databases	(Figure	

5.4	B).	

After	inspecting	the	tissue	distribution	of	the	mutations	predicted	to	be	

functionally	deleterious	by	SIFT,	the	highest	number	was	found	in	lung	

(eight),	then	in	endometrium	(two),	large	intestine	(two),	skin	(two),	and	

central	nervous	system	(one).		Annotation	of	the	remaining	five	mutations	

was	not	available	in	the	databases	(Figure	5.4	C).	Mutations	(n=21)	

selected	for	further	analyses	are	reported	in	Table	5.1,	along	with	their	

SIFT	prediction	scores	indicative	of	the	effects	on	the	protein	function	

(damaging	or	tolerated),	and	their	tissue	localisation.		
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In	addition	to	the	damaging	mutations,	four	mutations	predicted	to	be		

tolerated	were	inspected	(M24I,	A58V,	E87Q,	and	E217Q).			

In	addition	to	SIFT,	Disease-Susceptibility-based	SAV	Phenotype	

Prediction	(SuSPect)	was	also	used	to	predict	the	phenotypic	effects	of	the	

mutations	and	their	association	with	disease	(Yates	et	al.,	2014).	This	

algorithm	is	based	on	combined	sequence	and	structural	features,	

including	network	information	to	identify	disease-associated	single	amino	

acid	variants.	The	chosen	features	are	related	to	the	differences	between	

disease-susceptible	and	disease-resistant	domains	and	proteins.	SuSpect	

provides	a	score	(0-100)	indicating	the	mutation	deleteriousness	and	its	

association	with	disease.	A	score	of	50	was	used	as	cut-off	between	neutral	

and	deleterious	mutations.		SuSPect		scores	of	the	mutations	selected	on	

the	basis	of	SIFT.	Predictions	are	reported	in	Table	5.1	;	all	other	SuSPect	

substitution	scores	are	reported	in	Supporting	Table	5.2.	A	schematic	of	

the	mutations	mapped	on	the	linear	structure	of	CNOT7	is	shown	in	Figure	

5.5A.	

Mutations	were	also	mapped	on	the	crystal	structure	of	the	complex	

composed	of	CNOT7,	CNOT1	MIF4G	domain,	CNOT6L,	and	BTG2	and	were	

arranged	in	four	groups	(I	to	IV).	Group	I	(R220W,	R220L,	G228E,	L232S,	

F239I,	and	E243G)	is	composed	of	mutations	mapping	to	the	C-terminus	of	

CNOT7	(Figure	5.5	B);		group	II	(H157Y,	D161N,	G163C)	comprises	

mutations	proximal	to	the	catalytically	active	site	of	the	ribonuclease	

(Figure	5.5	C);	group	III	(N19S,	N19I,	M24I,	R28C,	G45C,	A58V)	constitutes	

mutations	mapping	to	the	N-terminus	(Figure	5.5	D);	and	group	IV	is	

composed	of	mutations	(E87Q,	L79Q,	W153C,	G208V,	L209F,	and	E217Q)	

mapping	to	the	region	next	to	the	catalytically	active	site	(Figure	5.5	E).			
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Figure	5.4	Overview	of	CNOT7	mutations	annotated	in	COSMIC	and	

Ensemble.	The	impact	of	mutations	annotated	in	COSMIC	and	Ensemble	

were	investigated	using	the	Sorting	Intolerant	From	Tolerant	(SIFT)	

algorithm.	(A)	The	tool	distinguished	between	29	tolerated	mutations	and	

found	17	mutations	predicted	to	be	damaging	CNOT7	function.	(B)	Tissue	

localisation	of	all	mutations.	(C)	Tissue	localisation	of	the	mutations	

predicted	to	be	damaging	by	SIFT.			
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CNOT7	
Variant	

SIFT	
score	 Effect	 SuSPect	

score	
Disease	

association	
Tissue	

localisation	

N19I	 0	 Damaging	 97	 Yes	 Lung	cancer	
N19S	 0.002	 Damaging	 94	 Yes	 N/A	
M24I	 0.087	 Tolerated	 53	 Yes	 N/A	

R28C	 0.007	 Damaging	 66	 Yes	
Skin,	Large	
intestine	

G45C	 0	 Damaging	 92	 Yes	 Lung	cancer	
A58V	 0.26	 Tolerated	 16	 No	 Endometrium	
L79Q	 0	 Damaging	 90	 Yes	 Liver	
E87Q	 0.131	 Tolerated	 3	 No	 N/A	
W153C	 0	 Damaging	 87	 Yes	 N/A	
H157Y	 0	 Damaging	 27	 No	 Skin	
D161N	 0.02	 Damaging	 66	 Yes	 Pancreas	
G163C	 0.016	 Damaging	 36	 No	 N/A	
G208V	 0.001	 Damaging	 64	 Yes	 Lung	cancer	
L209F	 0	 Damaging	 80	 Yes	 Lung	cancer	
E217Q	 0.382	 Tolerated	 7	 No	 Endometrium	
R220W	 0	 Damaging	 19	 No	 Lung	cancer	
R220L	 0	 Damaging	 22	 No	 Lung	cancer	
G228E	 0	 Damaging	 89	 Yes	 Large	intestine	
L232S	 0	 Damaging	 66	 Yes	 Lung	cancer	
F239I	 0.022	 Damaging	 23	 No	 Lung	cancer	

E243G	 0.019	 Damaging	 26	 No	 CNS	

Table	5.1	Selected	CNOT7	variants.	List	of	CNOT7	variants	selected	for	

further	studies.	SIFT	scores	are	reported	in	the	table;	mutations	were	

considered	damaging	when	the	SIFT	score	was	<0.05.	The	SuSPect	

software	was	used	to	infer	the	phenotypic	effect	(disease-association)	of	

the	mutations.	SuSPect	scores	are	reported	and	a	cut-off	score	of	50	was	

used	to	distinguish	between	disease-associated	(Yes)	or	non-disease-

associated	(No)	mutations.	Moreover,	tissue	localisation,	as	annotated	in	

the	databases,	is	reported.	
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Figure	5.5	Map	of	selected	CNOT7	variants.	The	mutations	selected	for	

the	further	studies	were	mapped	to	the	nuclease	module	model	composed	

by	CNOT7	(orange),	CNOT1MIF4G(blue),	CNOT6L	(yellow),	and	BTG2	(pink).	

(A)	Schematic	of	CNOT7	linear	protein	structure;	damaging	mutations	are	

represented	as	red	residues,	tolerated	mutations	were	coloured	in	green.	

(B)	Mutations	were	arranged	in	four	groups	and	mapped	(green	residues)	

on	the	nuclease	sub-complex	crystal	structure.	Group	I	mapped	to	the	

C-Terminus	of	CNOT7	(R220W,	R220L,	G228E,	L232S,	F239I,	and	E243G).	

(C)	Group	II	are	located	in	close	proximity	of	the	catalytic	site	(H157Y,	

D161N,	and	G163C).	(D)	Group	III	are	localised	in	the	N-terminus	of	

CNOT7	(N19S,	N19I,	M24I,	R28C,	G45C,	and	A58V).	(E)	Group	IV	(E87Q,	

L79Q,	W153C,	G208V,	L209F,	and	E217Q)	map	to	the	region	surrounding	

the	catalytically	active	residues.	
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5.3		Prediction	of	the	impact	of	the	mutations	on	the	structure	of	

CNOT7.	

Prediction	of	the	effects	of	the	mutations	on	the	integrity	and	structure	of	

CNOT7	was	performed	by	Site	Directed	Mutator	(SDM)	(Worth	et	al.,	

2011)	and	Chimera	UCSF		(Pettersen	et	al.,	2004).	Site	Directed	Mutator	

evaluates	the	effect	of	single	point	mutations	on	the	protein	stability	and	

distinguishes	disease-associated	mutations	from	non-disease	associated	

mutations.	The	package	is	based	on	observed	substitutions	occurring	in	

homologous	proteins	and	which	are	encoded	in	environment-specific	

substitution	tables	(ESSTs).	It	calculates	a	stability	score,	which	is	

analogous	of	the	free	energy	difference	between	the	wild-type	and	the	

mutant	(Topham	et	al.,	1997).			

The	protein	stability	analysis	by	SDM	was	performed	on	all	the	retrieved	

mutations	and	provided	information	on	possible	changes	in	the	secondary	

structure,	solvent	accessibility	expressed	in	percentage,	and	the	stability	

score	(pseudo	ΔΔG).	A	negative	stability	score	indicates	that	the	mutation	

is	destabilising,	whereas	a	positive	score	indicates	a	stabilising	effect	

(Table	5.2).	The	analysis	predicted	amino	acid	substitutions	L232S	and	

E243G	as	highly	destabilising	and	L79Q	destabilising.	Thus,	these	variants	

are	predicted	to	affect	the	function	of	the	protein	and	to	be	associated	with	

disease.	Variants	N19S,	G45C,	and	W153	were	predicted	to	be	

destabilising	but	not	classified	as	disease-associated.		

Amino	acid	substitutions	A58V,	D161N,	L209F,	G228E,	and	F239I	were	

predicted	to	be	neutral	and	not	disease	associated.	Variants	N19I,	R28C,	

E87Q,	and	H157Y	were	found	to	be	slightly	stabilizing	and	not	disease-

associated.	Interestingly	the	H157Y	mutant	was	predict	to	have	a	change	

in	solvent	accessibility	from	accessible	(58.3%)	to	partially	accessible	

(26.60%).	G208V,	E217Q,	R220L,	and	R200W	were	predicted	to	be	

stabilizing	and	not	disease-associated.	The	G163C	mutation	was	the	only	

one	to	be	highly	stabilizing	and	predicted	to	malfunction	and	be	disease	

associated	(Table	5.2).	
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		 Wild	type	 Mutant	

		 	2nd	Structure	

	w.t.	Solvent		

accessibility	

Solvent	

	accessibility	 ΔΔG	

Mutation		

effect	

L232S	 Helix	α12	 0.1%	 4%	 -4.56	 Highly	destabilizing	

E243G	 Helix	α12	 48.1%	 49.20%	 -3.18	 Highly	destabilizing	

L79Q	 Sheet	β3	 1.2%	 2%	 -2.11	 Destabilizing		

G45C	 Loop-irregular	 32.4%	 26%	 -1.97	 Destabilizing		

N19S	 Loop-irregular	 26.5%	 36.60%	 -1.41	 Destabilizing		

W153C	 Sheet	β5	 1.7%	 2.80%	 -1.32	 Destabilizing		

F239I	 Helix	α12	 10.4%	 20.20%	 -0.43	 Neutral	

A58V	 Helix	α3	 53.3%	 69.70%	 -0.38	 Neutral	

L209F	 Helix	α11	 10.3%	 16.10%	 -0.34	 Neutral	

D161N	 Helix	α7	 4.7%	 6.40%	 -0.17	 Neutral	

G228E	 Helix	α12	 0.0%	 0%	 0.33	 Neutral	

H157Y	 Bend	 58.3%	 26.60%	 0.51	 Slightly	stabilizing	

N19I	 Loop-irregular	 26.5%	 36.50%	 0.58	 Slightly	stabilizing	

E87Q	 Loop-irregular	 70.0%	 68.80%	 0.63	 Slightly	stabilizing	

R28C	 Helix	α2	 48.8%	 32.10%	 0.67	 Slightly	stabilizing	

E217Q	 Loop-irregular	 90.2%	 93.40%	 1.1	 Slightly	stabilizing	

R220L	 Loop-irregular	 35.5%	 27.20%	 1.14	 Slightly	stabilizing	

R220W	 Loop-irregular	 35.5%	 27.70%	 1.29	 Slightly	stabilizing	

G208V	 Loop-irregular	 77.8%	 67.10%	 1.63	 Slightly	stabilizing	

G163C	 Helix	α7	 0%	 0%	 2.91	 Highly	stabilizing	

Table	5.2	Predicted	stability	of	CNOT7	variants.	Protein	stability	was	

investigated	for	all	selected	mutations	using	the	Site	Directed	Mutator	

(SDM)	package.	The	analysis	provided	information	on	changes	in	the	

secondary	structure,	solvent	accessibility	expressed	in	percentage,	and	the	

stability	score	(Pseudo	��G).	A	negative	stability	score	indicates	that	the	

mutation	is	destabilising,	whereas	a	positive	score	indicates	that	the	

mutation	is	stabilising.		
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In	order	to	investigate	if	the	amino	acid	substitutions	can	be	

accommodated	into	the	CNOT7	structure	model	(PDB	accession	number	

4GMJ)	without	major	rearrangements	of	the	protein,	UCSF	Chimera	was	

used	(Pettersen	et	al.,	2004).	This	package	is	used	for	molecular	

visualisation	and	provides	several	tools	for	structure	exploration	and	

editing	of	protein	models.		

The	analyses	identified	which	amino	acid	substitutions	could	be	

accommodated	in	the	protein	model	without	clashes	with	neighbouring	

residues.	Only	amino	acid	rotamers	present	in	the	rotamers	library	with	a	

probability	>5%	were	inspected	(Dunbrack,	2002).	Once	the	residues	

were	altered,	clashes	with	neighbouring	atoms	were	investigated	and	

where	possible	resolved.	Most	of	the	amino	acid	substitutions	could	be	

accommodated	within	the	crystal	structure	(Supplementary	Table	5.3).		

Six	mutations	though	could	not	be	accommodated	in	the	CNOT7	structure.	

The	clashing	rotamers	were	annotated	with	the	side	chain	torsion	angles	

(Chi1,	Chi2,	and	Chi3)	and	their	probability	(Table	5.3).	The	mutation	

G45C	presented	two	cysteine	rotamers	that	could	not	be	accommodated	

without	major	rearrangements	of	the	protein	structure.	These	cysteine	

rotamers	were	present	in	the	rotamer	library	with	Chi1	-69.2	and	

probability	84%,	and	Chi1	-174.2	and	probability	9.5%	respectively.	In	

both	cases,	clashes	with	Ser112	were	found	(Figure	5.6	A).	The	CNOT7	

H157Y	mutation	could	be	accommodated	with	all	tyrosine	rotamers	

except	for	a	rotamer	with	Chi1	-61.4	and	Chi2	99.4	found	in	the	8.7%	of	

the	cases.	This	tyrosine	clashed	with	Phe147.	CNOT7	His157	could	likely	

be	substituted	by	a	tyrosine	without	major	atomic	rearrangements	of	the	

structure	(Figure	5.6	B).		

The	mutation	D161N	could	be	accommodated	in	most	cases.	Two	

asparagine	rotamers	with	Chi1	-176.9,	Chi2	64.2,	and	probability	15%	and	

with	Chi1	-171.6,	Chi2	30.9,	and	probability	8%	were	found	to	clash	with	

Met39.Thus	the	mutation	can	likely	be	accommodated	in	the	structure	

without	major	structural	rearrangements	(Figure	5.6	C).		

Furthermore,	the	amino	acid	substitution	G163C	was	found	not	to	

interfere	with	the	structure	of	the	protein.	In	the	remaining	cases	the	
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cysteine	rotamer	with	Chi1	-177.4	and	probability	33%,	was	found	to	

clash	with	Leu174	(Figure	5.6	D).			

The	mutation	R220W	was	inspected.	In	three	cases	tryptophan	rotamers	

clashed	with	surrounding	atoms.	Two	tryptophan	rotamers	with	side	

chain	torsion	Chi1	-69.1	and	Chi2	102.2,	and	Chi1	-70.5	and	Chi2	2.7	were	

found	to	clash	with	Gln210	respectively	with	59%	and	14%	probability.	

The	tryptophan	rotamer	with	Chi1	178.4,	Chi2	85.8,	and	probability	8.1%,	

was	found	to	clash	with	Gln224	and	Gly222.	Hence	in	the	81.1%	of	the	

cases,	Arg220	cannot	be	substituted	with	tryptophan	without	causing	

major	changes	in	the	protein	structure	(Figure	5.6	E).	

Finally,	G228E	was	investigated.	The	glutamic	acid	rotamers	with	Chi1	-

177.4,	Chi2	177.6,	and	probability	17%	and	the	rotamer	with	Chi1	-68.8,	-

179.4,	and	probability	7.1%	were	predicted	to	clash	with	Gln96	and	Ile12.	

In	the	remaining	75.9%	of	the	cases,	the	glutamic	acid	could	be	

accommodated	in	the	structure	without	causing	any	structural	changes	

(Figure	5.6	F).		

None	of	the	amino	acid	substitutions	inspected	were	predicted	to	directly	

cause	clashes	with	CNOT6L,	CNOT1,	or	BTG1	residues.	
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Mutation	 Side	chain	torsion		 Probability	

(%)	

Clashing	

residues				 Chi1	 Chi2	

G45C	 -62.9	

	

84	 SER112	

	

-174.2	

	

9.5	 SER112	

H157Y	 -61.4	 99.4	 8.7	 PHE156,	

D161N	 -176.9	 64.2	 15	 MET39	

	

-171.6	 30.9	 8	 MET39	

G163C	 -177.4	

	

33	 LEU174	

R220W	 -69.1	 102.2	 59	 GLN210	

	

-70.5	 2.7	 14	 GLN210	

	

178.4	 85.8	 8.1	 GLN224,GLY222	

G228E	 -177.4	 177.6	 17	 GLN96,	ILE12	

		 -68.8	 -179.4	 7.1	 GLN96,	ILE12	

Table	5.3	Accommodation	of	CNOT7	variants.	The	effects	of	amino	acid	

substitutions	on	CNOT7	structure	was	investigated.	Reported	are	the	six	

variants	whose	side	chain	cannot	be	accommodated	in	the	reference	

structure	of	CNOT7	without	causing	rearrangements.	For	each	residue	the	

side	chain	torsions	of	the	considered	rotamers	are	indicated,	along	with	

the	probability	of	being	found	in	the	rotamer	library	(Dunbrack,	2002)	and	

the	residues	clashing.	
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Figure	5.6	Clashes	caused	by	amino	acid	substitutions	in	CNOT7.	

