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Abstract	

Nucleic	 acids	 may	 form	 non-canonical	 tetraplex	 secondary	 structures	 called	 G-

quadruplexes.		G-quadruplexes	have	been	found	in	eukaryotic	and	prokaryotic	genomes,	in-

cluding	 viruses.	 Located	 in	 key	 functional	 regions	 of	 genomes,	 G-quadruplexes	 play	 im-

portant	regulatory	roles	in	transcription,	replication	and	translation	processes.	Particularly,	

G-quadruplex-mediated	 transcription	 regulation	 of	 oncogene	 promoters	 has	 been	 widely	

described.	

Previous	 studies	 demonstrated	 that	 a	 set	 of	 dynamic	G-quadruplex	 structures	 in	 the	 pro-

moter	region	of	the	HIV-1	Long	Terminal	Repeat	(LTR)	regulates	viral	transcription	acting	

as	 repressor	 elements.	 G-quadruplex-directed	 targeting	 with	 stabilizing	 ligands	 enhances	

their	 inhibitory	 effect,	 resulting	 in	 decrease	 of	 viral	 production	 and	 suggesting	 viral	 G4	

structures	as	potential	antiviral	targets.		

We	aimed	at	1)	develop	antiviral	compounds	selective	for	viral	G-quadruplexes	over	cellular	

structures.	We	 screened	 a	 newly	 designed	 series	 of	NDI-core	 based	G-quadruplex	 ligands	

and	pointed	out	structural	features	of	the	compounds	that	led	to	improve	the	selectivity.		

2)	We	 identified	by	nuclear	magnetic	 resonance	 the	deep	 structural	 coordinates	of	 the	G-

quadruplex	targets	as	the	preliminary	necessary	step	for	rational	drug	design	approach.	We	

described	the	singular	hybrid	quadruplex/duplex	topology	of	the	major	G-quadruplex	com-

ponent	within	 the	LTR	 region,	which	 allows	novel	 implication	 for	 selective	 recognition	of	

viral	structures.	

3)	We	 also	 explored	 the	 formation	 of	 G-quadruplex	 structures	 at	 the	HIV-1	 RNA	 genome	

level,	which	emerged	as	a	pre-integration	target	for	the	antiviral	activity	of	a	well-known	G-

quadruplex	 ligand.	 We	 investigated	 the	 formation,	 stability	 and	 involvement	 of	 RNA	 G-

quadruplexes	 in	 the	 reverse	 transcription	process	 and	 the	 role	 of	 the	HIV-1	nucleocapsid	

protein	in	controlling	folding	of	these	structures.	
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Riassunto	

Acidi	nucleici	ricchi	 in	guanine	possono	formare	strutture	secondarie	alternative	chiamate	

G-quadruplex.	 I	G-quadruplex	sono	stati	 caratterizzati	 in	diversi	 tipi	di	genomi,	 tra	cui	ge-

nomi	virali	e	umano.	Nel	genoma	umano	le	strutture	G-quadruplex	sono	prinicipalmente	lo-

calizzate	 in	 importanti	regioni	 funzionali,	dove	possono	assumere	ruoli	regolatori	dei	pro-

cessi	 come	 trascrizione,	 replicazione	 a	 traduzione.	 In	 particolare,	 la	 regolazione	 della	 tra-

scrizione	dei	promotori	degli	oncogeni	mediata	dalle	strutture	G-quadruplex	è	stata	ampia-

mente	descritta,	evidenziando	che	i	G-quadruplex	promotoriali	agiscono	principalmente	da	

silenziatori	del	processo	trascrizionale.	

I	precedenti	studi,	condotti	dal	nostro	gruppo	di	ricerca	hanno	dimostrato	che	una	serie	di	

strutture	G-quadruplex	 al	 livello	del	 Long	Terminal	 repeat	 (LTR)	del	 genoma	provirale	di	

HIV-1	 è	 coinvolta	 nella	 regolazione	 della	 trascrizione	 virale.	 La	 stabilizzazione	 di	 queste	

strutture	con	i	ligandi	specifici	si	traduce	in	repressione	dell’attività	promotoriale	e	in	inibi-

zione	della	produzione	del	virus	in	cellule	infettate,	suggerendo	che	i	G-quadruplex	nella	re-

gione	LTR	di	HIV-1	possono	essere	dei	promettenti	target	antivirali.	Lo	scopo	principale	di	

questa	tesi	è	stato	quello	di	individuare	composti	con	attività	antivirale	che	mostrano	un	le-

game	preferenziale	verso	le	strutture	G-quadruplex	virali.	Abbiamo	testato	una	nuova	serie	

di	 composti	 leganti	G-quadruplex	sviluppata	a	partire	dal	NDI-core	e	abbiamo	 identificato	

dei	 componenti	 strutturali	 responsabili	 della	 maggiore	 affinità	 verso	 le	 strutture	 G-

quadruplex	virali	che	possono	guidare	verso	ulteriore	miglioramento	della	selettività.		