Rotamers	clashes	caused	by	amino	acid	substitutions	were:	(A)	G45C,	(B)	

H157Y,	(C)	D161N,	(D)	G163C,	(E)	R220W,	(F)	and	G228E.	Amino	acid	

substitutions	are	highlighted	in	green.	Clashes	between	atoms	are	

indicated	using	blue	lines.		
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5.4		The	effect	of	CNOT7	mutations	on	protein-protein	interactions	in	

the	nuclease	sub-complex	

5.4.1		Generation	of	plasmids	for	yeast	two	hybrid	assays	

	
In	order	to	investigate	protein-protein	interactions	of	CNOT7	variants	

with	CNOT1,	CNOT6L,	and	BTG1,	a	yeast	two	hybrid	system	based	on	

GAL4	DNA-binding	domain/activation	domain	fusions	was	used.	To	this	

end,	plasmids	pAD-GAL4-2.1-CNOT7,	pBD-GAL4-HA-CNOT1MIF4G	and	

pBD-GAL4-HA-CNOT6L	were	generated.	The	pBD-GAL4-HA-BTG1	plasmid	

was	provided	by	Miss	Hibah	Almasmoum.	The	CNOT7	cDNA	was	amplified	

to	include	XhoI	restriction	sites	at	the	5'	and	3'	ends.	The	PCR	product	was	

then	isolated	by	gel	electrophoresis	and	digested	with	XhoI.	The	

pAD-GAL4	2.1	vector	was	digested	with	XhoI	restriction	enzyme,	treated	

with	Antarctic	Phosphatase	in	order	to	prevent	self-ligation	and	ligated	

with	the	digested	CNOT7	cDNA.	The	selected	21	mutants	were	obtained	by	

site-directed	mutagenesis	of	the	pAD-GAL4-CNOT7	plasmid	(Figure	5.7	A).			

The	cDNAs	encoding	HA-tagged	versions	of	the	MIF4G	domain	of	CNOT1,	

CNOT6L,	and	BTG1	were	amplified	by	PCR	to	include	the	EcoRI	restriction	

site	at	the	5’	and	the	SalI	restriction	site	at	the	3’	of	the	sequences.		The	

amplified	sequences	were	then	isolated	by	gel	electrophoresis	and	

digested	with	the	EcoRI	and	SalI	restriction	enzymes.	The	pBD-GAL4-HA	

Cam	vector	was	digested	with	EcoRI	and	SalI	and	treated	with	Antarctic	

Phosphatase.	Ligation	reactions	containing	the	digested	CNOT1MIF4G	and	

CNOT6L	cDNA	sequences	and	the	digested	pBD-GAL4-HA	were	then	set	

up.	The	generation	of	the	pAD-GAL4-2.1-CNOT7	and	its	mutants,	

pBD-GAL4-HA-CNOT1MIF4G	(Figure	5.7	B),	pBD-GAL4-HA-CNOT6L	

(Figure	5.7	C),	and	pBD-GAL4-HA-BTG1	(Figure	5.7	D)	was	confirmed	by	

colony	PCRs,	restriction	enzyme	digestions,	and	DNA	sequencing.		The	

plasmids	were	then	used	to	transform	S.	cerevisiae	YRG2	and	perform	the	

yeast	two-hybrid	assays.	Unfortunately	plasmids	pAD-GAL4-CNOT7	L79Q	

and	pAD-GAL4-CNOT7	L209F	did	not	allow	growth	of	yeast	colonies	and	

were	then	not	used	for	any	further	analyses	reducing	the	number	of	

analysed	variants	to	nineteen.		
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5.4.2		Identification	of	CNOT7	residues	required	for	the	interaction	

with	the	MIF4G	domain	of	CNOT1		

To	investigate	the	effect	of	the	mutations	on	the	interaction	of	CNOT7	and	

the	MIF4G	domain	of	CNOT1,	plasmids	pAD-GAL4-CNOT7	and	its	mutants,	

and	pBD-GAL4-HA-CNOT1MIF4G	were	transformed	into	yeast	strain	YRG2	

and	grown	on	media	without	leucine	and	tryptophan	to	select	

transformants.	Transformation	of	pBD-GAL4-HA	only	and	pAD-GAL4-

CNOT7	confirmed	that	CNOT7	and	its	mutants	without	the	CNOT1MIF4G	

fused	to	the	GAL4	DNA	binding	domain	was	not	able	to	activate	β-

galactosidase	expression.		

The	CNOT7	mutations	were	analysed	by	grouping	them	as	previously	

described.	Of	the	six	mutation	analysed	in	the	Group	I,	R220W,	L232S,	

F239I,	and	E243G	did	not	induce	β-galactosidase	activity	and	thus	were	

unable	to	interact	with	BD-HA-CNOT1MIF4G	(Figure	5.8	A).		From	the	yeast	

cultures	used	for	the	β-galactosidase	assay,	cellular	lysates	were	analysed	

by	western	blot	to	confirm	the	expression	of	BD-HA-	CNOT1MIF4G	and	the	

CNOT7	mutants	(Figure	5.8	B).		

In	Group	II,	CNOT7	variants	H157Y,	D141N,	and	G163C	retained	the	ability	

to	interact	with	CNOT1MIF4G	and	to	induce	β-galactosidase	expression	

(Figure	5.9	A).		Expression	of	BD-HA-CNOT1MIF4G	and	the	CNOT7	mutants	

was	confirmed	by	western	blot	of	yeast	lysates	(Figure	5.9	B).			

For	Group	III,	two	variant,	N19S	and	N19I,	displayed	reduced	interactions	

with	BD-HA-CNOT1MIF4G	(Figure	5.10	A).		From	yeast	cultures	used	for	the	

β-galactosidase	assay,	cellular	lysates	were	analysed	by	western	blot	to	

confirm	the	expression	of	BD-HA-	CNOT1MIF4G	and	the	CNOT7	mutants.	

Interestingly,	the	variants	N19S	and	N19I	were	found	to	have	a	reduced	

expression	level	(Figure	5.10	B).			

In	Group	IV,	two	variant,	W153C	and	G208V,	displayed	reduced	

β-galactosidase	expression	(Figure	5.11	A).		From	yeast	cultures	used	for	

the	β-galactosidase	assay,	cellular	lysates	were	analysed	by	western	blot	

to	confirm	the	expression	of	BD-HA-	CNOT1MIF4G	and	the	CNOT7	mutants	

(Figure	5.1	B).		
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Figure	5.7	Generation	of	plasmids	for	yeast	two	hybrid	analysis.	(A)	

The	pAD-GAL4-2.1-CNOT7	plasmid	was	generated	by	cloning	CNOT7	

cDNA	using	the	XhoI	restriction	site	of	the	multiple	cloning	sequence	

(MCS).	The	pAD-GAL4	2.1	plasmid	includes	yeast	ADH1	promoter	

(P	ADH1),	GAL4	activating	domain	(GAL4-AD),	yeast	ADH1	terminator	

(T	ADH1),	yeast	selection	gene	LEU2	ORF,	f1	origin,	pUC	origin,	ampicillin	

resistance	ORF,	and	2�	yeast	origin.	(B)	The	pBD-GAL4-Cam-HA-CNOT1	

plasmid	was	generated	by	inserting	a	cDNA	encoding	HA-tagged	

CNOT1MIF4G	into	the	multiple	cloning	sequence	(MCS)	using	the	EcoRI	

and	SalI	restriction	sites.	Plasmid	pBD-GAL4-Cam	has	the	same	features	of	

the	pAD-GAL4	plasmid	except	of	the	selection	genes	and	the	GAL4	binding	

domain	(BD).	The	tryptophan	gene	(TRP1)	is	used	for	selection	in	yeast,	

and	the	chloramphenicol	resistance	gene	is	used	for	selection	in	bacteria.	
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(C)	Plasmid	pBD-GAL4-Cam-HA-CNOT6L	was	generated	by	inserting	a	

cDNA	encoding	HA-tagged	CNOT6L	into	the	multiple	cloning	sequence	

(MCS)	using	the	EcoRI	and	SalI	restriction	sites.	(D)	Plasmid	

pBD-GAL4-Cam-HA-BTG1	was	generated	by	inserting	a	cDNA	encoding	

HA-tagged	BTG1	into	the	EcoRI	and	SalI	restriction	sites	of	the	MCS.		

	

	
Figure	5.8	Yeast	two-hybrid	analysis	of	the	CNOT1MIF4G	interaction	

with	CNOT7	variants	(Group	I).	(A)	YRG2	yeast	cells	were	transformed	

with	the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	pBD-

Gal4-HA	or	pBD-Gal4-HA-	CNOT1MIF4G.	�-Galactosidase	activity	was	

normalised	against	total	protein	concentration.	Error	bars	represent	the	

standard	error	of	the	mean	(n=3)	and	the	P	value	is	indicated	(**	≤	0.01	

and	***≤	0.001).		(B)	Western	blot	analysis	the	showing	expression	of	

Gal4-BD-HA-CNOT1MIF4G	and	Gal4-AD-CNOT7.	Anti-HA	antibodies	were	

used	to	detect	Gal4-BD-HA-CNOT1MIF4G;	anti-Gal4-AD	antibodies	were	

used	to	detect	Gal4-AD-CNOT7.	
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Figure	5.9	Yeast	two-hybrid	analysis	of	the	CNOT1MIF4G	interaction	

with	CNOT7	variants	(Group	II).	(A)	YRG2	yeast	cells	were	transformed	

with	the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	

pBD-Gal4-HA	or	pBD-Gal4-HA-	CNOT1MIF4G.	�-Galactosidase	activity	

was	normalised	against	total	protein	concentration.	Error	bars	represent	

the	standard	error	of	the	mean	(n=3).		(B)	Western	blot	analysis	showing	

the	expression	of	Gal4-BD-HA-CNOT1MIF4G	and	Gal4-AD-CNOT7.	Anti-HA	

antibodies	were	used	to	detect	Gal4-BD-HA-CNOT1MIF4G;	anti-Gal4-AD	

antibodies	were	used	to	detect	Gal4-AD-CNOT7.		
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Figure	5.10	Yeast	two-hybrid	analysis	of	the	CNOT1MIF4G	interaction	

with	CNOT7	variants	(Group	III).	(A)	YRG2	yeast	cells	were	transformed	

with	the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	

pBD-Gal4-HA	or	pBD-Gal4-HA-	CNOT1MIF4G.	β-Galactosidase	activity	was	

normalised	against	total	protein	concentration.	Error	bars	represent	the	

standard	error	of	the	mean	(n=3)	and	the	P	value	is	indicated	(***	≤	0.001	

and	****≤	0.0001).		(B)	Western	blot	analysis	showing	the	expression	of	

Gal4-BD-HA-CNOT1MIF4G	and	Gal4-AD-CNOT7.	Anti-HA	antibodies	were	

used	to	detect	Gal4-BD-HA-	CNOT1MIF4G;	anti-Gal4-AD	antibodies	were	

used	to	detect	Gal4-AD-CNOT7.	
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Figure	5.11	Yeast	two-hybrid	analysis	of	the	CNOT1MIF4G	interaction	

with	CNOT7	variants	(Group	IV).	(A)	YRG2	yeast	cells	were	transformed	

with	the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	

pBD-Gal4-HA	or	pBD-Gal4-HA-CNOT1MIF4G.	�-Galactosidase	activity	was	

normalised	against	total	protein	concentration.	Error	bars	represent	the	

standard	error	of	the	mean	(n=3)	and	the	P	value	is	indicated	(**	≤	0.01).		

(B)	Western	blot	analysis	showing	the	expression	of	Gal4-BD-HA-

CNOT1MIF4G	and	Gal4-AD-CNOT7.	Anti-HA	antibodies	were	used	to	detect	

Gal4-BD-HA-	CNOT1MIF4G;	anti-Gal4-AD	antibodies	were	used	to	detect	

Gal4-AD-CNOT7.	
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5.4.3		Identification	of	CNOT7	residues	required	for	the	interaction	

with	CNOT6L	

Next,	the	effect	of	the	CNOT7	mutations	on	the	interaction	with	the	

CNOT6L	subunit	was	assessed.		

The	mutations	in	Group	I	induced	β-galactosidase	activity	except	for	the	

G228E	variant	that	resulted	in	reduced	interactions	with	CNOT6L		(Figure	

5.12	A).		Cellular	lysates	were	analysed	by	western	blot	to	confirm	the	

expression	of	BD-HA-CNOT6L	and	the	CNOT7	mutants	(Figure	5.12	B).		

Group	II,	composed	of	H157Y,	D161N,	and	G163C	did	not	show	any	

reduction	in	the	β-galactosidase	expression	(Figure	5.13	A).		Expression	of	

BD-HA-CNOT6L	and	the	CNOT7	mutants	was	confirmed	by	western	blot	of	

yeast	lysates	(Figure	5.13	B).			

Of	the	six	CNOT7	variants	of	Group	III,	N19I	and	G45C	showed	a	significant	

reduced	expression	of	the	�-galactosidase	and	hence	were	unable	to	

interact	with	BD-CNOT6L	(Figure	5.14	A).	Expression	of	BD-HA-CNOT6L	

and	CNOT7	variants	was	confirmed	by	western	blot	of	yeast	cellular	

lysates	though	the	variants	N19S	and	N19I	resulted	to	have	a	lower	

expression	levels	as	observed	before	(Figure	5.14	B).	

In	the	remaining	Group	IV,	no	variant	showed	decreased	CNOT7-CNOT6L	

interactions.	Only	the	mutation	E217Q	displayed	a	slightly	increased	�-

galactosidase	expression	(Figure	5.15	A).	Cellular	lysates	were	analysed	by	

western	blot	to	confirm	the	expression	of	BD-HA-CNOT6L	and	the	CNOT7	

mutants	(Figure	5.15	B).		
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Figure	5.12	Yeast	two-hybrid	analysis	of	the	CNOT6L	interaction	with	

CNOT7	variants	(Group	I).	(A)	YRG2	yeast	cells	were	transformed	with	

the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	pBD-Gal4-HA	

or	pBD-Gal4-HA-CNOT6L.	�-Galactosidase	activity	was	normalised	

against	total	protein	concentration.	Error	bars	represent	the	standard	

error	of	the	mean	(n=3)	and	the	P	value	is	indicated	(**	≤	0.01).		

(B)	Western	blot	analysis	showing	the	expression	of	Gal4-BD-HA-

CNOT1MIF4G	and	Gal4-AD-CNOT7.	Anti-HA	antibodies	were	used	to	detect	

Gal4-BD-HA-	CNOT1MIF4G;	anti-Gal4-AD	antibodies	were	used	to	detect	

Gal4-AD-CNOT7.	
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Figure	5.13	Yeast	two-hybrid	analysis	of	the	CNOT6L	interaction	with	

CNOT7	variants	(Group	II).	(A)	YRG2	yeast	cells	were	transformed	with	

the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	pBD-Gal4-HA	

or	pBD-Gal4-HA-CNOT6L.	�-Galactosidase	activity	was	normalised	

against	total	protein	concentration.	Error	bars	represent	the	standard	

error	of	the	mean	(n=3).		(B)	Western	blot	analysis	showing	the	

expression	of	Gal4-BD-HA-CNOT6L	and	Gal4-AD-CNOT7.	Anti-HA	

antibodies	were	used	to	detect	Gal4-BD-HA-	CNOT6L;	anti-Gal4-AD	

antibodies	were	used	to	detect	Gal4-AD-CNOT7.	
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Figure	5.14	Yeast	two-hybrid	analysis	of	the	CNOT6L	interaction	with	

CNOT7	variants	(Group	III).	(A)	YRG2	yeast	cells	were	transformed	with	

the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	pBD-Gal4-HA	

or	pBD-Gal4-HA-CNOT6L.	β-Galactosidase	activity	was	normalised	against	

total	protein	concentration.	Error	bars	represent	the	standard	error	of	the	

mean	(n=3)	and	the	P	value	is	indicated	(****	≤	0.0001).		(B)	Western	blot	

analysis	showing	the	expression	of	Gal4-BD-HA-CNOT6L	and	Gal4-AD-

CNOT7.	Anti-HA	antibodies	were	used	to	detect	Gal4-BD-HA-	CNOT6L;	

anti-Gal4-AD	antibodies	were	used	to	detect	Gal4-AD-CNOT7.	

	
	



Chapter	5:	Analysis	of	sequence	variants	of	the	CNOT7	ribonuclease	

	

	 189	

	
Figure	5.15	Yeast	two-hybrid	analysis	of	the	CNOT6L	interaction	with	

CNOT7	variants	(Group	IV).	(A)	YRG2	yeast	cells	were	transformed	with	

the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	pBD-Gal4-HA	

or	pBD-Gal4-HA-CNOT6L.	�-Galactosidase	activity	was	normalised	

against	total	protein	concentration.	Error	bars	represent	the	standard	

error	of	the	mean	(n=3)	and	the	P	value	is	indicated	(*	≤	0.05).		(B)	

Western	blot	analysis	showing	the	expression	of	Gal4-BD-HA-CNOT1MIF4G	

and	Gal4-AD-CNOT7.	Anti-HA	antibodies	were	used	to	detect	Gal4-BD-HA-	

CNOT1MIF4G;	anti-Gal4-AD	antibodies	were	used	to	detect	Gal4-AD-CNOT7.	
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5.4.4		Identification	of	CNOT7	residues	required	for	the	interaction	

with	BTG1		

Finally,	the	impact	of	the	CNOT7	mutations	on	the	interaction	with	BTG1	

was	investigated.		

Of	the	six	mutations	analysed	in	the	Group	I,	G228E,	F239I,	and	E243G	

resulted	in	a	reduced	β-galactosidase	activity	and	thus	were	not	able	to	

interact	with	BTG1	(Figure	6.15B	A).	Cellular	lysates	were	analysed	by	

western	blot	to	confirm	the	expression	of	BD-HA-	BTG1	and	the	CNOT7	

mutants	(Figure	6.15	B).		

In	Group	II,	no	mutation	showed	any	reduction	in	the	β-galactosidase	

activity	(Figure	5.17	A).	The	expression	of	BD-HA-CNOT6L	and	the	CNOT7	

variants	was	confirmed	by	western	blot	of	yeast	lysates	(Figure	5.17	B).			

Of	the	six	CNOT7	variants	of	Group	III,	N19S	and	N19I	showed	a	significant	

reduced	expression	of	the	β-galactosidase	and	hence	were	unable	to	

interact	with	BD-BTG1	(Figure	5.18	A).	Expression	of	BD-HA-BTG1	and	

CNOT7	variants	was	confirmed	by	western	blot	of	yeast	cellular	lysates.	As	

observed	before,	the	two	variants	N19S	and	N19I	showed	lower	

expression	levels	(Figure	5.18	B).	

In	the	remaining	Group	IV,	amino	acid	substitutions	E87Q,	G208V,	and	

E217Q	interfered	with	the	CNOT7-CNOT6L	interactions.	(Figure	5.19	A).	

Cellular	lysates	were	analysed	by	western	blot	to	confirm	the	expression	

of	BD-HA-CNOT6L	and	the	CNOT7	mutants	(Figure	5.19	B).		
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Figure	5.16	Yeast	two-hybrid	analysis	of	the	BTG1	interaction	with	

CNOT7	variants	(Group	I).	(A)	YRG2	yeast	cells	were	transformed	with	

the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	pBD-Gal4-HA	

or	pBD-Gal4-HA-BTG1	�-Galactosidase	activity	was	normalised	against	

total	protein	concentration.	Error	bars	represent	the	standard	error	of	the	

mean	(n=3)	and	the	P	value	is	indicated	(*	≤	0.05,	**	≤	0.01,	****	≤	0.0001).		

(B)	Western	blot	analysis	showing	the	expression	of	Gal4-BD-HA-BTG1	

and	Gal4-AD-CNOT7.	Anti-HA	antibodies	were	used	to	detect	Gal4-BD-HA-	

BTG1;	anti-Gal4-AD	antibodies	were	used	to	detect	Gal4-AD-CNOT7.	
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Figure	5.17	Yeast	two-hybrid	analysis	of	the	BTG1	interaction	with	

CNOT7	variants	(Group	II).	(A)	YRG2	yeast	cells	were	transformed	with	

the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	pBD-Gal4-HA	

or	pBD-Gal4-HA-BTG1	�-Galactosidase	activity	was	normalised	against	

total	protein	concentration.	Error	bars	represent	the	standard	error	(n=3).	

(B)	Western	blot	analysis	showing	the	expression	of	Gal4-BD-HA-BTG1	
and	Gal4-AD-CNOT7.	Anti-HA	antibodies	were	used	to	detect	

Gal4-BD-HA-	BTG1;	anti-Gal4-AD	antibodies	were	used	to	detect	

Gal4-AD-CNOT7.	
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Figure	5.18	Yeast	two-hybrid	analysis	of	the	BTG1	interaction	with	

CNOT7	variants	(Group	III).	(A)	YRG2	yeast	cells	were	transformed	with	

the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	pBD-Gal4-HA	

or	pBD-Gal4-HA-BTG1	�-Galactosidase	activity	was	normalised	against	

total	protein	concentration.	Error	bars	represent	the	standard	error	of	the	

mean	(n=3)	and	the	P	value	is	indicated	(****	≤	0.0001).		(B)	Western	blot	

analysis	showing	the	expression	of	Gal4-BD-HA-BTG1	and	Gal4-AD-

CNOT7.	Anti-HA	antibodies	were	used	to	detect	Gal4-BD-HA-	BTG1;	anti-

Gal4-AD	antibodies	were	used	to	detect	Gal4-AD-CNOT7.	
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Figure	5.19	Yeast	two-hybrid	analysis	of	the	BTG1	interaction	with	

CNOT7	variants	(Group	IV).	(A)	YRG2	yeast	cells	were	transformed	with	

the	indicated	vectors;	pAD-Gal4-CNOT7	and	its	variants,	and	pBD-Gal4-HA	

or	pBD-Gal4-HA-BTG1	�-Galactosidase	activity	was	normalised	against	

total	protein	concentration.	Error	bars	represent	the	standard	error	of	the	

mean	(n=3)	and	the	P	value	is	indicated	(***	≤	0.001,	****	≤	0.0001).		(B)	

Western	blot	analysis	showing	the	expression	of	Gal4-BD-HA-BTG1	and	

Gal4-AD-CNOT7.	Anti-HA	antibodies	were	used	to	detect	Gal4-BD-HA-	

BTG1;	anti-Gal4-AD	antibodies	were	used	to	detect	Gal4-AD-CNOT7.	
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5.4.5		Identification	of	residues	required	for	the	activity	of	CNOT7		

To	assess	the	function	of	CNOT7	variants	in	mRNA	degradation,	RNA	

tethering	assays	were	carried	out.	In	order	to	perform	the	RNA	tethering	

assay,	plasmid	pCIλN-CNOT7	and	19	variants	were	generated.	CNOT7	and	

the	corresponding	mutant	cDNAs	were	subcloned	into	the	pCIλN	by	

Gibson	assembly	using	the	pAD-GAL4-CNOT7	plasmids	as	a	template	

(Figure	5.20).	The	sequences	of	the	plasmid	series	were	confirmed	by	

restriction	enzyme	digestions	and	DNA	sequencing.		

HEK293	cells	were	co-transfected	with	the	reporter	pRL5boxB,	expressing	

a	luciferase	reporter	mRNA	containing	five	boxB	sequences	in	the	3’	UTR,	

and	the	plasmid	expressing	the	λN	fusion	proteins.	After	transfection,	total	

protein	was	extracted	and	luciferase	activity	determined.	In	parallel,	

protein	expression	was	evaluated	by	western	blot	analysis.	

In	addition	to	the	empty	vector	pCIλN,	the	D40A	variant	(Doidge	et	al.,	

2012)	as	used	as	a	control.	The	Asp40	residue	is	required	for	binding	of	

Mg2+	ions	and	this	variant	is	catalytically	inactive.		

All	variants	in	Group	I,	composed	of	R220W,	R220L,	G228E,	L232S,	F239I	

and	E243G,	did	not	show	any	significant	alteration	in	the	function	of	the	

protein	(Figure	5.21	A).	HEK293	cellular	lysates	were	analysed	in	order	to	

confirm	the	expression	of	the	proteins.	The	variants	R220W,	G228E,	and	

L232S,	showed	a	reduced	level	of	expression	but	their	function	was	not	

compromised	(Figure	5.21	B).		

Group	II,	composed	of	H157Y,	D161N	and	G163C,	showed	reduced	activity	

only	in	case	of	the	G163C	variant	Figure	5.22	A).	To	confirm	protein	

expression,	cellular	lysates	were	analysed	by	western	blot.	The	G163C	

mutations	though	showed	a	reduced	level	of	expression	(Figure	5.22	B).		

In	Group	III,	no	variant	displayed	reduced	activity	(Figure	5.23	A).	Cellular	

lysates	were	analysed	by	western	blot	to	confirm	the	protein	expression.	

The	mutation	N19S	and	N19I	resulted	to	have	a	reduced	expression	level,	

in	agreements	with	the	yeast	two	hybrids	experiments	findings	

(Figure	5.23	B).	

This	was	also	the	case	for	Group	IV,	which	did	not	contain	any	variant	

whose	function	was	compromised	(Figure	5.24	A).	The	western	blot	of	the	



Chapter	5:	Analysis	of	sequence	variants	of	the	CNOT7	ribonuclease	

	

	 196	

HEK293	cellular	lysates	confirmed	protein	expression	although	the	

variants	E87Q	and	W153C	appeared	to	have	a	lower	expression	level	

(Figure	5.24	B).			

In	conclusion,	the	RNA	tethering	assay	identified	only	a	single	CNOT7	

variant,	G163C,	with	partially	reduced	activity.		
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Figure	5.20	Generation	of	the	λN-CNOT7	expression	plasmids	for	RNA	

tethering	assays.	Expression	of	V5-tagged	λN-CNOT7	fusion	proteins	is	

driven	by	a	CMV	promoter.	CNOT7	variants	were	subcloned	into	the	XhoI	

restriction	site	of	the	multiple	cloning	sequence	(MCS)	using	Gibson	

assembly.	
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Figure	5.21	Group	I	CNOT7	variants	are	functional	in	RNA	

degradation.	(A)	Luciferase	assay.	HEK293	cells	were	transfected	with	

pCIλN-CNOT7	plasmids	or	empty	vector.	The	catalytically	reduced	variant	

CNOT7	D40A	was	included	as	a	control.	Error	bars	represent	the	standard	

error	of	the	mean	(n=3)	and	the	P	value	is	indicated	(***≤	0.001).	(B)	

Cellular	lysates	were	used	to	confirm	protein	expression.	Antibody	anti-V5	

was	used	to	detect	λN-CNOT7	and	its	variants.	Antibody	anti-γ-tubulin	was	

used	as	a	loading	control.	
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Figure	5.22	CNOT7	variant	G163C	displays	reduced	activity	in	RNA	

degradation.	(A)	Luciferase	assay.	HEK293	cells	were	transfected	with	

pCIλN-CNOT7	plasmids	or	empty	vector.	The	catalytically	reduced	variant	

CNOT7	D40A	was	included	as	a	control.	Error	bars	represent	the	standard	

error	of	the	mean	(n=3)	and	the	P	value	is	indicated	(*≤	0.05	and	***≤	

0.001).	(B)	Cellular	lysates	were	used	to	confirm	protein	expression.	

Antibody	anti-V5	was	used	to	detect	λN-CNOT7	and	its	variants.	Antibody	

anti-γ-tubulin	was	used	as	a	loading	control.	
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Figure	5.23	Group	III	CNOT7	variants	are	functional	in	RNA	

degradation.	(A)	Luciferase	assay.	HEK293	cells	were	transfected	with	

pCIλN-CNOT7	plasmids	or	empty	vector.	The	catalytically	reduced	variant	

CNOT7	D40A	was	included	as	a	control.	Error	bars	represent	the	standard	

error	of	the	mean	(n=3)	and	the	P	value	is	indicated	(****≤	0.0001).	(B)	

Cellular	lysates	were	used	to	confirm	protein	expression.	Antibody	anti-V5	

was	used	to	detect	λN-CNOT7	and	its	variants.	Antibody	anti-γ-tubulin	was	

used	as	a	loading	control.	
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Figure	5.24	Group	IV	CNOT7	variants	are	functional	in	RNA	

degradation.	(A)	Luciferase	assay.	HEK293	cells	were	transfected	with	

pCIλN-CNOT7	plasmids	or	empty	vector.	The	catalytically	reduced	variant	

CNOT7	D40A	was	included	as	a	control.	Error	bars	represent	the	standard	

error	of	the	mean	(n=3)	and	the	P	value	is	indicated	(***≤	0.001).	(B)	

Cellular	lysates	were	used	to	confirm	protein	expression.	Antibody	anti-V5	

was	used	to	detect	λN-CNOT7	and	its	variants.	Antibody	anti-γ-tubulin	was	

used	as	a	loading	control.	
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5.5		Discussion	

In	this	chapter,	in	silico	and	in	vitro	approaches	were	combined	to	study	

non-synonymous	mutations	found	in	the	CNOT7	ribonuclease	in	different	

cancer	tissues.		

Initially,	a	list	of	somatic	mutations	was	retrieved	from	the	COSMIC	

(Catalogue	Of	Somatic	Mutations	In	Cancer)	database	and	the	Ensemble	

genome	browser	(Bamford	et	al.,	2004;	Forbes	et	al.,	2008,	2011;	Flicek	et	

al.,	2014;	Chen	et	al.,	2010;	Rios	et	al.,	2010).	Using	this	approach,	46	

non-synonymous	point	mutations	from	re-sequencing	data,	literature,	and	

the	Cancer	Genome	Project	at	Sanger	Institute	were	identified.	Most	of	the	

mutations	were	found	in	lung	(eleven)	and	endometrium	(seven)	cancer	

tissues	(Figure	5.4)	

	

Prediction	of	mutation	affecting	protein	function		

The	effect	of	the	mutations	on	the	protein	function	was	predicted	by	the	

Sorting	Intolerant	From	Tolerant	(SIFT)	algorithm	(Ng	and	Henikoff,	2001,	

2002,	2003;	Kumar	et	al.,	2009).	These	analyses	predicted	seventeen	

mutations	to	affect	the	protein	function	(Table	5.1).	Four	additional	

mutations	predicted	to	be	tolerated	were	included	as	control	of	the	

prediction	method	sensitivity.		

In	addition	to	SIFT,	SuSPect	was	also	used	to	predict	damaging	mutations	

(Yates	et	al.,	2014).	Discrepancies	between	the	two	software	predictions	

were	found.	Out	of	the	21	mutation	selected	from	the	SIFT	prediction,	the	

variant	M24I	was	predicted	to	be	tolerated	by	SIFT	but	resulted	to	be	

damaging	and	disease-associated	by	SuSPect.	On	the	contrary,	the	

mutations	H157Y,	G163C,	R220W,	R220L,	F239I,	and	E243G	were	

predicted	to	be	damaging	by	SIFT	but	not	disease-associated	by	SusPect.	

Thus,	SIFT	may	be	more	sensitive	in	identifying	damaging	mutations.	

	

To	obtain	more	detailed	insight	into	possible	defects	caused	by	the	amino	

acid	substitutions,	two	approaches	were	used.		
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First,	the	possible	effects	on	protein	stability	were	investigated.	Secondly,	

the	structure	of	the	CNOT7	ribonuclease	was	investigated	in	detail	to	

evaluate	whether	the	amino	acid	substitutions	could	be	accommodated.	

To	investigate	the	stability	of	the	protein	following	amino	acid	

substitution,	Site	Directed	Mutator	was	used	(Worth	et	al.,	2011).	The	

mutations	were	ranked	in	highly	destabilising	(two),	destabilising	(four),	

neutral	(five),	slightly	stabilising	(eight)	and	highly	stabilising	(one)	

(Table	5.2).	Interestingly	the	destabilising	mutations	L232S,	E243G,	and	

L79Q	and	the	highly	stabilising	mutation	G163C	were	predicted	to	

contribute	to	the	malfunction	of	the	protein.		

Furthermore	changes	in	the	overall	structure	of	the	protein	may	affect	not	

only	its	function	but	also	its	interaction	with	other	proteins.	Studies	

revealed	CNOT7	to	contact	several	proteins.	The	ribonuclease	subunit	was	

shown	to	be	anchored	on	the	MIF4G	domain	of	the	central	scaffold	of	the	

complex	CNOT1	(Bai	et	al.,	1999;	Basquin	et	al.,	2012;	Petit	et	al.,	2012).	

Moreover,	CNOT7	interacts	with	the	LRR	domain	of	the	second	

ribonuclease	subunit	of	the	Ccr4-Not	complex	CNOT6L	(Malvar	et	al.,	

1992;	Dupressoir	et	al.,	2001;	Basquin	et	al.,	2012;	Clark	et	al.,	2004).	

Studies	assessed	the	interaction	of	BTG/Tob	family	proteins	BTG1	and	

BTG2	with	CNOT7	via	their	BTG	domain.	BTG1	and	BTG2	are	highly	

similar	proteins	and	have	a	regulatory	role	on	the	shortening	of	the	

poly(A)	tail	(Mauxion	et	al.,	2008;	Winkler,	2010;	Xu	et	al.,	2014;	Doidge	et	

al.,	2012;	Stupfler	et	al.,	2016).		In	this	context,	accommodation	of	the	

mutations	in	the	CNOT7	structure	was	investigated	to	identify	mutations	

causing	perturbation	in	the	structure	of	the	protein	or	in	the	interactions	

with	the	MIF4G	domain	of	CNOT1,	with	CNOT6L,	and	with	BTG1.	For	this	

purpose,	UCSF	Chimera	was	used	to	study	the	accommodation	of	amino	

acid	substitutions	into	the	CNOT7	model	(Pettersen	et	al.,	2004).	In	this	

analysis	every	residue	rotamer	possible	with	probability	>5%	was	

inspected	and	accommodation	into	the	structure	was	evaluated.	Although	

six	amino	acid	substitutions	were	found	to	interfere	with	the	protein	

structure	and	could	not	be	accommodated,	none	of	them	directly	affected	

the	interactions	with	the	other	components	of	the	sub-complex.	G45C	
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substitution	could	not	be	accommodated	within	the	structure	in	93.5%	of	

the	cases,	R220W	with	the	probability	81.1%,	D161N	and	G163C	with	

33%,	G228E	with	24.1%,	and	H157Y	with	8.7%	(Figure	5.6).	

	

	Validation	of	protein-protein	interactions	and	function	in	RNA	

degradation	

To	investigate	the	effects	of	the	mutations	further,	two	approaches	were	

used.	The	impact	of	the	mutations	on	the	interactions	with	CNOT1,	

CNOT6L,	and	BTG1	was	investigated	by	yeast	two	hybrid	assays,	whereas	

the	impact	on	the	function	of	the	protein	was	inspected	by	RNA	tethering	

assays.		