L’obiettivo	di	utilizzare	un	approccio	razionale	per	lo	sviluppo	dei	composti	selettivi	ha	ri-

chiesto	di	 individuare	 le	coordinate	strutturali	del	 target.	Abbiamo	identificato	che	 il	com-

ponente	G-quadruplex	prevalente	nella	regione	LTR	considerata	è	foldato	in	una	topologia	

molto	particolare,	descritta	come	struttura	ibrida	quadruplex/duplex	e	presenta	interessan-

ti	implicazioni	per	il	riconoscimento	selettivo	da	parte	delle	piccole	molecole.	
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form	 the	protective	 cap	at	 the	 end	of	 chromosomes,	making	 them	susceptible	 to	 the	DNA	

damage	 responses	 which	 are	 directly	 correlated	 to	 the	 cell	 senescence	 and	 programmed	

death	(32).		

To	overcome	the	progressive	shortening	of	telomeres	some	human	somatic	cells,	stem	cells	

and	cancer	cells	use	the	telomerase	to	elongate	telomeres.	The	holo-enzyme	telomerase	is	a	

ribonucleoprotein	 complex	 composed	 of	 a	 catalytic	 reverse-transcriptase	 unit	 (hTERT)	

which	uses	its	own	RNA	component	(hTR/hTERC	unit)	as	a	template	for	synthesis	of	telo-

meric	TTAGGG	repeats	(33).	 	The	activity	of	telomerase	in	somatic	cells	is	basically	absent	

and	the	rate	of	telomere	elongation	is	not	high	enough	to	maintain	their	length,	resulting	in	

gradual	 shortening	of	 telomeres	as	 consequence	of	 end-replication	problem.	On	 the	other	

hand,	in	85%	of	cancer	cells	the	telomerase	is	overexpressed	and	up-regulated	that	permits	

cancer	cells	to	avoid	senescence	and	apoptosis	(34).	Therefore,	the	telomerase	activity	reac-

tivation	has	been	considered	as	one	of	the	major	hallmarks	of	cancer	(27,29,34).	

Besides	T-loop,	G-rich	telomeric	sequences	may	fold	into	stable	G4	structures	(Figure1.6B).	

Folding	of	the	single	strand	telomeric	end	into	the	G4	prevent	the	telomeric	ends	from	an-

nealing	with	the	telomerase	RNA	template,	arresting	the	elongation	and	in	such	a	way	inhib-

iting	telomerase	catalytic	activity	(26,35,36).		

Telomeric	G4s	have	been	widely	 investigated	over	 the	years.	First	of	all	a	 lot	of	structural	

work	has	been	conducted	 to	 investigate	different	possibilities	of	 folding	depending	on	 the	

number	of	tandem	repeats	in	the	sequence	(from	one	to	four)	and	nature	of	stabilizing	cati-

ons	(37).	NMR	and	crystal	structures	in	presence	of	sodium	and	potassium	ions	have	been	

solved	and	interestingly	the	nature	of	cation	highly	influence	the	folding	topology	changing	

from	parallel	topologies	 in	presence	of	potassium	to	antiparallel	 in	sodium	solution.	Given	

the	extended	amount	of	tandem	repeats,	also	higher	order	structures,	where	more	than	one	

G4	structures	stack	upon	each	other,	have	been	observed	(37).		

One	of	the	most	direct	evidences	of	G4	formation	at	telomeric	level	so	far	comes	from	in	vivo	

experiments	 showing	 that	 telomere	 structural	 proteins,	 such	 as	 TEBPα	 (Telomere	 end-

binding	protein)	and	TEBPβ	in	ciliates	may	promote	G4	folding	(38),	while	POT1	has	been	

demonstrated	to	unwind	telomeric	G4s	in	vitro	(39).	