The	yeast	two	hybrid	assays	identified	CNOT7	residues	required	for	the	

interactions	with	the	other	proteins.	Eight	variants	N19S,	N19I,	W153C,	

G208V,	R220W,	L232S,	F239I,	and	E243G	were	found	to	affect	the	

interaction	with	the	MIF4G	domain	of	CNOT1	(Figure	5.8-5.11).	Three	

variants	N19I,	G45C,	and	G228E	were	found	to	affect	the	interaction	with	

CNOT6L	whereas	E217Q	showed	an	increased	affinity	for	the	ribonuclease	

protein	(Figure	5.12-5.15).		The	study	of	CNOT7	variants	identified	eight	

mutations	N19S,	N19I,	E87Q,	G228E,	F239I,	E243G,	G208V,	and	E217Q	to	

be	critical	for	the	interaction	with	BTG1	(Figure	5.16-5.20).	Interestingly,	

the	mutation	N19I	was	found	to	disrupt	the	interaction	with	all	three	

studied	partners	CNOT1,	CNOT6L,	and	BTG1.	Moreover,	the	two	variants	

E87Q	and	E217Q	that	were	predicted	to	be	tolerated	were	unable	to	

interact	with	BTG1.		

The	impact	of	the	mutations	on	the	function	of	CNOT7	was	investigated	by	

RNA	tethering	assays.	The	amino	acid	substitution	G163C	was	the	only	

variant	with	reduced	activity	(Figure	5.	21-	5.	24).	

	

	Combining	predictive	and	experimental	approaches	

This	study	combined	in	silico	and	in	vitro	analyses	to	explore	the	effect	of	

mutations	found	in	cancer	on	the	function,	stability,	structure,	and	

interactions	of	the	CNOT7	ribonuclease	subunit.		The	profile	of	the	CNOT7	

variants	obtained	from	these	approaches	revealed	residues	specific	for	the	
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interaction	with	specific	proteins	and	residues	whose	role	involved	the	

interaction	with	more	than	one	partner.		

Previous	studies	in	S.	cerevisiae	showed	that	double	substitution	of	Caf1	

A215E	and	F219E,	equivalent	to	the	human	CNOT7	residues	C67	and	L71,	

abolished	the	interaction	with	Ccr4	and	reduced	the	affinity	for	Not1	

(Basquin	et	al.,	2012).	Similarly,	substitution	of	Asp19	(N19S	and	N19I)	

indicated	that	this	residue	is	involved	in	the	interaction	with	CNOT1MIF4G,	

CNOT6L	and	BTG1.	Interestingly,	the	impact	of	the	two	different	

substitutions	was	different.	The	serine	substitution	impacted	only	the	

interaction	with	CNOT1	and	BTG1,	although	was	predicted	to	be	

destabilising	by	Site	Directed	Mutator	(SDM).	The	substitution	with	

isoleucine,	found	in	lung	cancer,	was	found	to	impact	on	the	interaction	

with	all	three	proteins	whilst	the	stability	of	the	protein	was	predicted	to	

be	not	affected.	Moreover	structural	analysis	did	not	show	any	clashes	

with	other	amino	acids	and	no	functional	role	was	found	for	this	residue.	

Interestingly,	these	variants	showed	a	reduced	level	of	expression	in	yeast	

and	HEK293	cells.		

CNOT7	variants	found	in	lung	cancer,	G208V	and	F239I,	and	E243G,	found	

in	central	nervous	system	cancer,	affected	the	interaction	with	both	

CNOT1	and	BTG1.		The	variants	F293I	and	E243G	were	predicted	to	be	

damaging	for	the	protein	function	by	SIFT	but	not	disease-associated	

according	to	SuSpect.	Structural	analysis	did	not	indicate	any	clashes	with	

other	residues.	The	substitution	of	the	Glu243	with	a	glycine	was	

predicted	to	be	highly	destabilising	causing	malfunction	of	the	protein	

according	to	SDM.	

CNOT7	variant	G228E	found	in	large	intestine	cancer	showed	a	loss	of	

affinity	for	both	CNOT6L	and	BTG1.	The	substitution	of	Gly228	with	

glutamic	acid	rotamers	present	in	18.1%	of	the	cases	created	clashes	with	

Gln96	and	Ile12.	Interestingly	the	E217Q	variant	predicted	to	be	tolerated	

was	demonstrated	to	be	unable	to	interact	with	BTG1	but	to	increase	the	

affinity	for	CNOT6L.	The	mutation	was	predicted	to	be	slightly	stabilising.		

CNOT7	variants	R220W,	L232S,	and	W153C	only	affected	the	interaction	

with	the	MIF4G	domain	of	CNOT7.		
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Double	mutants	of	Caf1	M290K	and	M296K,	equivalent	to	the	human	

CNOT7	residues	M141	and	L147,	were	shown	to	disrupt	the	interaction	

with	Not1	but	not	with	Ccr4	(Basquin	et	al.,	2012).		

Similarly,	the	mutation	L232S	found	in	lung	cancer	tissue	was	predicted	to	

be	highly	destabilising,	W153C	destabilising	whereas	R220W,	found	in	

lung	cancer,	was	predicted	to	be	slightly	stabilising.		

Moreover,	substitution	of	the	Arg220	with	tryptophan	could	not	be	

accommodated	in	the	structure	without	major	changes	with	rotamers	

present	in	the	71%	of	the	cases	and	clashes	with	Gln210,	Gln224,	and	

Gly222	were	found.			

Gly45	of	CNOT7	was	found	to	be	specifically	required	for	the	interaction	

with	CNOT6L.	Substitution	of	this	residue	with	cysteine	negatively	affected	

the	affinity	between	the	two	ribonucleases.	The	substitution	was	predicted	

to	be	destabilising	for	the	protein	and	structural	analysis	showed	that	in	

the	93.5%	of	the	cases,	cysteine	rotamers	could	not	be	accommodated	in	

the	structure	without	major	structural	changes.		Although	no	correlation	

with	malfunction	of	the	protein	was	predicted,	E87Q,	together	with	

E217Q,	was	found	to	affect	the	interaction	with	BTG1.	These	findings	are	

summarised	in	Figure	5.25.	

Importantly,	experimental	studies	did	not	show	any	correlation	between	

the	analysis	of	protein-protein	interactions	using	yeast-two	hybrid	assays	

functional	analysis	using	the	RNA	tethering	assays.	The	twelve	mutations	

impacting	the	interaction	with	other	components	of	the	nuclease	module	

did	not	affect	the	deadenylase	activity	of	the	protein	in	vitro.	Although	the	

CNOT7	deadenylase	activity	is	not	compromised,	the	reduced	affinity	of	

CNOT7	mutants	for	CNOT1MIF4G,	CNOT6L	or	BTG1	may	results	in	their	

incapacity	to	be	recruited	on	the	complex	and	impact	the	mRNA	

degradation	in	vivo.		The	only	mutation	that	was	found	to	have	an	intrinsic	

reduced	activity	was	G163C.	This	variant	was	predicted	to	be	highly	

stabilising	resulting	in	malfunction	and	disease-association.	The	

substitution	of	Gly163	with	cysteine	could	not	be	accommodated	in	the	

33%	of	the	cysteine	rotamers	clashing	with	the	Leu174.	
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This	study	combined	in	silico	and	in	vitro	analyses	to	explore	the	effect	of	

mutations	found	in	cancer	on	the	function,	stability,	structure,	and	

interactions	of	the	CNOT7	ribonuclease	subunit.	Residues	required	for	the	

interaction	with	CNOT1,	CNOT6L,	and	BTG1	were	identified	and	

characterised.	From	RNA	tethering	assays,	the	variant	G163C	was	found	to	

be	the	only	analysed	mutation	to	have	a	functional	impact	on	the	CNOT7	

deadenylase	activity.		

	
	
	
	
	

	
	

Figure	5.25	Overview	of	the	CNOT7	variants	and	their	impact	on	the	

interaction	with	CNOT6L,	CNOT1,	and	BTG1.	The	Venn	diagram	

summarises	the	outcome	of	the	interaction	studies	using	the	yeast	two	

hybrid	assay.	In	the	yellow	circle,	the	variants	are	grouped	that	interfered	

with	the	interaction	with	BTG1;	in	the	blue	circle,	the	variants	interfering	

with	the	interaction	with	CNOT1;	in	the	red	circle,	the	variants	interfering	

with	the	interaction	with	CNOT6L.	Overlaps	of	the	circles	highlight	

variants	interfering	with	more	two	or	more	protein.
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Chapter	6.		 Phylogenetic	and	variability	analysis	of	

the	Ccr4-Not	complex	 	

6.1		Introduction	

According	to	modern	evolutionary	theory,	one	molecule	undergoes	

diversification	into	many	variations	and	one	or	more	of	those	variants	can	

be	selected	to	be	reproduced	or	amplified	throughout	a	population	over	

many	generations.	Such	variations	at	the	molecular	level	can	be	caused	by	

mutations	such	as	deletions,	insertions,	inversions,	or	substitutions	at	the	

nucleotide	level,	which	in	turn	affect	protein	structure	and	biological	

function	(Hahn,	2008).	Phylogenesis	tries	to	recover	the	order	of	

evolutionary	events	and	represent	them	in	an	evolutionary	tree	that	

graphically	describes	the	relationship	among	species	or	genes.	

Phylogenetic	reconstruction	is	a	problem	of	statistical	inference	and	

involves	the	use	of	models	of	evolution	and	assumptions	about	the	process	

of	nucleotide	or	aminoacid	substitution	(Lemey	et	al.,	2009)	.	In	this	study,	

the	phylogenetic	reconstruction	was	performed	using	two	different	

approaches	and	subsequent	comparison.	The	first	approach	used	was	the	

Neighbour-Joining	(NJ)	(Saitou	N,	1987).	This	method	operates	on	a	

matrix	of	pairwise	distances	between	taxa	with	a	minimum-evolution	

criterion	selecting	the	tree	with	the	shortest	branch	length	as	optimal.	The	

second	approach	used	was	the	Maximum	Likelihood	(ML)	discrete-

character	method	that	operates	on	a	matrix	of	discrete	characters	

assigning	one	or	more	attributes	or	character	states	to	each	taxon.	This	

method	infers	probabilities	to	all	the	possible	trees	and	selects	the	one	

with	the	highest	probability	as	optimal.	

Furthermore	I	performed	variability	analysis	in	order	to	detect	selective	

pressure	acting	on	the	proteins.	Adaptation	by	natural	selection	is	the	

most	important	process	in	biology.	Mutations	are	the	source	of	variability	

and	are	subjected	to	selective	pressures.	When	a	mutation	has	no	effect	on	

the	protein	function	it	may	be	fixed	in	the	population	without	altering	its	

fitness	(neutral	selective	pressure).	When	the	mutation	has	damaging	

effects	on	the	protein,	hence	on	the	organism,	it	is	subjected	to	negative	
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selective	pressure	because	it	cannot	be	fixed	in	the	population	reducing	

the	fitness	of	the	organisms	carrying	it.		A	mutation	that	is	convenient	and	

increases	the	fitness	of	an	organism	is	fixed	in	the	population	and	is	likely	

to	be	linked	to	acquiring	of	new	function	of	the	protein	(positive	selective	

pressures)	(Lemey	et	al.,	2009).	To	detect	selective	pressure,	we	used	two	

kinds	of	models:	the	site	and	branch-site	models.	The	site	model	allows	

the	parameter	describing	the	selective	pressure	(ω)	to	vary	among	sites	

(codons)	(Nielsen	and	Yang	1998;	Yang	et	al	200b).	The	branch-site	model	

allows	ω	to	vary	both	among	sites	in	the	protein	and	across	branches	of	

the	tree	with	the	intent	of	detecting	positive	selection	acting	on	few	sites	

along	particular	lineages	(Yang	et	al.,	2005;	Zhang	et	al.,	2005).	

In	this	study	we	reconstructed	the	phylogeny	of	each	subunit	of	the	

Ccr4-Not	complex	and	inspected	their	sequences	in	order	to	detect	

positive	selection	acting	among	the	15	mammalian	species	listed	in	Table	

6.1.	
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Species		 Common	name	 Taxonomy	ID	
Pan	troglodytes	 Chimpanzee	 9598	
Homo	sapiens	 Human	 9606	
Gorilla	gorilla	gorilla	 Western	lowland	gorilla	 9595	
Nomascus	leucogenys	 Northern	white-cheeked	gibbon	 61853	
Macaca	mulatta	 Rhesus	macaque	 9544	
Papio	anubis	 Olive	baboon		 9555	
Oryctolagus	cuniculus		 European	Rabbit	 9986	
Bos	taurus	 Cattle	 9913	
Sus	scrofa	 Pig	 9823	
Equus	caballus	 Horse	 9796	
Felis	catus	 Cat	 9685	
Rattus	norvegicus	 Rat	 10116	
Mus	musculus	 Mouse	 10090	
Canis	lupus	familiaris	 Dog	 9615	
Pongo	abelii	 Sumatran	orangutan	 9601	

Table	6.1	Species	analysed.	The	table	reports	the	latin	name,	the	

common	name	and	the	taxonomy	identifier	of	the	15	analysed	mammal	

species..		
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6.2		Phylogenetic	and	variability	analysis	of	CNOT1	

6.2.1		Phylogenetic	reconstruction	of	CNOT1	

The	CNOT1	homologous	sequences	were	retrieved	using	the	human	

CNOT1	protein	as	query	by	DELTA-BLAST	(Boratyn	et	al.,	2012)	from	the	

Reference	protein	database	(refseq_protein)	and	are	listed	in	

Supplementary	Table	S.I.	65.1.	

The	Canis	lupus	familiaris	and	Pongo	abelii	homologues	were	discarded	

from	the	analyses	because	of	their	low	quality	protein	annotation	status.	

Homologous	proteins	were	aligned	by	MAFFT	v.7	(Katoh	et	al.,	2002;	

Katoh	and	Standley,	2013)	using	the	E-ins-I	algorithm	to	preserve	the	

domains	alignments.	The	multi-aligned	nucleotide	sequences	were	then	

used	to	infer	a	phylogenetic	tree	with	the	Neighbour-Joining	(NJ)	method	

using	MEGA	v6.06	(Tamura	et	al.,	2013)	with	a	bootstrap	value	of	1000.	

The	resulting	tree,	visualised	with	Seaview	v.4.5.4	(Gouy	et	al.,	2010),	is	

shown	in	Supporting	Figure	6.1.	Branches	were	supported	from	strong	

bootstrap	values	allowing	a	robust	tree	topology.			

In	order	to	reconstruct	a	phylogenetic	tree	with	the	Maximum	Likelihood	

method,	nucleotide	substitution	model	choice	was	evaluated	using	

jModelTest	(Posada,	2008;	Darriba	et	al.,	2015).	The	nucleotide	

substitution	model	chosen	according	to	the	Akaike	Information	Criterion	

(AIC)	(Akaike,	1974)	was	the	Tamura-Nei	model	(Tamura	and	Nei,	1993)	

(TrN+I+G,	10020)	indicating	that	there	was	a	great	proportion	of	

invariable	sites	(+I)	and	there	was	rate	heterogeneity	among	sites	(+G).	

The	phylogenetic	tree	with	the	Maximum	Likelihood	method	was	

constructed	based	on	the	nucleotide	substitution	model	using	phyML	3.0	

(Guindon	et	al.,	2010).	Branches	were	tested	using	the	non-parametric	

Shimodaira-Hasegawa-like	(SH-like)	(Shimodaira	and	Hasegawa,	1999)	

branch	support	test.	The	reconstructed	Maximum	Likelihood	tree	is	very	

similar	to	the	one	obtained	with	the	NJ	method	with	no	substantial	

differences	and	is	shown	in	Figure	6.1.	
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6.2.2		Variability	analysis	of	the	CNOT1	

Selective	pressures	acting	on	the	CNOT1	proteins	among	the	selected	

mammals	were	detected	using	the	Phylogenetic	Analysis	by	Maximum	

Likelihood	(PAML)	software	v.	4.8a	(Yang,	2007).	

In	order	to	detect	if	positive	selective	pressures	were	acting	in	the	CNOT1	

among	all	lineages,	we	performed	a	comparison	between	the	positive	

selection	model	m2a	and	its	null	hypothesis	model	m1	(Nielsen	and	Yang,	

1998;	Yang	et	al.,	2005).	The	null	hypothesis	was	rejected	according	

Likelihood	Ratio	Test	(LRT)	(Felsenstein,	1981;	Huelsenbeck	and	Crandall,	

2003;	Huelsenbeck	et	al.,	1997)	with	the	P	value	<0.001	allowing	us	to	

infer	positive	selective	pressures	acting	on	the	proteins,	as	shown	in	

Table	6.2.	Unfortunately,	no	sites	were	significantly	selected	by	Bayes	

Empirical	Bayes	(BEB)	analysis	(Yang	et	al.,	2005).	I	therefore	try	to	detect	

selective	pressures	acting	only	on	some	of	the	branches	of	the	tree	(model	

mA)	(Yang	et	al.,	2005;	Zhang	et	al.,	2005).	In	particular	I	focused	on	the	

primates	lineage.	The	branch-site	model	was	applied	and	LRT	calculations	

rejected	the	null	hypothesis	with	a	P	value	<0.001.	Posterior	mean	ω	

values	were	calculated	for	both	positive	selection	modelS	m2a	and	mA,	

and	are	shown	in	Figure	6.2	A	and	B	respectively.	The	BEB	analysis	

identified	18	sites	positively	selected	within	the	primates	lineage	with	a	P	

value	<0.05	shown	in	Table	6.3.	The	residues	positively	selected	are	in	a	

hot-spot	spanning	from	the	amino	acid	349	to	the	amino	acid	386.	These	

residues	are	located	in	the	HEAT-repeat	domain	in	the	CNOT1	N-terminus.	

In	particular	Papio	anubis	resulted	to	be	the	species	diverging	significantly	

from	the	other	primates	for	most	of	the	sites,	meaningful	of	positive	

selective	pressures	acting	on	the	CNOT1	of	this	species.		
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Figure	6.1	CNOT1	Maximum	Likelihood	phylogenetic	tree.	The	

Maximum	Likelihood	(ML)	tree	was	inferred	using	the	Tamura-Nei	model	

(Tamura	and	Nei,	1993)	including	the	proportion	of	invariable	sites	

parameter	(I)	and	the	shape	parameter	of	the	gamma	distribution	(G).	

Shimodaira-Hasegawa-like	(SH-like)	branch	support	values	are	reported.	

Primates	lineage	is	included	in	the	dashed	line	box	and	estimated	ω	

parameter	for	the	branch-site	model	are	reported.	The	species	with	more	

than	three	positively	selected	sites	whose	codons	differ	from	other	

primates	is	labelled	with	a	star.		
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Lineage	 Model	 lnL	 LRT	 P	value	 ω	parameters	

A	

	

m1	 -17608.95	 	 	 	

	 m2a	 -17564.83	 88.23	 <	0.001	 ω0=	0.005,	

	ω1=1,	ω2=1	

	 	 	 	 	 	

P	 mA0	 -17475.69	 	 	 ω0=0.00349,	ω1=1	

	 mA	 -17430.44	 90.49	 <	0.001	 ω0=0.00349,	

ω1=1,	ω2=24.9		

Table	6.2CNOT1	Likelihood	Ratio	Tests.	The	table	summarises	the	

models	tested	for	CNOT1.	The	two	site	models	(m1	and	m2a)	were	tested	

among	the	whole	CNOT1	tree	(A).	The	two	branch-site	models	(mA	and	its	

null	hypothesis	mA0)	were	tested	assuming	positive	selection	in	the	

primates	lineage	and	neutral	selective	pressure	for	the	remaining	lineages	

(P).	The	log	Likelihood,	Likelihood	Ratio	Tests,	P	values	and	estimated	ω	

parameters	are	reported	in	the	table	for	the	models.	 	
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Figure	6.2	CNOT1	posterior	mean	ω 	graphs.	Posterior	mean	ω	values	were	

calculated	for	each	analysed	site.	(A)	Posterior	mean	ω	for	the	m2a	site	

model	are	shown.	(B)	Posterior	mean	ω	values	calculated	for	the	branch-site	

model	applied	to	the	primates	lineage	(mA)	are	represented.			
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349	
	
AAT	 (N)	 AAT	 (N)	 AAT	 (N)	 AAT	 (N)	 ATG	 (M)	 AAT	 (N)	

350	
	
CCA	 (P)	 CCA	 (P)	 CCG	 (P)	 CCA	 (P)	 AAG	 (K)	 CCG	 (P)	

351	
	
AGT	 (S)	 AGT	 (S)	 AGT	 (S)	 AGT	 (S)	 TCT	 (S)	 AGT	 (S)	

352	
	
TTG	 (L)	 TTG	 (L)	 TTG	 (L)	 TTG	 (L)	 CAC	 (H)	 TTG	 (L)	

353	
	
AAT	 (N)	 AAT	 (N)	 AAT	 (N)	 AAT	 (N)	 TCT	 (S)	 AAT	 (N)	

355	
	
AAG	 (K)	 AAG	 (K)	 AAG	 (K)	 AAG	 (K)	 GGC	 (G)	 AAG	 (K)	

363	
	
CAT	 (H)	 CAT	 (H)	 CAT	 (H)	 CAT	 (H)	 GAA	 (E)	 CAT	 (H)	

365	
	
GGA	 (G)	 GGA	 (G)	 GGA	 (G)	 GGA	 (G)	 AAT	 (N)	 GGA	 (G)	

366	
	
TTT	 (F)	 TTT	 (F)	 TTT	 (F)	 TTT	 (F)	 GAA	 (E)	 TTT	 (F)	

367	
	
CAA	 (Q)	 CAA	 (Q)	 CAA	 (Q)	 CAA	 (Q)	 AAC	 (N)	 CAA	 (Q)	

369	
	
CGT	 (R)	 CGT	 (R)	 CGT	 (R)	 CGT	 (R)	 TCA	 (S)	 CGT	 (R)	

371	
	
AGT	 (S)	 AGT	 (S)	 AGT	 (S)	 AGT	 (S)	 TTT	 (F)	 AGT	 (S)	

376	
	
AAT	 (N)	 AAT	 (N)	 AAT	 (N)	 AAT	 (N)	 ACA	 (T)	 AAT	 (N)	

381	
	
ATT	 (I)	 ATT	 (I)	 ATT	 (I)	 ATT	 (I)	 GGT	 (G)	 ATT	 (I)	

383	
	
AGG	 (R)	 AGG	 (R)	 AGG	 (R)	 AGG	 (R)	 CAT	 (H)	 AGG	 (R)	

384	
	
GGT	 (G)	 GGT	 (G)	 GGT	 (G)	 GGT	 (G)	 TTT	 (F)	 GGT	 (G)	

386	
	
GGT	 (G)	 GGT	 (G)	 GGT	 (G)	 GGT	 (G)	 TCA	 (S)	 GGT	 (G)	

1663	
	
CAA	 (Q)	 CAA	 (Q)	 CAA	 (Q)	 CAA	 (Q)	 GTA	 (V)	 CAA	 (Q)	

Table	6.3	CNOT1	positively	selected	sites	in	the	primates	lineage.		

PAML	returned	18	positively	selected	sites	among	the	primates	lineage	

according	to	the	Bayes	Empirical	Bayes	(BEB)	analyses	with	a	P	value	

<0.05.	 				
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6.3		Phylogenetic	and	variability	analysis	of	CNOT2	

6.3.1		Phylogenetic	reconstruction	of	CNOT2	

The	CNOT2	homologous	sequences	were	retrieved	by	DELTA-BLAST	from	

the	reference	sequences	database	using	the	human	CNOT2	as	query	

sequence	(Supporting	Table	6.2).	

The	CNOT2	phylogenetic	tree	with	the	Neighbour-Joining	(NJ)	was	

reconstructed	as	described	in	Chapter	2	and	is	shown	in	

Supporting	Figure	6.2.	Except	for	few	branches,	the	branch	support	values	

showed	a	low	quality	tree	topology	due	to	short	distances	between	the	

proteins.	

In	order	to	reconstruct	a	phylogenetic	tree	with	the	Maximum	Likelihood	

method,	jModelTest	(Posada,	2008;	Darriba	et	al.,	2015)	was	used	to	

choose	the	nucleotide	substitution	model	with	the	best	fit	according	to	the	

Akaike	Information	Criterion	(AIC)	(Akaike,	1974).	The	model	with	the	

lowest	AIC	resulted	to	be	the	Tamura-Nei	model	(Tamura	and	Nei,	1993)	

(TrN+I+G,	10020)	indicating	that	there	was	a	great	proportion	of	

invariable	sites	(+I)	and	there	was	rate	heterogeneity	among	sites	(+G).	

The	resulting	Maximum	Likelihood	tree,	reconstructed	by	phyML	3.0	

(Guindon	et	al.,	2010),	is	shown	in	Figure	6.3	and	its	topology	was	better	

supported	than	in	the	NJ	phylogenetic	tree.	

6.3.2		Variability	analysis	of	the	CNOT2	component	

CNOT2	phylogenetic	tree	was	inspected	to	detect	positive	selection	using	

PAML	(Yang,	2007).		As	shown	in	Table	6.4	the	null	hypothesis	of	the	site	

model,	m1a	(Yang	et	al.,	1998,	2005)	was	accepted	meaningful	of	neutral	

selective	pressures	acting	on	the	whole	CNOT2	tree.	Branch-site	models,	

assuming	positive	selective	pressures	only	on	the	primates	lineage,	were	

tested	(Yang	et	al.,	2005;	Zhang	et	al.,	2005).	The	null	hypothesis	was	

rejected	with	a	P	value	<0.001	according	to	LRT	calculations.		

Posterior	mean	ω	values	were	calculated	for	each	site	and	are	shown	in	

Figure	6.4.	From	the	Bayes	Empirical	Bayes	(BEB)	analyses	9	sites	resulted	

to	be	positively	selected	with	a	P	value	<0.05%	and	are	shown	in	Table	6.5.	

These	sites	are	mostly	localised	in	the	N-terminal	domain	of	CNOT2.	Sites	
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13,	14	and	15	resulted	to	be	divergent	from	the	other	primates	in	Pan	

troglodytes	and	in	P.	anubis	which	presented	deletion	of	these	sites.	The	

remaining	sites	resulted	to	be	divergent	in	Gorilla	gorilla	gorilla.	
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Figure	6.3	CNOT2	Maximum	Likelihood	phylogenetic	tree.	The	

Maximum	Likelihood	(ML)	tree	was	inferred	using	the	Tamura-Nei	

nucleotide	substitution	model	(Tamura	and	Nei,	1993)	with	proportion	of	

invariable	sites	(I)	and	shape	parameter	of	the	gamma	distribution	(G).	

Support	branches	values	are	reported	as	Shimodaira-Hasegawa-like	

(SH-like).	Primates	lineage	is	highlighted	by	the	dashed	box	and	ω	

parameter	for	the	branch-site	model	are	reported.	The	species	with	more	

than	three	positively	selected	sites	which	codons	differ	from	other	

primates	are	labelled	with	stars.		
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Lineage	 Model	 lnL	 LRT	 P	value	 ω	parameters	

A	 m1	 -3518.82	 		 		

	

	

m2a	 -3518.82	 0	

	

ω0=	0.004,	ω1=1,	

ω2=1	

	 	 	 	 	 	P	 mA0	 -3497.85	

	 	 	

		 mA	
-3472.36	 50.98	

<0.001	

ω0=	0.00532,	ω1=	1,	

ω2=52.29,		

Table	6.4	CNOT2	Likelihood	Ratio	Test	table.	The	table	summaries	the	

selection	models	for	the	CNOT2	protein.	The	site	models	were	tested	

among	all	the	CNOT2	tree	branches	(A);	the	branch-site	models	(P)	

assumed	positive	selection	only	in	the	primates	lineage	and	neutral	

selection	in	the	remaining	lineages.	The	log	Likelihood	(lnL),	Likelihood	

Ratio	Test	(LRT),	P	values	and	estimated	ω	parametes	are	shown	in	the	

table.	 	

	

Figure	6.4	CNOT2	posterior	mean	ω	graph.	Posterior	mean	ω	values	

relative	to	the	primates	lineage	were	calculated	for	each	site.		
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6.4		Phylogenetic	and	variability	analysis	of	CNOT3	

6.4.1		Phylogenetic	reconstruction	of	CNOT3	

	
CNOT3	homologous	sequences	were	retrieved	by	DELTA-BLAST	(Boratyn	
et	 al.,	 2012)	 from	 the	 Reference	 sequences	 database	 using	 the	 human	
CNOT3	sequence	as	query	and	are	listed	in	Supporting	Table	6.3.		
The	P.	abelii	homologue	was	discarded	for	the	analyses	because	of	its	low	
quality	protein	annotation	status.	
Homologous	proteins	were	multi-aligned	by	MAFFT	and	 their	phylogeny	
was	 reconstructed	 using	 the	 Neighbour-Joining	 method	 by	 MEGA	
(Supporting	Figure	6.3).	The	NJ	method	did	not	allow	 to	obtain	a	 robust	
tree	topology	especially	for	the	primates	lineage.	
We	 therefore	 reconstructed	 the	 phylogenetic	 tree	 with	 the	 Maximum	
Likelihood	 method	 using	 the	 transition	 nucleotide	 substitution	 model	
(TIM1+I+G)	 (Posada,	 2003)	 chosen	 according	 to	 Akaike	 Information	
Criterion	(AIC).	This	latter	method	allowed	a	phylogenetic	reconstruction	
with	more	robust	 tree	 topology	compared	to	 the	 tree	obtained	by	 the	NJ	
method	(Figure	6.5).	
	

6.4.2		Variability	analysis	of	the	CNOT3	

Phylogenetic	Analysis	by	Maximum	Likelihood	(PAML)	software	was	used	
to	detect	selective	pressures	acting	on	the	CNOT3	mammal	proteins.		
As	shown	in	Table	6.6,	the	null	hypothesis	of	the	site	model	m2a,	m1a,	was	
accepted	addressing	general	natural	selection	pressures	acting	among	all	
CNOT3	homologues	(Yang	et	al.,	1998,	2005).	We	therefore	applied	the	
branch-site	model	(mA)	on	the	primates	branches	in	order	to	detect	
positive	selection	in	this	lineage	(Yang	et	al.,	2005;	Zhang	et	al.,	2005).	The	
Likelihood	Ratio	Test	rejected	the	null	hypothesis	for	this	model	with	a	
LRT=94.91	and	P	value	<0.001	as	shown	in	Table	6.6.	Posterior	mean	ω	
calculations	were	calculated	for	each	site	and	are	shown	in	Figure	6.6	Sites	
with	a	ω	value	>>1	are	mostly	clustered	in	the	C-terminal	of	the	protein.	
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The	Bayes	Empirical	Bayes	analyses	on	the	selected	sites	identified	22	
positively	selected	sites	with	P	value	0.05	shown	in	Table	6.7.	In	particular	
the	M.	mulatta	CNOT3	resulted	to	be	divergent	from	the	other	primates.	
Interestingly	the	positively	selected	region,	spanning	from	the	residue	682	
to	the	residue	720,	mapped	on	the	human	NOT	box	involved	in	
protein-protein	interaction	with	CNOT2.		
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Figure	6.5	CNOT3	Maximum	Likelihood	(ML)	phylogenetic	tree.	The	
CNOT3	ML	tree	was	inferred	using	the	transition	model	(TIM1)	including	
the	proportion	of	invariable	sites	parameter	(I)	and	the	shape	parameter	
of	the	gamma	distribution	(G).	Branches	support	values	are	shown	as	
SH-like	support	values.	Primates	lineage	is	included	in	the	dashed	box	and	
ω	parameter	for	the	branch	model	are	reported.	The	species	with	more	
than	three	positively	selected	sites,	which	codons	differ	from	other	
primates,	is	labelled	with	a	star.	
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Lineage	 Model	 lnL	 LRT	 P	value	 	ω	parameters	

A	 m1	 -7984.17	
	 	 	

	
m2a	 -7984.17	 0	

	
		

	 	 	 	 	 	P	 mA0	 -7663.03	
	 	 	

		 mA	
-7615.57	 94.91	

<0.001	
	ω0=0.017,	ω1=1,		
ω2=22.50,	

Table	6.6	CNOT3	Likelihood	Ratio	test	table.	The	table	summaries	the	
models	tested	for	the	CNOT3	proteins.	The	site	models	tested	among	the	
whole	CNOT3	tree	(A)	was	rejected	giving	LRT	0.	The	branch-site	models	
tested	(P)	assumed	positive	selection	pressure	on	the	primates	lineage	
and	neutral	selection	pressure	for	the	remaining	lineages.	The	log	
Likelihood,	Likelihood	Ratio	Tests,	P	values	and	estimated	ω	parameters	
are	reported	in	the	table	for	the	models.		

      
Figure	6.6	CNOT3	posterior	mean	ω	graph.	Posterior	mean	ω	values	
were	calculated	for	each	analysed	site	by	branch-model	in	the	primates	
lineage.