The	importance	of	the	biological	role	of	G4	structures	at	telomeric	level	has	been	also	sup-

ported	 by	 recent	 studies	 evidencing	 that	 human	helicases,	 such	 as	WRN	 and	BLM	 are	 in-

volved	in	telomere	maintenance	and	are	able	to	unwind	G4	structures	in	vitro	(26,40).	Mu-

tations	in	WRN	cause	Werner	syndrome	characterized	by	premature	aging	which	can	be	re-

lated	to	the	telomere	shortening	and	mutations	in	BLM	cause	Blooms	syndrome	character-

ized	by	high	susceptibility	to	cancer	diseases	(26).	
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properties	are	impaired	by	G4	stabilizing	ligand	telomestatin	in	vitro	(47).	Cell	lines	encod-

ing	mutated	FANCJ	have	been	shown	to	accumulate	deletions	at	sequences	matching	G4	mo-

tifs	(47)	(Figure	1.8).		

The	 fact	 that	 in	 the	 absence	 of	 helicases,	 G4	 forming	 regions	may	 undergo	 deletions	 sug-

gested	both	that	G4s	are	problematic	sequences	to	be	resolved	and	that	the	nucleases	may	

recognize	G4	regions	for	specific	cleavage	(48).	FEN1	and	EXO1	nucleases	have	been	shown	

to	bind	G4s	in	vitro	(48).		

The	evidences	of	the	role	of	different	helicase	families	in	maintaining	the	genomic	stability	

through	G4	related	mechanisms	indirectly	support	the	formation	of	these	structures	at	ge-

nomic	level	and	their	modulatory	role	of	replication	process	and	genomic	integrity	(49).	

1.4.3 G-quadruplexes	in	gene	promoters	

Within	gene	promoters	G4	forming	motifs	are	especially	enriched	in	the	oncogene	promot-

ers,	 while	 being	 underrepresented	 in	 tumor	 suppressor	 genes	 (25),	 suggesting	 an	 evolu-

tionary	selection	of	functionally	relevant	G4	structures	and	their	therapeutical	potential	as	

drug	targets	(50-53).	G4s	in	oncogene	promoters	are	usually	located	immediately	upstream	

of	transcription	start	sites	(TSS),	correlated	to	binding	sites	of	important	transcription	fac-

tors	such	as	Sp1	and	NF-kB	and	have	been	proposed	as	regulatory	elements	of	transcription	

initiation	(25).		

Gene	promoter	G4s	are	mostly	intramolecular	structures,	formed	by	a	single	strand	DNA.	In	

contrast	to	telomeric	structures	in	the	single	stranded	3’-overhang	of	human	telomeres,	G4s	

in	gene	promoters,	where	genomic	DNA	is	in	its	usual	double	strand	conformation,	have	to	

overcome	the	energetic	barrier	of	 the	duplex	to	 form	(50).	Molecular	crowding	conditions	

are	known	to	stabilize	G4s	once	they	are	formed	(54,55),	while	negative	superhelicity	gen-

erated	by	 transcriptional	machinery	during	 the	 transcription	may	give	 the	driven	 force	 to	

promote	the	G4	formation	(56).	Intramolecular	structures	are	more	complex	and	polymor-

phic	 as	 compared	 to	 bimolecular	 o	 tetramolecular	 G4s,	 displaying	 a	 great	 variety	 of	 loop	

conformations,	strand	directionalities	and	tetrads	arrangement	(53).		Moreover,	G4	forming	

sequences	described	in	promoter	regions	often	contain	more	than	four	G-tracts	that	poten-

tially	allow	the	sequence	to	adopt	various	conformations	with	involvement	of	different	gua-

nines	and	thus	loop	sequences.	Different	conformations	may	overlap	and	G4	structures	are	

in	continuous	dynamic	equilibrium,	even	if	usually	there	is	a	single	prevalent	conformation.	

This	particular	feature	makes	the	structural	and	biophysical	characterization	more	complex.	

The	 examples	 of	multiple	 intramolecular	 conformations	 in	 oncogene	 promoters	 are	 bcl-2	

(57-59),	PDGFR-β	(60),	c-kit	(12,61,62),	while	RET	(63,64),	PDGF-A	(65)	and	VEGF	(66-68)	

represent	the	class	of	single	conformation	G4s.		
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tion	in	cell	 lines	where	NHE	III1	was	present,	while	having	a	small	effect	on	cell	 lines	with	

deleted	NHE	III1	(77).	