1 M51
 E
10

1 K
15

1 V
20

1 R
25

1 D
30

1 A
35

1 S
40

1 G45
1 S
50

1 P
55

1 A
60

1 P
65

1 Q
70

1 K
75

1 D
0

5

10

15

20

25

Po
st
	m

ea
n	
ω
	



Chapter	6:	Phylogenetic	and	variability	analysis	of	the	Ccr4-Not	complex	
				

	 227	

	

S
it
e
	

H
.	s
ap
ie
ns
	

M
.	m

ul
at
ta
	

P.
	a
nu
bi
s	

P.
	tr
og
lo
dy
te
s	

G.
	g
or
ill
a	
go
ri
lla
	

N.
	le
uc
og
en
ys
	

682	 AAG	 (K)	 GCC	 (A)	 AAG	 (K)	 AAG	 (K)	 AAG	 (K)	 AAG	 (K)	
684	 CAG	 (Q)	 GTC	 (V)	 CAG	 (Q)	 CAG	 (Q)	 CAG	 (Q)	 CAG	 (Q)	
685	 TAT	 (Y)	 CCC	 (P)	 TAC	 (Y)	 TAC	 (Y)	 TAC	 (Y)	 TAC	 (Y)	
687	 GCA	 (A)	 CGG	 (R)	 GCA	 (A)	 GCA	 (A)	 GCA	 (A)	 GCA	 (A)	
690	 GCC	 (A)	 GGG	 (G)	 GCC	 (A)	 GCC	 (A)	 GCC	 (A)	 GCC	 (A)	
691	 CTA	 (L)	 GCC	 (A)	 CTA	 (L)	 CTA	 (L)	 CTA	 (L)	 CTA	 (L)	
692	 AAG	 (K)	 GAC	 (D)	 AAG	 (K)	 AAG	 (K)	 AAG	 (K)	 AAG	 (K)	
693	 AAG	 (K)	 CCC	 (P)	 AAG	 (K)	 AAG	 (K)	 AAG	 (K)	 AAG	 (K)	
694	 CAG	 (Q)	 ACT	 (T)	 CAG	 (Q)	 CAG	 (Q)	 CAG	 (Q)	 CAG	 (Q)	
696	 TGG	 (W)	 CTC	 (L)	 TGG	 (W)	 TGG	 (W)	 TGG	 (W)	 TGG	 (W)	
697	 CGA	 (R)	 GTC	 (V)	 CGA	 (R)	 CGA	 (R)	 CGA	 (R)	 CGA	 (R)	
698	 TTC	 (F)	 GGC	 (G)	 TTC	 (F)	 TTC	 (F)	 TTC	 (F)	 TTC	 (F)	
702	 TAC	 (Y)	 GCC	 (A)	 TAC	 (Y)	 TAC	 (Y)	 TAC	 (Y)	 TAC	 (Y)	
703	 ATG	 (M)	 TCC	 (S)	 ATG	 (M)	 ATG	 (M)	 ATG	 (M)	 ATG	 (M)	
706	 TTC	 (F)	 CCC	 (P)	 TTC	 (F)	 TTC	 (F)	 TTC	 (F)	 TTC	 (F)	
708	 AGG	 (R)	 AAC	 (N)	 AGG	 (R)	 AGG	 (R)	 AGG	 (R)	 AGG	 (R)	
710	 GAG	 (E)	 CCT	 (P)	 GAG	 (E)	 GAG	 (E)	 GAG	 (E)	 GAG	 (E)	
711	 GAG	 (E)	 CCA	 (P)	 GAG	 (E)	 GAG	 (E)	 GAG	 (E)	 GAG	 (E)	
713	 AAG	 (K)	 GCC	 (A)	 AAG	 (K)	 AAG	 (K)	 AAG	 (K)	 AAG	 (K)	
714	 ACC	 (T)	 CAG	 (Q)	 ACC	 (T)	 ACC	 (T)	 ACC	 (T)	 ACC	 (T)	
718	 GAG	 (E)	 CAC	 (H)	 GAG	 (E)	 GAG	 (E)	 GAG	 (E)	 GAG	 (E)	
720	 GAG	 (E)	 GGC	 (G)	 GAG	 (E)	 GAG	 (E)	 GAG	 (E)	 GAG	 (E)	

	
Table	6.7	CNOT3	positively	selected	sites	in	the	primates	lineage.	
PAML	returned	22	positively	selected	sites	among	the	primates	lineage	
with	a	P	value	<0.05	according	to	the	Bayes	Empirical	Bayes	(BEB)	
analyses	
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6.5		Phylogenetic	and	variability	analysis	of	the	Ccr4	subunits	

6.5.1		Phylogenetic	reconstruction	of	the	Ccr4	subunits	

The	Ccr4	subunit	is	one	of	the	two	cataliyically	active	subunits	of	the	Ccr4-
Not	complex.	Studies	showed	that	this	deadenylase	enzyme	is	highly	
conserved	among	animals	and	vertebrates	(Winkler	and	Balacco,	2013).	In	
mammals	two	paralogous	proteins,	encoded	by	the	CNOT6	and	CNOT6L	
genes,	are	present	(Supporting	Table	6.4).	The	O.	cuniculus,	P.	Anubis,	and	
P.	abelii	CNOT6	homologous	proteins	were	discarded	for	the	analyses	
because	of	their	annotation	status	as	low	quality	protein	and	partial	CDS.		
The	Neighbour-Joining	tree	(Supporting	Figure	6.4)	shows	the	orthologues	
separating	in	two	distinct	branches	with	less	distance	between	the	
CNOT6L	paralogues	compared	to	the	CNOT6	branches.	Support	branch	
values	showed	a	robust	tree	topology	especially	in	the	CNOT6L	lineage.	
The	Maximum	Likelihood	phylogenetic	tree	of	the	Ccr4	homologues			
(Figure	6.7)	was	constructed	using	the	General	Time	Reversible	nucleotide	
substitution	model	(Lanave	et	al.,	1984;	Rodríguez	et	al.,	1990)	including	
the	gamma	shape	parameter	(GTR+G,	012345)	chosen	by	AIC	calculations.	
Branches	were	tested	using	the	non-parametric	SH-like	branch	support	
test	and	addressed	a	robust	tree	topology	despite	less	distances	in	the	
CNOT6	lineage.		
The	phylogenetic	 trees,	 reconstructed	using	 both	methods,	 show	CNOT6	
and	CNOT6L	proteins	forming	two	distinct	branches	with	less	divergence	
between	the	CNOT6L	orthologues	than	between	the	CNOT6	ones.	

6.5.2		Variability	analysis	of	the	Ccr4	homologues	

Ccr4	homologues	were	investigated	in	order	to	detect	selective	pressures.		
Comparison	between	the	site	model	m2a	and	its	null	hypothesis	m1	in	
order	to	detect	positive	selection	acting	on	both	the	CNOT6	and	CNOT6L	
branches	was	performed	(Yang	et	al.,	1998,	2005).	The	null	hypothesis	
was	accepted	by	LRT	calculation	allowing	to	infer	general	neutral	selection	
acting	on	both	CNOT6	and	CNOT6L	branches	as	shown	in	Table	6.8	and	
from	post	mean	ω	values	shown	in	Figure	6.8.		
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I	therefore	try	to	detect	selective	pressures	acting	in	the	two	orthologous	
branches	separately	(Yang	et	al.,	2005;	Zhang	et	al.,	2005).	The	Likelihood	
Ratio	test	on	the	branch-site	model	applied	to	the	CNOT6	orthologues	
rejected	the	null	hypothesis	inferring	positive	selection	with	a	P	value	
<0.001	(Figure	6.8).	Ten	sites	resulted	to	be	positively	selected	with	a	P	
value	<0.05	as	shown	in	posterior	mean	ω	graph	(Figure	6.8	B).	The	
selected	sites,	listed	in	Table	6.9,	are	localised	in	the	amino	terminal	of	the	
protein	of	the	S.	scrofa	and	G.	gorilla	gorilla.		Moreover	the	CNOT6	branch	
was	inspected	focusing	on	the	primates	lineage,	assuming	positive	
selection	acting	only	within	this	lineage.	As	shown	in	Table	6.8,,	LRT	
calculation	accepted	our	hypothesis.	Posterior	mean	ω	calculations	(Figure	
6.8	C)	and	BEB	analysis,	returned	17	positively	selected	sites	with	P	value	
<0.005.	Once	more	the	sites	were	localised	in	the	N-terminus.	In	particular	
it	is	clear	how	the	G.	gorilla	gorilla	N-terminal	underwent	to	positive	
selective	pressures	diverging	from	the	other	primate	species.		

The	models	accepted	inferred	positive	selective	pressure	acting	on	the	
CNOT6	branch	and	more	specifically	among	primates	assuming	neutral	
selection	on	the	remaining	lineage.	As	confirmation	I	performed	a	
Likelihood	Ratio	Test	for	the	branch	model	assuming	positive	selection	
among	all	the	CNOT6L	lineage.	This	model	was	rejected	and	the	null	
hypothesis	accepted.	Furthermore	the	CNOT6L	primates	lineage	was	
inspected.	LRT	calculation	rejected	the	null	hypothesis	and	positive	
selective	pressures	were	detected	in	this	lineage.	No	sites	were	selected	
with	a	P	value	<0.05.		
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Figure	6.7	Ccr4	Maximum	Likelihood	phylogenetic	tree.	The	Maximum	
Likelihood	(ML)	tree	was	inferred	using	the	General	Time	Reversible	
model	including	the	shape	parameter	of	the	gamma	distribution	(GTR+G).	
Branches	values	show	the	SH-like	test	support	values.	The	tree	shows	how	
the	paralogues	separates	in	two	distinct	branches	with	less	distance	in	the	
CNOT6L	branch	comparing	to	the	CNOT6	one.	Branch-site	models	are	
highlighted	by	dashed	boxes.	In	the	black	dashed	box	is	highlighted	the	
branch-site	model	relative	to	the	CNOT6	lineage,	in	the	red	dashed	box	is	
highlighted	the	branch-site	model	relative	to	the	primates	lineage.	
Estimated	ω	parameters	for	the	models	are	reported	in	the	respective	
boxes.	The	species	with	more	than	3	positively	selected	sites	are	labelled	
with	a	star.	
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Null	
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	 	 	 	 	 	 	 	 	CNOT6	 A	 H0	 -6553.87	

	 	 	 	 	

	 	
H1	 -6546.65	 14.46	 <0.001	

ω0=	0.034,	ω1=	1,	
ω2=2.93,	ω3=2.93	

	 	 	 	 	 	 	 	 	
	

P	 H0	 -6539.28	
	 	 	 	 	

	 	
H1	 -6504.66	 69.25	 <0.001	

ω0=0.033,	ω1=1,	
ω2=22.5,	ω3=22.5	

	 	 	 	 	 	 	 	 	CNOT6L	 A	 H0	 -6584.93	
	 	 	 	 	

	 	
H1	 -6577.59	 -14.69	

Null	
hypothesis	
accepted	

	 	 	
	 	 	 	 	 	 	 	 	
	

P	 H0	 -6499.06	
	 	 	 	 	

	 	
H1	 -6567.49	 136.8	 <0.001	

ω0=0.048,	ω1=1,	
ω2=224.78,	
ω3=224.78	

Table	6.8	Ccr4	Likelihood	Ratio	Test	table.	The	table	summaries	the	
models	tested	on	the	Ccr4	homologue	proteins.	The	site	models	were	
tested	among	the	whole	Ccr4	tree	(CNOT6-CNOT6L).	The	branch-site	
models	were	testes	on	the	CNOT6	whole	(A)	and	primates	(P)	lineage	and	
CNOT6L	whole	(A)	and	primates	(P)	lineage.	The	log	likelihood,	Likelihood	
Ratio	tests,	P	values,	and	estimated	ω	parameters	are	reported	for	each	
model	applied.
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Table	6.9	CN
O
T6	positively	selected	sites.	PA

M
L	returned	10	positively	selected	sites	am

ong	the	CN
O
T
6	orthologues	

according	to	the	B
E
B
	analyses	w

ith	a	P	value	<0.05.		
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Table	6.10	CN
O
T6	positively	selected	sites	in	the	prim

ate	lineage.	PA
M
L	returned	17	positively	selected	sites	am

ong	

the	prim
ates	lineage	according	to	the	B

E
B
	analysis	w

ith	a	P	value	<0.05.
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Figure	6.8	CNOT6	and	CNOT6L	posterior	ω 	graph.		(A)	Selective	

pressures	were	investigated	on	the	CNOT6-CNOT6L	phylogenetic	tree.	No	

site	resulted	to	be	under	positive	selective	pressures.	Posterior	mean	ω	

were	calculated	for	each	site.	(B)	Posterior	mean	ω	were	calculated	for	the	

branch-model	applied	for	the	CNOT6L	lineage	highlighting	sites	under	

positive	selective	pressures.	(C)	Posterior	mean	ω	were	calculated	for	the	

branch-model	applied	for	the	CNOT6L	primates	lineage	highlighting	sites	

under	positive	selective	pressures.	
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6.6		Phylogenetic	and	variability	analysis	of	the	Caf1	subunit	

6.6.1		Phylogenetic	reconstruction	of	the	Caf1	subunit	

The	Caf1	subunit	is	the	DEED	type	deadenylase	of	the	complex.	As	for	the	

case	of	the	Ccr4	subunit,	vertebrates	present	two	paralogues	of	the	Caf1	

gene	i.e.	CNOT7	and	CNOT8	(Winkler	and	Balacco,	2013).	Homologues	

sequences	were	retrieved	as	previously	described	from	the	Refseq	

database	and	multi-aligned	using	the	MAFFT	software.	Retrieved	protein	

sequences	are	listed	in	Supporting	Table	6.5.		

The	E.	caballus	CNOT8	sequence	was	not	used	for	further	analysis	because	

of	its	low	quality	protein	annotation	status.		Phylogenetic	reconstruction	of	

the	CNOT7	and	CNOT8	proteins	was	performed	with	the	

Neighbour-Joining	(NJ)	method	using	the	MEGA	software	and	using	

bootstrap	1000	as	branch	support	statistics.	The	resulting	tree,	visualised	

by	Seaview,	is	shown	in	Supporting	Figure	6.5.	Orthologues	clustered	in	

two	separate	branches	with	less	distance	in	the	CNOT7	branch	compared	

to	the	CNOT8	one.	Unfortunately	low	distances	between	the	CNOT7	

orthologues	did	not	allow	a	robust	tree	topology.		

In	order	to	reconstruct	the	phylogeny	of	the	Caf1	homologues	with	the	

Maximum	Likelihood	method,	nucleotide	substitution	model	choice	was	

evaluated	using	jModelTest.	The	nucleotide	substitution	model	chosen	

according	to	the	AIC	calculations	was	the	transition	model	(TIM1+G)	with	

rate	heterogeneity	among	sites	(+G)	including	the	gamma	shape	

parameter	(TIM1+G,	012230)	(Posada,	2003).		

The	 phylogenetic	 tree	 was	 then	 reconstructed	 using	 the	 TIM1+G	

nucleotide	 substitution	model	 using	 phyML.	 Branches	were	 tested	 using	

the	 non-parametric	 SH-like	 branch	 support	 test.	 The	 Caf1	 phylogenetic	

tree	is	shown	in	Figure	6.9.		

The	 phylogenetic	 trees,	 reconstructed	 using	 the	 two	 different	 methods,	

show	 how	 CNOT7	 and	 CNOT8	 paralogues	 form	 two	 clear	 distinct	

branches.	
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6.6.2		Variability	analysis	of	the	Caf1	homologues	

Caf1	homologues	were	investigated	in	order	to	detect	variability	patterns	

within	the	mammals.	Firstly,	the	comparison	between	the	site-model	m2a	

and	its	null	hypothesis	m1	was	performed	as	described	in	Chapter	2	(Yang	

et	al.,	1998,	2005).	The	null	hypothesis	was	accepted	by	LRT	calculations	

(Table	6.11)	inferring	neutral	positive	selection	acting	on	the	CNOT7	and	

CNOT8	branches.	I	therefore	inspected	the	two	paralogous	branches	

independently.	The	branch-site	null	hypothesis	was	accepted	assuming	

neutral	selection	acting	on	these	branches	(Yang	et	al.,	2005;	Zhang	et	al.,	

2005).	Moreover	I	applied	the	branch-site	model	to	the	primate	branches	

in	CNOT8.		Unfortunately	it	was	no	possible	to	apply	the	branch-site	model	

for	the	CNOT7	primate	lineage	because	the	distances	of	the	orthologous	

proteins	were	too	low.	Lastly,	the	branch-site	model	was	applied	on	the	

CNOT8	primate	lineage.	In	this	case,	the	null	hypothesis	was	rejected	with	

a	P	value	<0.01	and	posterior	mean	ω	values	were	calculated	(Figure	

6.10).	Eighteen	sites	resulted	to	be	positively	selected	according	to	the	

BEB	analyses	with	a	P	value	<0.05%.		The	sites	mapped	between	residues	

140	and	180.	Codons	in	P.	abelii	and	N.	leucogenys	resulted	to	differ	

significantly	from	the	other	primate	species	(Table	6.12).		
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Figure	6.9	Caf1	Maximum	Likelihood	phylogenetic	tree.	The	Maximum	

Likelihood	(ML)	tree	was	inferred	using	the	General	Time	Reversible	

model	including	the	shape	parameter	of	the	gamma	distribution	(GTR+G).	

Branches	values	show	the	SH-like	test	support	values.	The	tree	shows	how	

the	orthologues	clearly	clustered	in	two	separate	branches	with	less	

distance	in	the	CNOT7	branch	comparing	to	the	CNOT8	one.	Estimated	ω	

parameters	for	the	model	are	reported	in	the	dashed	box.	The	species	with	

more	than	three	positively	selected	sites	are	labelled	with	a	star.	
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CNOT7-
CNOT8	 A	 m1	 -4045.6	

	 	 	

	 	

m2a	 -4045.6	 0	
Null	

hypotesis	
accepted	

	
	 	 	 	 	 	 	CNOT8	 A	 mA0	 -4045.6	

	 	 	

	 	

mA	 -4045.6	 0	
Null	

hypotesis	
accepted	

	
	 	 	 	 	 	 	

	

P	 mA0	 -
4023.79	

	 	

	ω0=0.003,	ω1=1,	
ω2=434.56	

	 	

mA	 -
3913.23	

221.12	 <0.001	

	
	 	 	 	 	 	 	CNOT7	 A	 mA0	 -4045.6	

	 	 	
		 		 mA	 -4045.6	 0	

Null	
hypotesis	
accepted		 		

Table	6.11	Caf1	Likelihood	Ratio	Test	table.	The	table	summarises	the	

models	tested	on	the	Caf1	homologue	proteins.	The	site	models	were	

tested	among	the	whole	Caf1	tree	(CNOT7-CNOT8).	The	branch-site	

models	were	testes	on	the	CNOT8	whole	(A)	and	primates	lineage	(P)	and	

CNOT7	whole	lineage	(A).	The	log	likelihood,	Likelihood	Ratio	tests,	

P	values,	and	estimated	ω	parameters	are	reported	for	each	model	

applied.	
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Figure	6.10	CNOT8	posterior	mean	ω	graph.	Posterior	mean	ω	values	

were	calculated	for	each	analysed	site	by	branch-site	model	in	the	priates	

lineage.	
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6.7		Phylogenetic	and	variability	analysis	of	CNOT9,	CNOT10	and	

CNOT11	

6.7.1		Phylogenetic	reconstruction	of	CNOT9,	CNOT10	and	CNOT11	

The	CNOT9,	CNOT10	and	CNOT11	homologues	sequences	were	retrieved	
using	the	human	sequences	as	query	by	DELTA-BLAST	from	the	Reference	
sequences	protein	database	and	are	listed	in	Supporting	Table	6.6,	
Supporting	Table	6.7,	and	Supporting	Table	6.8	respectively.		
	The	M.	mulatta	CNOT9	and	the	S.	scrofa	CNOT10	were	not	included	into	
the	analyses	because	of	their	annotation	status.		Multi-aligned	codon	
sequences	were	then	used	to	reconstruct	the	phylogenetic	tree	with	the	
Neighbour-Joining	(NJ)	method.	The	resulting	trees	are	shown	in	
Supporting	Figures	6.6,	S	Supporting	Figures	6.7,	Supporting	Figures	6.8	
respectively	for	CNOT9,	CNOT10	and	CNOT11.		
In	order	to	reconstruct	the	phylogenetic	trees	for	with	the	Maximum	
likelihood	method,	nucleotide	substitution	models	were	chosen	for	each	
protein	using	jModelTest.	The	nucleotide	substitution	model	with	the	best	
fit	for	CNOT9	resulted	to	be	the	Tamura-Nei	model	(Tamura	and	Nei,	
1993)		including	the	gamma	shape	parameter	(TrNef+G,	10020).	The	
nucleotide	substitution	model	with	the	best	fit	for	CNOT10	and	for	
CNOT11	resulted	to	be	in	both	cases	the	general	time	reversible	model	
including	the	gamma	shape	parameter	(GTR+G,	012345).	The	
phylogenetic	trees	were	constructed	using	the	appropriate	nucleotide	
substitution	model	by	phyML.	The	reconstructed	Maximum	Likelihood	
phylogenetic	trees	for	CNOT9,	CNOT10,	and	CNOT11	are	shown	in	Figure	
6.11,	Figure	6.12,	and	Figure	6.13	respectively.	Branches	were	tested	using	
the	non-parametric	Shimodaira-Hasegawa-like	(SH-like)	(Shimodaira	and	
Hasegawa,	1999)	branch	support	test.	The	CNOT9	tree	resulted	to	have	a	
weak	topology	whereas	CNOT10	and	CNOT11	resulted	to	have	a	more	
robust	tree	topology.	
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6.7.2		Variability	analysis	of	the	CNOT9,	CNOT10,	and	CNOT11	

subunits	

Phylogenetic	Analysis	by	Maximum	Likelihood	(PAML)	software	was	used	
to	detect	positive	selection	acting	on	the	CNOT9,	CNOT10	and	CNOT11	
mammal	proteins.		
We	performed	a	comparison	between	the	m2a	site	model	and	its	null	
hypothesis	m1	site	model	on	the	whole	trees	(Yang	et	al.,	1998,	2005).	As	
shown	in	Table	6.13,	the	null	hypothesis	of	the	model	m2a,	m1a,	was	
accepted	addressing	general	natural	selection	pressures	acting	among	all	
the	homologues	in	all	the	three	cases.	We	therefore	applied	the	branch-site	
model	(mA)	on	the	primates	branches	in	order	to	detect	positive	selection	
in	this	lineage	(Yang	et	al.,	2005;	Zhang	et	al.,	2005).	The	Likelihood	Ratio	
Test	rejected	the	null	hypothesis	for	this	model	with	a	P	value	<0.05	as	
shown	in	Table	6.13.	Even	though	models	inferring	positive	selection	
acting	on	the	mammals	were	accepted,	sites	under	positive	selection	were	
not	detected	in	any	of	the	three	proteins.		
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Figure	6.11	CNOT9	Maximum	Likelihood	(ML)	phylogenetic	tree.	The	
CNOT9	ML	phylogenetic	tree	was	inferred	using	the	Tamura-Nei	model	
(TrNef)	including	and	shape	parameter	of	the	gamma	distribution	(G).	
Branches	values	show	the	SH-like	support	values.	
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Figure	6.12	CNOT10	Maximum	Likelihood	(ML)	phylogenetic	tree.	
The	CNOT10	ML	phylogenetic	tree	was	inferred	using	the	general	time	
reversible	model	(GTR)	including	and	shape	parameter	of	the	gamma	
distribution	(G).	Branches	values	show	the	SH-like	support	values.	
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Figure	6.13	CNOT11	Maximum	Likelihood	(ML)	phylogenetic	tree.	
The	CNOT11	ML	phylogenetic	tree	was	inferred	using	the	general	time	
reversible	model	(GTR)	including	and	shape	parameter	of	the	gamma	
distribution	(G).	Branches	values	show	the	SH-like	support	values.	
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Protein	 Lineage	 model	 lnL	 LRT	 P	value	
CNOT9	 A	 m1	 -2203.99	

	 	
	 	

m2a	 -2203.99	 0	 Null	hypotesis	accepted	

	 	 	 	 	 	
	

P	 H0	 -2206.71	
	 	

	 	
H1	 -2202.6	 8.22	 <0.05	

	 	 	 	 	 	CNOT10	 A	 m1	 -7554.13	
	 	

	 	
m2a	 -7554.13	 0	 Null	hypotesis	accepted	

	 	 	 	 	 	
	

P	 H0	 -7552.64	
	 	

	 	
H1	 -7549.31	 6.66	 <0.05	

	 	 	 	 	 	CNOT11	 A	 m1	 -2765.69	
	 	

	 	
m2a	 -2765.69	 0	 Null	hypotesis	accepted	

	 	 	 	 	 	
	

P	 H0	 -2765.69	
	 			 		 H1	 -2757.63	 16.12	 <0.001	

	
Table	6.13	CNOT9,	CNOT10,	and	CNOT11	Likelihood	Ratio	test	table.	
The	table	summarises	the	models	tested	for	the	CNOT9,	CNOT10	and	
CNOT11	proteins.	The	first	model	tested	(A)	assuming	positive	selection	
acting	among	all	the	trees,	was	rejected	in	all	the	cases.	The	second	model	
tested	assumed	positive	selection	pressure	on	the	primate	lineage	(P)	and	
neutral	selection	pressure	for	the	remaining	lineages	and	was	accepted	
with	significant	P	value	in	all	the	three	cases.	The	log	Likelihood,	
Likelihood	Ratio	Tests,	P	values	and	estimated	ω	parameters	are	reported	
in	the	table	for	the	models	applied.	
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6.7.3		Discussion	

	
This	chapter	describes	a	comprehensive	evolutionary	analysis	on	the	basis	
of	the	currently	available	data	of	the	Ccr4-Not	complex.	The	complex	is	
composed	by	ten	subunits	that	are	organised	in	modules	i.e.	the	
deadenylase	module,	the	NOT	module	and	the	CNOT10/11	module	which	
are	anchored	on	the	central	scaffold	CNOT1	each	with	a	specific	function	
(Collart	and	Panasenko,	2012;	Wahle	and	Winkler,	2013;	Winkler	and	
Balacco,	2013).	
Phylogeny	of	each	subunit	of	the	deadenylase	complex	was	reconstructed	
and	natural	positive	selection	was	investigated	in	order	to	identify	
whether	particular	subunits	have	diverged	significantly	in	specific	species.		
	
CNOT1	
CNOT1	is	the	central	scaffold	of	the	complex	where	all	the	other	modules	
are	anchored	(Bai	et	al.,	1999).	Studies	on	mice	demonstrated	a	direct	
interaction	of	CNOT1	with	NANOS2	a	key	role	protein	of	the	male	germ	
cell	development	(Suzuki	et	al.,	2015a).	The	phylogenetic	reconstruction	of	
the	protein	showed	that	P.	anubis	and	M.	mulatta	diverged	from	other	
primates.	The	phylogenetic	tree	was	investigated	in	order	to	detect	natural	
selection	pressures.	The	positive	selection	model,	applied	to	the	whole	
tree,	did	not	identify	any	site	under	selection	in	any	species.	Investigation	
of	the	primate	lineage,	applying	the	branch-site	model,	identified	18	sites	
under	positive	selective	pressures.	Inspection	of	the	codons	revealed	that	
these	sites	are	subjected	to	positive	selection	in	P.	anubis.	The	sites	
resulted	to	be	in	a	hotspot	of	positively	selected	sites	spanning	from	the	
Asp349	to	the	Gly386	located	in	the	HEAT-repeats	domain	in	the	CNOT1	
N-terminal	region,.	
	
The	NOT-module	
CNOT1	interacts	with	CNOT2	and	CNOT3	forming	the	NOT	module	that	is	
involved	in	several	cellular	processes	(Boland	et	al.,	2013).		
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CNOT2	is	a	fundamental	component	of	the	Ccr4-Not	complex.	Its	depletion	
has	been	shown	to	lead	to	apoptotic	cell	death	in	a	caspase-dependent	way	
(Ito	et	al.,	2011a).	The	CNOT2	phylogeny	showed	that	the	G.	gorilla	gorilla	
and	P.	troglodytes	proteins	are	divergent	from	the	other	primates.		
Investigation	of	natural	selection	in	the	phylogenetic	tree	detected	
positive	selection	pressures	only	in	the	primate	lineage.	The	inspection	of	
the	codons	revealed	two	groups	of	positively	selected	sites	mapping	to	the	
N-terminal	of	the	protein.	The	first	group,	composed	of	Arg-13,	Asn-14,	
and	Tyr-15,	are	positively	selected	in	P.	troglodytes	and	in	P.	anubis.	
Interestingly,	this	latter	species	presented	a	deletion	in	this	region.	The	
second	group	was	formed	by	the	remaining	six	positively	selected	sites	
Ser-63,	Thr-64,	Gly-66,	Gln-70,	Leu-75,	and	Ser-80.	These	sites	were	only	
significantly	changed	in	G.	gorilla	gorilla	and	may	be	linked	to	a	gain	of	
function	in	this	species	as	adaptive	evolution.		
The	other	component	of	the	NOT	module,	CNOT3,	was	shown	to	regulate	
mitotic	progression	(MAD1)	and	metabolism(Morita	et	al.,	2011;	
Takahashi	et	al.,	2012).	The	phylogenic	reconstruction	of	CNOT3	deviated	
from	the	precedent	tree	phylogeny	of	the	above-mentioned	proteins.	In	
particular,	the	M.	musculus	and	R.	norvegicus	lineage	separated	from	the	
primates	lineage	in	contrast	to	the	previous	phylogenies	where	it	diverged	
from	all	the	other	species.	Moreover	The	E.	caballus	sequence	diverged	
significantly	from	all	the	other	sequences.	M.	mulatta	was	the	most	distant	
species	in	the	primates	lineage	was.		
As	for	the	case	of	the	other	NOT	module	components,	positive	selection	
was	detected	only	in	the	primate	lineage.	The	22	positively	selected	sites	
were	identified	in	a	hotspot	spanning	from	Lys-682	to	Glu-720.	Inspection	
of	the	codons	revealed	the	M.	mulatta	to	be	the	only	species	with	divergent	
codons.	Intriguingly	the	positively	selected	sites	mapped	in	the	NOT	box	of	
the	CNOT3,	in	particular	in	the	domain	responsible	for	the	
hetero-dimerization	with	CNOT2	(Boland	et	al.,	2013).	The	changing	in	
this	important	domain	may	be	significant	of	function	gaining	in	the	
macaque.		
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The	nuclease	module	
The	Ccr4-NOT	complex	contains	two	components	that	are	associated	with	
the	deadenylase	activity:	the	Ccr4	and	the	Caf1	(Winkler	and	Balacco,	
2013).	In	vertebrates	two	paralogues	of	the	Ccr4	are	present	and	are	
encoded	by	the	CNOT6	and	CNOT6L	genes	(Wang	et	al.,	2010;	Cooke	et	al.,	
2010).	The	phylogeny	of	the	Ccr4	proteins	showed	the	two	paralogues	to	
form	two	separate	branches	congruently	with	what	previously	
observed(Winkler	and	Balacco,	2013).	
Interestingly,	the	CNOT6L	branch	showed	to	be	more	distant	than	the	
CNOT6	branch	from	the	hypothetical	ancestor	protein.		The	distances	
between	the	CNOT6	orthologues	resulted	to	be	bigger	than	the	distances	
between	the	CNOT6L	orthologues.	It	can	be	speculated	that	CNOT6L	
proteins	diverged	significantly	from	the	ancestor	with	an	equal	rate	
whereas	orthologues	that	resulted	to	highly	conserved.	CNOT6,	by	
contrast,	is	more	closely	related	to	the	ancestor	and	the	orthologues	
appear	to	have	diversified	further.	Investigation	of	natural	selection	
pressure	among	the	phylogenetic	tree	identified	positive	selective	
pressures	in	the	CNOT6	branch	but	not	in	the	CNOT6L	one.	The	analysis	
detected	ten	positively	selected	sites.	Inspection	of	the	codons	revealed	
that	sites	62,	63	and	165	are	divergent	in	S.	scrofa	and	G.	gorilla	gorilla	
compared	to	the	other	species.		The	remaining	sites	have	diverged	only	in	
G.	gorilla	gorilla.	We	focused	then	only	on	the	CNOT6	primate	lineage	
identifying	ten	additional	positively	selected	sites.	These	were	sites	under	
positive	pressure	exclusively	between	primates	and,	once	again,	the	G.	
gorilla	gorilla	is	the	diverging	primate.			
Data	suggest	that	the	two	paralogues	are	under	two	different	selective	
evolutionary	pressures.	The	CNOT6	protein	is	at	the	same	time	more	
closely	related	to	the	ancestor	sequence	but	more	heterogeneous	in	the	
orthologous	sequences.	Natural	selection	acted	positively	selecting	
important	mutations	with	possible	gain	of	function.	The	CNOT6L	proteins,	
in	contrast,	were	identified	to	be	more	distant	from	the	ancestor	sequence	
but	more	homogenous	in	the	orthologous	sequences.	Positive	selection	
was	not	detected.		
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As	for	the	case	of	Ccr4,	Caf1	is	present	in	vertebrates	as	two	closely	related	
paralogues	encoded	by	CNOT7	and	CNOT8.	The	phylogenic	reconstruction	
showed	paralogues	separating	in	two	different	branches	in	agreement	
with	previous	findings	(Winkler	and	Balacco,	2013).	As	for	the	case	of	the	
Ccr4	homologues,	one	of	the	two	Caf1	paralogues,	CNOT7,	resulted	to	be	
more	distant	from	the	ancestor	sequence	but	more	homogeneous	in	the	
orthologous	sequences.		
The	CNOT8	branc	is	more	heterogeneous	allowing	a	better	branch	
separation.	In	this	lineage,	two	species	appeared	to	be	more	distant	than	
the	others:	N.	leucogenys	and	P.	anubis.	The	tree	was	inspected	in	order	to	
identify	natural	selective	pressures.	In	contrast	with	the	Ccr4	case,	no	
positive	selection	was	found	in	CNOT8	lineage.	When	focusing	on	the	
CNOT8	primate	lineage,	though,	positive	selection	was	detected.	This	was	
an	expected	result	because	distances	in	the	CNOT8	primate	sequences	
were	very	low	except	for	the	two	above-mentioned	species.	This	analysis	
returned	18	positively	selected	sites	localised	in	a	region	between	Asp-262	
and	Ile-365.	Codon	investigations	revealed	that	the	N.	leucogenys	presents	
non-synonymous	mutations	that	were	selected.	P.	abelii,	presented	non-
synonymous	mutations	for	the	262,	263,	265,	and	268	sites,	but	contained	
a	deletion	covering	the	remaining	14	sites.	This	suggested	that	the	more	
heterogeneous	status	of	the	orthologues	in	the	CNOT8	branch	allowed	the	
protein	sequences	to	positively	select	non-synonymous	mutation	keeping	
the	CNOT7	counterpart	more	homogeneous	and	less	variable.		
	
RQCD-1	and	the	N-terminal	module	
RQCD1	(CNOT9)	is	a	component	of	the	Ccr4-Not	complex	that	is	involved	
in	miRNA-mediated	gene	silencing	by	recruitment	of	TRNC6/GW182	
proteins.	The	phylogenetic	reconstruction	of	this	protein	resulted	in	a	tree	
with	robust	topology.	Unfortunately,	even	though	positive	selective	
pressures	were	detected	in	the	primate	lineage,	no	sites	were	found	to	be	
positively	selected.		
The	CNOT10/CNOT11	module	is	the	last	component	of	the	Ccr4-Not	
complex.	CNOT10	is	an	essential	component	for	the	integrity	of	the	Ccr4	
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complex	but	the	function	of	the	CNOT10/CNOT11	module	is	still	not	clear	
(Mauxion	et	al.,	2013).	As	for	the	case	of	CNOT9,	the	phylogenetic	
reconstruction	returned	trees	with	robust	topology	for	both	proteins.	The	
proteins	were	found	to	be	under	positive	selection	in	the	primate	lineage	
but	unfortunately	no	sites	were	positively	selected.		
	