1.4.4 RNA	G-quadruplexes	and	their	role	in	translation	

Beside	 the	DNA	G4s,	 RNA	G-rich	 sequences	may	 also	 form	G4	 structures	 (RNA	G4s).	 The	

general	structural	features	resemble	the	DNA	G4s	with	some	topological	limitations.	In	fact,	

so	far	only	parallel	RNA	G4s	have	been	reported.	The	major	reason	is	probably	the	inability	

of	ribose	sugar	to	assume	syn	glycosidic	bond	angle	conformation,	which	 is	a	requisite	 for	

antiparallel	structures	 formation	(78).	The	presence	of	uraciles	 instead	of	 thymines	 in	 the	

loop	sequences	additionally	contributes	to	the	limitation	of	assumed	conformations,	and	to	

the	increased	stability	of	RNA	G4s	because	of	increased	stacking	interactions	and	release	of	

water	molecules	(79,80).	The	hydroxyl	group	in	2’	position	of	ribose	sugar,	contributes	with	

additional	intramolecular	hydrogen	bonds	making	RNA	G4s	more	stable	compared	to	DNA	

counterparts.	

A	number	of	putative	RNA	G4	forming	sequences	were	found	in	the	5’	untranslated	regions	

(UTR)	of	human	mRNAs	including	genes	of	clinical	interest.	At	this	level	RNA	G4s	were	pro-

posed	as	regulatory	elements	of	gene	expression	at	the	translational	level	(81,82).	The	initi-

ation	step	of	the	translation	is	the	rate	limiting	and	most	regulated	step	of	whole	translation	

process.	 The	 recruitment	 of	 the	 ribosomal	 subunit	 40s	 occurs	 at	 the	modified	 cap	 analog	

that	 forms	 5’	 end	 of	 mRNA,	 then	 the	 complex	 scans	 mRNA	 until	 the	 AUG	 start	 codon	 is	

reached.	 Alternatively,	 the	 translation	 starts	 in	 the	 internal	 ribosome	 entry	 site	 (IRES)	

which	substitutes	modified	cap	analog.	Both	mechanisms	are	influenced	by	the	presence	of	

secondary	 structures,	 including	 G4s.	 Interestingly,	 during	 the	 cap-dependent	 translation,	

RNA	G4s	inhibit	translational	process,	while	in	the	cap-independent	translation,	secondary	

structures	and	G4s	among	them	are	required	for	initiation	(Figure	1.11)	(81).		

One	of	the	representative	examples	is	RNA	G4	motif	forming	close	to	the	5’	cap	of	5’-UTR	of	

the	NRAS	proto-oncogene	mRNA,	which	repress	 the	gene	expression	at	 translational	 level	

(83).	Moreover,	it	is	a	target	for	small	molecules	that	inhibit	translation	in	vitro	(84).	

RNA	 G4s	 mediated	 translational	 up-regulation	 has	 been	 reported	 for	 cap-independent	

translation.	 Formation	 of	 G4	 structure	 in	 the	 IRES	 is	 required	 for	 translation	 initiation	 of	

VEGF	(85),	FGF-2	(86),	and	TGFβ2	(87).	

The	discovery	of	RNA	G4	downstream	of	an	endonucleolytic	cleavage	site	 in	the	3’-UTR	of	

IGF-II	mRNA	suggesting	the	role	of	G4s	in	mRNA-processing	(88).	The	presence	of	a	stable	

G4	structure	downstream	from	the	p53	pre-mRNA	cleavage	site	 is	critical	 for	maintaining	

p53	3′	end	processing	efficiency.	This	cis	element	via	interactions	with	the	hnRNP	H/F	pro-
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trisubstituted)	that	was	rationally	designed	to	interact	with	three	G4	grooves	(96).	As	con-

firmed	 by	 crystal	 structures	 of	 G4	 complex	with	 a	multiplicity	 of	 di-substituted	 acridines	

(97,98),	and	molecular	modeling	analyses	these	core	appears	to	be	suitable	for	G4	structure	

recognition	upon	optimized	protonation	of	central	ring	nitrogen	(99).	A	crystal	structure	of	

BRACO-19	 complexed	with	 telomeric	 bimolecular	 G4	 revealed	 interesting	 interaction	 fea-

tures	 (100).	The	stacking	 interactions	 seems	not	 to	be	 symmetric	with	only	 two	guanines	

forming	π-π	stacking	interactions	and	the	positively	charged	nitrogen	atom	in	the	acridine	

ring	is	positioned	directly	on	the	central	axis	of	the	electronegative	channel.	Apparently,	the	

positively	 charged	 nitrogen	 is	 able	 to	 displace	 the	monovalent	 cation	 and	 compensate	 its	

charges	(Figure1.12B)	(100).	

BRACO-19	greatly	stabilizes	G4	structures	in	vitro,	while	being	able	to	discriminate	between	

G4	 and	 duplex	 conformations	 as	 confirmed	 by	 spectroscopic	 studies	 (circular	 dichroism,	

FRET,	surface	plasmon	resonance).	It	strongly	inhibits	telomerase	activity	(101),	and	recent	

biological	 investigations	 revealed	 that	 BRACO-19	 has	 a	 strong	 antiproliferative	 effect	 on	

cancer	cells	(102,103).		

1.5.1.1 Naphthalene	Diimide	compounds	(NDIs)	as	G-quadruplex	lig-
ands	

NDIs	 are	 the	well-known	 family	 of	 compounds	with	high	 affinity	 to	DNA.	 They	nowadays	

represent	a	very	promising	class	of	G4	stabilizing	ligands	(Figure	1.13).	

Disubstituted	NDIs	were	first	described	as	double	stranded	DNA	intercalators	preferentially	

binding	G:C	sequences	(104).	Some	of	them	were	shown	to	display	the	anti-cancer	activity,	

although	with	elevated	toxicity	and	limited	therapeutic	advantages	(105,106).	

Neidle	 and	 coworkers	 tested	 NDI	 compounds	 for	 G4	 affinity,	 obtaining	 initially	 not	 very	

promising	results.	They	then	hypothesized	that	introducing	more	substituents	to	the	naph-

thalene	diimide	core	would	have	result	in	improved	affinity	to	the	G4	motif,	rather	than	ex-

tending	 the	planar	moiety,	proposing	a	new	class	of	 tri-	and	 tetra-substituted	NDIs	highly	

selective	for	telomeric	G4	structures	(107,108).	The	high	affinity	to	the	G4s	was	correlated	

to	the	cell	growth	inhibition	in	cancer	cell	lines	(109,110).	Interestingly,	the	substitution	of	

N-methyl-piperazine	 group	of	 the	 side-chain	with	pyrrolidine,	 resulted	 in	 a	 significant	 in-

crease	of	specificity	for	a	G4	structure	forming	in	c-kit	promoter	in	vitro,	reflected	in	inhibi-

tion	 of	 kit	 transcription	 and	 growth	 inhibition	 in	 primary	 kit-dependent	 gastrointestinal	

tumor	cell	lines	(111).	

The	availability	of	G4/NDI	crystal	structures	allowed	to	expand	these	series	of	compounds	

based	on	structure-activity	relationships	(98,112).	It	has	been	found	that	the	activity	of	NDI	
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1.7.2.1 HIV-1	Structural	proteins	and	enzymes	

Gag	 encodes	 for	 structural	 capsid	 proteins.	 It	 is	 produced	 as	 polyprotein	 precursor	 p55,	

containing	capsid	protein	(p24),	matrix	protein	(p17)	and	nucleocapsid	protein	(p7).	During	

the	maturation	process	p55	is	cleaved	by	viral	protease	to	produce	mature	structural	pro-

teins.			

Matrix	protein	is	the	N-terminal	part	of	Gag	precursor	and	it	is	associated	with	the	viral	li-

pid	envelope	in	the	mature	virions.	It	plays	an	important	role	in	the	viral	particle	assembly	

and	incorporation	of	viral	glycoproteins	into	the	nascent	particles	(138).	

In	the	context	of	Gag	precursor	capsid	protein	follows	the	matrix	protein.	It	has	crucial	roles	

in	the	viral	particle	assembly	and	entry	into	a	new	target	cells	(139).	In	the	mature	virions	

capsid	protein	constitutes	the	conical	shell	of	the	core,	coating	genomic	RNA	and	viral	pro-

teins.	

The	C-terminal	domain	of	Gag	precursor	is	the	small	zinc-finger	protein	called	nucleocapsid	

protein.	In	the	following	chapter	its	structure	and	functions	are	discussed	in	details	as	it	is	

one	the	topics	of	this	thesis.	