In	summary,	the	analysis	described	in	this	chapter	reconstructed	the	
phylogeny	of	each	component	of	the	Ccr4-Not	complex	and	identified	
selective	pressures	acting	on	it.	The	study	demonstrated	that	primates	are	
undergoing	to	positive	selection	for	most	of	the	components	of	the	
Ccr4-Not	complex	between	the	analysed	species.	analysed	In	summary	P.	
anubis	CNOT1	diverged	from	the	other	primates’	proteins;	CNOT2	had	
positive	selected	sites	in	P.	troglodytes,	P.	anubis	and	G.	gorilla	gorilla;	the	
CNOT3	NOT	box	was	found	to	have	positively	selected	mutations	in	M.	
mulatta;	CNOT6	was	positively	selected	in	S.	scrofa	and	G.	gorilla	gorilla;	
CNOT8	had	mutation	selected	positively	in	N.	leucogenys	and	P.	abelii;	
CNOT9,	CNOT10,	CNOT11	did	not	have	any	positively	selected	sites.		
Deadenylase	subunits	showed	different	evolutionary	forces	acting	on	the	
paralogues.	CNOT6	resulted	to	be	the	more	variable	compared	to	CNOT6L	
which	sequences,	even	if	more	distant	from	the	ancestral	sequence,	are	
more	conserved	and	homogeneous	identifying	purifying	selection	acting	
on	this	branches	and	positive	selection	acting	on	the	CNOT6	branch.	
Moreover,	the	CNOT8	resulted	to	be	more	variable	than	CNOT7	which	
sequences	were	more	conserved	between	orthologues.	Positive	selection	
was	identified	acting	on	the	CNOT8	primate	lineage	only.	Paralogues	of	
deadenylase	enzymes	resulted	to	be	subjected	to	different	natural	
selection	pressures	and	this	may	explain	the	redundancy	of	the	proteins.	
We	can	speculate	that	one	of	the	proteins	is	more	conservative	in	its	
sequence	(CNOT6L	and	CNOT7)	compared	to	the	other	two	(CNOT6	and	
CNOT8)	which	are	under	positive	selective	pressures	often	synonymous	of	
gaining	of	new	function.	
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Chapter	7.		 Concluding	Remarks	and	Future	

Outlook	
In	this	study	bioinformatics	and	biochemical	approaches	were	adopted	to	
study	and	characterise	the	Ccr4-Not	deadenylase	complex.		The	combined	
in	silico	and	in	vitro	approaches	identified	new	biological	pathways	
involving	the	recruitment	of	the	Ccr4-Not	complex	by	the	study	of	the	
deadenylase	subunits	Ccr4	and	Caf1	interactome	(Chapter	3).	
Bioinformatics	analyses	were	subsequently	used	to	identify	amino	acid	
residues	important	for	protein-protein	interactions	of	the	Ccr4-Not	
complex	components	CNOT1,	CNOT2,	and	CNOT3	(Chapter	4).		Moreover,	
the	study	focussed	on	mutations	found	in	cancer	and	identified	variants	of	
the	deadenylase	subunit	CNOT7	whose	ability	to	assemble	in	the	nuclease	
sub-complex	was	disrupted	(Chapter	5).	Finally,	a	phylogenetic	
reconstruction	and	variability	analyses	of	the	components	of	the	complex	
in	15	different	mammalian	species	identified	selective	pressures	acting	
among	primates	(Chapter	6).	

7.1		The	interactome	of	the	Ccr4	and	Caf1	subunit	revealed	by	SILAC-

RIME	

Degradation	of	mRNAs	plays	a	pivotal	role	in	the	regulation	of	the	gene	
expression.	Deadenylation	is	in	most	cases	the	first	step	of	cytoplasmic	
mRNA	degradation.	Two	complexes	are	involved	in	the	shortening	of	the	
poly(A)	tail:	the	Pan2-Pan3	complex	and	the	Ccr4-Not	complex.	
The	Ccr4-Not	complex	is	the	major	deadenylase	enzyme	involved	in	the	
shortening	of	the	poly(A)	tail	and	is	composed	by	two	catalytic	subunits	
Ccr4	(CNOT6/CNOT6L)	and	Caf1	(CNOT7/CNOT8)	(Wahle	and	Winkler,	
2013).	Regulatory	proteins	can	directly	or	indirectly	recruit	the	Ccr4-Not	
complex	and	trigger	deadenylation	of	specific	mRNA	leading	to	mRNA	
degradation	and	down-regulation	of	protein	expression	(Goldstrohm	et	al.,	
2006,	2007;	Sandler	and	Stoecklin,	2008;	Joly	et	al.,	2013;	Raisch	et	al.,	
2016).	The	study	of	protein-protein	interactions	of	the	Pan2-Pan3	and	
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Ccr4-Not	complexes	has	led	to	the	characterisation	of	the	deadenylation	
role	in	different	regulatory	pathways	(Inada	and	Makino,	2014;	Collart,	
2016).	To	further	investigate	protein-protein	interactions	of	the	
deadenylase	complexes,	Stable	Isotope	Labelling	with	Amino	acids	in	Cell	
culture	(SILAC)-Rapid	Immunoprecipitations	and	Mass	spectrometry	of	
Endogenous	protein	(RIME)	was	used	together	with	bioinformatic	tools	
the	for	generation	and	exploration	of	protein-protein	interaction	networks	
(Chapter	3).	This	approach	identified	either	direct	and	indirect	protein-
protein	interactions	with	the	Caf1	(CNOT7	and	CNOT8)	and	Ccr4	(CNOT6	
and	CNOT6L)	subunits.	The	SILAC-RIME	data	was	further	explored	as	a	
protein-protein	network	using	Cytoscape	and	its	plug-ins	Bisogenet,	
MCODE	and	ClusterOne	(Shannon	et	al.,	2003;	Martin	et	al.,	2010;	Bader	et	
al.,	2003;	Zhang	et	al.,	2014).	The	enrichment	of	the	protein-protein	
interactions	between	the	network	components	combined	with	the	
clustering	analyses,	identified	important	biological	pathways	that	may	
involve	the	recruitment	of	the	Ccr4-Not	complex.		
The	clustering	analysis	identified	clusters	of	known	protein-protein	
interactions	and	new	partners	such	as	the	mini-chromosome	maintenance	
complex	(MCM)	components	of	the	eukaryotic	pre-replication	complex,	
polypyrimidine	binding	proteins	involved	in	pre-mRNA	processing	and	
YTH	domain	containing	protein	family	members	(YTHDF1-3)	that	
specifically	bind	N6-metyladenosine	(m6A)	and	are	involved	in	alternative	
splicing	and	mRNA	stability	(Wang	et	al.,	2014).		
This	study	explored	the	interactome	of	the	deadenylase	subunits	of	the	
Ccr4-Not	complex	emphasising	new	interaction	partners	and	suggesting	
the	recruitment	of	the	complex	in	biological	pathways	not	yet	described.	
Interestingly,	the	data	presented	in	this	study	suggest	a	recruitment	of	the	
Ccr4-NOT	complex	by	the	YTHDC1,	YTHDF1,	YTHDF2,	and	YTHDF3	
proteins	in	agreement	with	the	recent	findings	that	demonstrated	the	
recruitment	of	the	Ccr4-NOT	complex	by	YTHDF2	via	CNOT1	(Du	et	al.,	
2016).	Further	approaches	such	as	co-immunoprecipitation	and	yeast	two	
hybrid	analysis	could	be	used	to	better	characterise		the	recruitment	of	the	
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Ccr4-NOT	complex	by	the	YTH	domain	containing	proteins	and	the	other	
new	partners	identified	by	this	study.	

7.2		Bioinformatic	approaches	to	predict	residues	critical	for	the	

assembly	and	function	of	the	NOT-module	

The	Ccr4-Not	complex	consists	of	two	catalytic	and	six	non-catalytic	
subunits.	The	largest	subunit	of	the	complex,	CNOT1,	acts	as	a	central	
scaffold	for	the	anchoring	of	several	protein	modules	(Wahle	and	Winkler,	
2013;	Villanyi	and	Collart,	2015)		The	nuclease	module,	composed	of	Caf1	
and	Ccr4,	binds	the	CNOT1	MIF4G	domain,	the	CNOT10/CNOT11	module	
binds	its	N-terminal	region	of	CNOT1,	CNOT1	binds	the	central	DUF3819	
domain,	and	the	NOT	module,	composed	of	CNOT2	and	CNOT3,	binds	the	
C-terminal	domain	(Winkler	and	Balacco,	2013;	Collart,	2016).		
The	NOT	module	components	are	involved	in	several	cellular	processes	
and	their	depletion	may	cause	important	changes	in	cell	development	and	
survival	also	phenotypically	afflicting	the	organisms.	
In	Chapter	4,	a	bioinformatic	approach	were	used	to	identify	and	
characterise	amino	acid	residues	critical	for	the	trimeric	assembly	and	
function	of	the	NOT	module.	Variants	of	CNOT1,	CNOT2	and	CNOT3	were	
retrieved	from	the	Catalogue	Of	Somatic	Mutation	In	Cancer	(COSMIC)	
database	(Bamford	et	al.,	2004;	Forbes	et	al.,	2008,	2011)	and	the	
Ensemble	genome	browser	(Chen	et	al.,	2010;	Rios	et	al.,	2010;	Flicek	et	
al.,	2014).	Prediction	of	their	effects	on	protein	function	was	performed	
using	the	Sorting	Intolerant	From	Tolerant	(SIFT)	algorithm	(Ng	and	
Henikoff,	2003;	Kumar	et	al.,	2009).	Surface	characterisation	of	the	
NOT-module	performed	by	Protein	Interface,	Surface,	and	Assembly	
(PISA)	(Krissinel	and	Henrick,	2007)	identified	residues	that	participate	in	
the	assembly	of	the	NOT-module	by	interacting	with	the	other	proteins.	
The	interface	between	the	NOT-module	components	was	further	
investigated	by	constructing	a	residue-residue	interaction	network	by	
RINalyzer	and	by	the	exploration	of	the	resulting	network	by	Cytoscape.	
These	analyses	supplied	a	general	profile	of	the	complex	interacting	
residues	allowing	to	predict	which	mutations	that	could	affect	the	
interactions	between	the	hetero-trimeric	components.	Further	studies	are	
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required	to	validate	the	computational	predictions.	The	interactions	
between	the	component	of	the	NOT	module	may	be	studied	using	
recombinant	proteins	and	their	mutants	as	described	in	Boland	2013	or	by	
using	isothermal	titration	calorimetry	and	surface	plasmon	resonance.	
	

7.3		In	silico	and	in	vitro	approaches	identified	CNOT7	variants	unable	

to	interact	with	CNOT6L,	CNOT1,	and	BTG1.	

The	nuclease	module	composed	of	the	Caf1	homologues	CNOT7	and	
CNOT8,	and	the	Ccr4	homologues	CNOT6	and	CNOT6L	is	anchored	on	the	
central	MIF4G	domain	of	the	CNOT1	subunit	(Bai	et	al.,	1999;	Basquin	et	al.,	
2012;	Petit	et	al.,	2012).	Only	one	homologue	of	each	subunit	assembles	on	
the	CNOT1	central	scaffold.	Moreover,	the	interaction	between	Ccr4	and	Caf1	
via	the	LRR	domain	of	Ccr4	is	essential	for	the	stable	recruitment	and	activity	
of	Ccr4	to	the	complex	(Draper	et	al.,	1995;	Dupressoir	et	al.,	2001;	Mittal	et	
al.,	2011;	Basquin	et	al.,	2012).	Caf1	can	also	interact	with	BTG/TOB	proteins,	
which	act	as	regulator	for	the	recruitment	of	the	Ccr4-Not	complex	involved	
in	inhibition	of	the	cell	progression	(Prévôt	et	al.,	2001;	Winkler,	2010).		
In	Chapter	5,	the	analysis	of	sequence	variants	of	the	CNOT7	ribonuclease	
subunit	of	the	Ccr4-Not	complex	was	investigated	to	study	the	effect	of	
mutations	in	the	context	of	the	sub-complex	composed	of	the	CNOT1	MIF4G	
domain,	BTG1,	and	CNOT6L.	The	approach	used	combined	in	silico	and	in	
vitro	methods	to	identify	CNOT7	variants	with	impaired	function	and	
defective	interactions	with	the	other	components	of	the	nuclease	sub-
complex.	Variants	of	CNOT7	were	retrieved	from	the	COSMIC	database	
and	the	Ensemble	genome	browser.	The	impact	of	each	amino	acid	
substitution	on	protein	function	was	predicted	using	SIFT	algorithm	(Ng	
and	Henikoff,	2003;	Kumar	et	al.,	2009)	and	the	Disease-Susceptibility-
based	SAV	Phenotype	Prediction	package	(SuSPect)	(Yates	et	al.,	2014).	
Investigations	of	the	impact	of	the	amino	acid	substitutions	on	the	stability	
and	the	structure	of	CNOT7	were	carried	out	using	Site	Directed	Mutator	
(SMD)	and	UCSF	Chimera.			
The	impact	of	the	CNOT7	variants	predicted	to	be	damaging	for	its	
function	was	further	investigated	by	RNA	tethering	assay	in	vitro.	



Chapter	7:	Concluding	Remarks	and	Future	Outlook	
	

	 257	

Interestingly,	none	of	the	analysed	mutations	resulted	in	altered	function	
of	CNOT7	except	for	the	G163C	variant	that	resulted	to	have	reduced	
activity.		Furthermore,	the	impact	of	the	selected	CNOT7	variants	on	the	
assembly	components	of	the	sub-complex	composed	by	CNOT1,	CNOT6L	
and	BTG1	was	carried	out	by	yeast-two	hybrid	assay.	This	study	identified	
CNOT7	variants	that	are	unable	to	assembly	in	the	sub-complex.	The	
CNOT7	variant	G45C	resulted	to	abolish	the	interaction	with	CNOT6L.	
CNOT7	variants	E217Q	and	E87Q	specifically	disrupted	the	interaction	
with	BTG1.	Variants	R220W,	L232S,	and	W153C	resulted	to	disrupt	the	
interaction	with	the	central	scaffold	of	the	Ccr4-NOT	complex	CNOT1.	The	
mutation	G228E	compromised	the	interaction	with	both	BTG1	and	
CNOT6L,	whereas	variants	E243G,	G208V,	N19S,	and	F239I	abolished	the	
interaction	with	both	BTG1	and	CNOT1.	Interestingly	the	mutation	N19I	
negatively	affected	the	interaction	with	BTG1,	CNOT1,	and	CNOT6L.		
The	study	identified	variants	that	are	not	affected	in	their	intrinsic	
deadenylase	activity	but	affect	the	assembly	of	the	CNOT7	subunit	in	the	
Ccr4-Not	complex.		

7.4		Variability	analyses	identified	different	evolutionary	rate	on	the	

orthologous	protein	of	Ccr4	and	Caf1	

Modern	molecular	evolution	theory	asserts	that	molecules	undergo	many	
variations	such	as	deletions,	insertions,	inversions,	or	single	nucleotide	
substitutions.	These	variants,	if	not	deleterious,	can	be	reproduced	and	
amplified	within	a	population	(positive	selection)	and	are	likely	to	be	
linked	to	confer	new	functions	to	proteins	(Hahn,	2008;	Lemey	et	al.,	
2009).		
In	Chapter	6,	I	reconstructed	the	phylogeny	of	each	component	of	the	
Ccr4-Not	complex	in	15	different	mammalian	species	and	identified	
selective	pressures	acting	on	its	components.	The	study	demonstrated	that	
primates	are	undergoing	positive	selection	for	most	of	the	components	of	
the	Ccr4-Not	complex.		
The	P.	anubis	CNOT1	diverged	from	other	proteins	of	primates	(Figure	
6.1);	CNOT2	had	positive	selected	sites	in	P.	troglodytes,	P.	anubis	and	G.	
gorilla	gorilla	(Figure	6.3);	the	CNOT3	NOT	box	was	found	to	have	
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positively	selected	mutations	in	M.	mulatta	(Figure	6.5);	CNOT6	was	
positively	selected	in	S.	scrofa	and	G.	gorilla	gorilla	(Figure	6.7);	CNOT8	
had	mutation	selected	positively	in	N.	leucogenys	and	P.	abelii	(Figure	6.9);	
CNOT9,	CNOT10,	CNOT11	did	not	have	any	positively	selected	sites	
(Figure	6.11-13).	Interestingly,	paralogues	of	deadenylase	enzymes	were	
found	to	be	subjected	to	different	natural	selection	pressures	and	this	may	
explain	the	redundancy	of	the	proteins.	We	can	speculate	that	CNOT6L	
and	CNOT7	are	more	conservative	in	its	sequence	compared	to	their	
paralogues	CNOT6	and	CNOT8	respectively	and	are	under	positive	
selective	pressures	often	synonymous	of	gaining	of	new	function.	
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7.5		Future	Outlook	

The	work	described	in	this	thesis	presents	a	dual	approach	to	study	the	
complexity	and	heterogeneity	of	the	Ccr4-Not	deadenylase	complex.	I	used	
SILAC-RIME	and	Cytoscape	to	detect	and	explore	the	interactome	of	the	
deadenylase	subunits	of	the	complex	identified	new	interacting	partners	
(Chapter	3).	A	further	in	vitro	investigation	of	the	new	interacting	partner	
identified	will	confirm	and	describe	the	recruitment	of	the	complex	in	new	
biological	pathways.		Moreover,	the	characterisation	of	the	interactome	of	
Pan2-Pan3,	the	other	deadenylase	complex	involved	in	the	deadenylation	
process,	will	clarify	the	role	of	the	two	deadenylase	complexes	and	identify	
specific	protein	interacting	with	Pan2-Pan3.			
Bioinformatic	approaches	were	used	to	study	the	effect	of	mutation	found	
in	cancer	of	both	the	NOT-module	components	(Chapter	4)	and	the	CNOT7	
deadenylase	subunit.	Whereas	the	investigation	of	the	NOT-module	
variants	requires	in	vitro	validation	of	the	data,	the	CNOT7	analyses	
allowed	the	identification	of	variants	found	in	cancer	that	affect	the	
function	and	structure	of	the	protein.	CNOT7	variants	were	investigated	
by	predicting	the	effects	of	single	amino	acid	substitutions	on	the	function,	
the	structure,	stability	and	interaction	with	CNOT6L,	BTG1,	and	CNOT1.	
Studies	of	the	deadenylase	activity	using	a	fluorescence-based	assay	could	
identify	CNOT7	variants	as	potential	therapeutic	targets	(Maryati	et	al.,	
2014).		Moreover,	phenotypic	characterisation	using	cell	based	studies	
may	clarify	the	effect	of	the	identified	mutations	at	the	cellular	level.			
The	phylogenetic	analyses	identified	a	difference	in	the	evolution	rate	of	
the	CNOT7/CNOT8	and	CNOT6/CNOT6L	orthologues	suggesting	a	gain	of	
new	function.	Future	studies	could	investigate	the	codons	variability	
including	more	species	to	better	understand	the	evolutionary	pressures	
acting	on	the	subunits	of	the	Ccr4-Not	complex.
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