Pol	genomic	region	encodes	for	viral	enzymes	RT,	IN	and	PR.	As	capsid	proteins	they	are	al-

so	protease	cleavage	products	of	the	Gag-pol	precursor	polyprotein,	produced	by	ribosome	

frameshifting.	 Briefly,	 RT	 is	 a	 RNA	 dependent	 RNA	 polymerase	which	 synthesizes	 double	

stranded	DNA	proviral	genome,	 subsequently	 transported	 into	 the	nucleus	and	 integrated	

into	host	chromosomes,	from	single	strand	RNA	template.	The	integration	step	is	catalyzed	

by	 the	 integrase,	 32	 kDa	 protein,	 composed	 of	 N-terminal	 zinc-binding	 domain,	 catalytic	

core	 and	 C-terminal	 DNA-binding	 domain.	 The	 99-aminoacids	 aspartic	 protease	 is	 a	 ho-

modimer	with	 the	 central	 active	 site	 cavity	 capped	by	 two	 flexible	 flap	 regions.	 Protease-

catalyzed	cleavage	of	viral	polyprotein	precursors	 is	essential	 for	 the	 formation	of	mature	

infective	particles.		

Viral	glycoproteins	are	encoded	by	env	gene	and	produced	as	a	precursor	gp160,	processed	

by	the	protease	into	surface	membrane	gp120	and	transmembrane	domain	gp41.	Viral	gly-

coproteins	 are	 involved	 in	 the	 recognition	 of	 target	 host	 cells,	 attachment	 and	 entry	 pro-

cesses.	Gp120	 subunit	 associates	with	 the	CD4	 receptor	of	 the	host	 cell	 and	 subsequently	

with	chemokine	coreceptor	(CCR5	or	CXCR4	depending	on	the	viral	tropism).	The	corecep-

tor	binding	triggers	conformational	changes	in	the	transmembrane	gp41	domain	by	forcing	

the	fusion	peptides	into	the	target	cell	membrane.		

1.7.2.1.1 Nucleocapsid	protein	

The	HIV-1	nucleocapsid	 protein	 (NCp7)	 is	 a	 small	 (55	 amino	 acid	 residues)	 basic	 protein	

originated	 from	 a	 protease	 cleavage	 of	 Gag	 polyprotein.	 The	 basic	 N-terminal	 and	 C-



N79.<-+@9"<7!!
!

4:!
!

91.>"7,0! -<>,"73! <8! 9?1! /.<91"7! ,.1! 7<9! 39.+@9+.1-! ,7-! 8012"H01!]?"01! 9?1! @179.,0! -<>,"7!

@<79,"73!9]<!?"6?0=!@<731.R1-!VVMV!9=/1!S"7@!8"761.3!P#ATQ!PX"6+.1!#$#FQ$!

&V!"3!,!>+09"8+7@9"<7,0!7+@01"@!,@"-!H"7-"76!/.<91"7$!N9!,@93!,3!,!7+@01"@!,@"-!@?,/1.<71a!8,)

R<."76! 9?1! 31@<7-,.=! 39.+@9+.1! 9<! ,33+>1! 9?1.><-=7,>"@,00=! ><39! 39,H01! @<78<.>,9"<7!

P#A#a#A4Q$!L?1!?"6?0=!39.+@9+.1-!S"7@!8"761.3!,.1!.13/<73"H01!<8!31*+17@1!3/1@"8"@!H"7-"76!9<!

9?1!7+@01"@!,@"-3!P/,.9"@+0,.0=!(!,7-!W(cL(!.+73Q!]?"01!9?1!&)91.>"7,0!H,3"@!-<>,"7!"791.)

,@93!7<73/1@"8"@,00=!]"9?!7+@01"@!,@"-3!H=!101@9.<39,9"@!"791.,@9"<73a!6"R"76!9<!9?1!&V!,03<!7+)

@01"@!,@"-3!,771,0"76!/.</1.9"13!P#A:Q$!

&@/J! "3! 133179",00=! "7R<0R1-! "7! ,0><39! ,00! 9?1! 391/3! <8!MNO)#! .1/0"@,9"<7! @=@01$! X".39! <8! ,00a!

>+09"/01! @</"13! <8! 7+@01<@,/3"-!/.<91"7! P#$CTT)4$TTTQ! ,.1! ,33<@",91-!]"9?! 9?1!G&'!-">1.!

617<>1!"73"-1!9?1!>,9+.1!R"."<73a!173+."76!/.<91@9"<7!8.<>!9?1!G&'31!,@9"R"9=!<7@1!9?1!61)

7<>1!"3!.101,31-!"79<!9?1!@=9</0,3>!<8!?<39!@1003!P#AAQ$!!

L?1!7+@01"@!,@"-3!@?,/1.<71!/.</1.9"13!,7-!,771,0"76!,@9"R"9=!<8!7+@01<@,/3"-!/.<91"7!@<7)

9."H+91!9<!9?1!@<..1@9!/.<6.133"<7!<8!.1R1.31!9.,73@."/9"<7!/.<@133!P#ACQ$!X.<>!9?1!R1.=!8".39!

391/!<8!.1R1.31!9.,73@."/9"<7a!"$1$!9G&'!/.">1.!,771,0"76a!/J!,33"393!GL!17S=>1!/.<6.133"<7$!

&+@01<@,/3"-!/.<91"7!?,3!H117!8<+7-!9<!/,.9",00=!+78<0-!9?1!9G&'!31@<7-,.=!39.+@9+.1!9<!,3)

3+.1!9?1!,771,0"76!9<!91>/0,91!G&'!6"R"76!?"6?1.!39,H"0"9=!9<!9?1!-+/012!?10"2!@<78<.>,9"<7!

71@133,.=!8<.!GL!H"7-"76!,7-!.1R1.31!9.,73@."/9"<7!"7"9",9"<7!P#AKa#AJQ$!L]<!39.,7-!9.,73)

81.3a! R1.=! -10"@,91! ,7-! 9."66"76! 391/3a! ?,R1! 9<! <@@+.! -+."76! 9?1! .1R1.31! 9.,73@."/9"<7$! L?1!

8".39a!>"7+3)39.,7-!9.,7381.a!@<73"393! "7!9?1!9.,730<@,9"<7!<8!71]0=!3=79?13"S1-!P)Q33%&'!,9!

Ce!17-!<8!9?1!617<>1!9<!9?1!@<>/01>179,.=!.16"<7!G!,9!9?1!:e!17-!<8!G&'!617<>1$!L?1!G!.1)

6"<7! @<79,"73! 9?1! ?"6?0=! 39.+@9+.1-! 9.,73),@9"R,9"<7! .13/<731! 101>179! PL'GQ$! CF)79! L'G!

G&'!8<0-3!"79<!,!R1.=!39,H01!?,"./"7!39.+@9+.1$!N9!?,3!H117!-1><739.,91-!%"#,%&-.!9?,9!"7!,H)

317@1!<8!&V/J!9?1!,771,0"76!.1,@9"<7!H19]117!L'G!G&'!,7-!"93!@<>/01>179,.=!%&'!39.,7-!

<@@+.3!R",!0<</)0<</!q`"33"76r!"791.>1-",91!9?,9!30<]0=!"791.@<7R1.93!9<!9?1!@<>/01910=!,7)

71,01-!?=H."-!-+/012a!]?"01!9?1!/.1317@1!<8!7+@01<@,/3"-!/.<91"7!/1.>"93!9?1!8<.>,9"<7!<8!

`"719"@,00=! 8,R<.1-!H"><01@+0,.! "791.>1-",91a! 8,@"0"9,9"76! 9?1!,771,0"76!.1,@9"<7!H=!,.<+7-!

#TC)8<0-3! P#AEQ! PX"6+.1! #$4TQ$! B13"-13! 8,@"0"9,9"76! 9?1! ,771,0"76a! &V/J! @<791>/<.,.=! ,3)

3+.13!9?1!3/1@"8"@"9=!<8!>"7+3)39.,7-!9.,7381.!H=!@<>/19"76!9?1!7<73/1@"8"@!3108)/.">"76!.1)

V0:3.%&4/4U&'>"7<,@"-"@!31*+17@1!<8!MNO)#!7+@01<@,/3"-!/.<91"7$!g"7@)8"761.!-<>,"73!/,.9"@"/,91!9<!
9?1!3/1@"8"@!H"7-"76!9<!7+@01"@!,@"-3!H=!?=-.</?<H"@!"791.,@9"<7$!VVMV!,>"7<,@"-3!@<<.-"7,9"76!S"7@!
,9<>3!,.1!0,H101-!"7!H<0-$!



N79.<-+@9"<7!
!

4A!
!

,@9"<7!]?17!"79.,><01@+0,.!L'G)"7-+@1-!8<0-)H,@`!39.+@9+.13!,9!9?1!:e!17-!<8!P)Q33%&'!,.1!

8<.>1-!.13+09"76!"7!9?1!,H.<6,9"<7!<8!@<>/0191!-3%&'!3=79?13"3!P#AFQ$!

N9! "3!6171.,00=!,@@1/91-!9?,9!&V/J!,33"393!GL!17S=>1! "7! 9?1!-3%&'!3=79?13"3!H=!+78<0-"76!

@<>/012! 31@<7-,.=! 39.+@9+.13! 8<.>1-!H=! H<9?!G&'! ,7-!%&'! 91>/0,913$! Z1@<7-,.=! 39.+@)

9+.13a!3+@?!,3!?,"./"73!>,=!>,`1!-"88"@+09!9?1!10<76,9"<7!<8!7+@01"@!,@"-3!H=!/<0=>1.,31!17)

S=>13!-+1! 9<! 391."@! ">/1-">1793! ,7-! @,+31!/,+3"76! 3"913! ,7-! "7@<>/0191! 3=79?13"3!/.<-)

+@93$!V?,/1.<71!,@9"R"9=!<8!&V/J!8,@"0"9,913!GL!/.<@133"76!P#CTQ$!

N7!9?1!0,91!/?,31!<8!MNO)#!R".,0!@=@01a!7+@01<@,/3"-!/.<91"7!>,=!?,R1!-"881.179!8+7@9"<73!H1)

"76! ,! /,.9! <8! 7<7)/.<@1331-!(,6! /<0=/.<91"7$! ;,.9"@+0,.0=a! 3101@9"<7! <8! 617<>"@!G&'3! ,7-!

/,@`,6"76!,7-!-">1."S,9"<7!,.1!9?<+6?9!9<!H1!>1-",91-!H=!(,6!&V/J!-<>,"7!"791.,@9"<73$!

(17<>1!3101@9"<7!,//1,.3! 9<!/.<@11-!R",! 9?1!-".1@9!H"7-"76!<8!&V/J! 9<!/,.9"@+0,.0=!39.+@)

9+.1-!G&'!/,@`,6"76!3"67,03a!@,001-!s)3"913a!9?,9!,.1!6171.,00=!0<@,91-!71,.!9?1!Co)17-!<8!9?1!

R".,0!G&'!PCe)WLG3Q!P#C#Q$!

N791.139"760=a! &V/J! ?,3! H117! 3?<]7! 9<! 188"@"1790=! 0<@,0"S1! "7! 9?1! 7+@01+3! ,891.! ,.<+7-! E!

?<+.3!/<39)"781@9"<7!P##KQ!,7-!,@9!,3!,7!17?,7@1.!<8!H,3,0!/.<><91.!,@9"R"9=!H=!H"7-"76!9<!

9?1!/.<><91.!.16"<73!"7!9?1!\LG!<8!"7916.,91-!617<>1!P##EQ$!

("R17!9?1!,33"39,7@1!.<01!<8!7+@01<@,/3"-!/.<91"7!"7!9?1!`1=!391/3!<8!MNO)#!R".,0!@=@013a!&V/J!

?,3!H117!@<73"-1.1-!,3!,!/.<>"3"76!9,.619! 8<.!,79"R".,0! 9?1.,/=$!L?1!,//.<,@?13!9<! "7?"H"9!

9?1!&V/J!,@9"R"9=!,.1!-".1@91-!9<!9?1!39.+@9+.,0!+78<0-"76!<8!/.<91"7!H=!S"7@!1^1@9"<7a!]?"@?!

V0:3.%&4/7?!G&'!L'Gc@L'G!,771,0"76!>1@?,7"3>3$!N7!,H317@1!<8!&V/J!12917-1-!`"33"76!H19]117!
9]<!?,"./"7!39.+@9+.13!>1@?,7"3>!"3!8,R<.1-$!&V/J!@,9,0=S13!9?1!8<.>,9"<7!<8!H"><01@+0,.!"791.>1)
-",91!9?,9!"3!8,39!"791.@<7R1.91-!"7!9?1!-+/012!8<.>$!X"6+.1!8.<>!P#AEQ!



Introduction		
	

25	
	

disrupts	highly	structured	zinc-finger	domains	responsible	of	specific	nucleic	acids	binding	

(117).	Another	approach	is	to	target	and	stabilize	nucleic	acids	bound	by	NCp7.	RNA	binders	

targeting	TAR/cTAR	have	been	tested	(152).	

Given	high	affinity	of	NCp7	to	the	guanine	rich	sequences,	it	is	not	surprising	that	its	chap-

eroning	activity	may	be	involved	in	modulating	formation	of	DNA	and	RNA	G4	structures.	In	

fact,	there	are	evidences	of	NCp7	mediated	assembly	of	intermolecular,	particularly	tetram-

eric,	 G4s,	 probably	 due	 to	 its	 nucleic	 acids	 aggregation	 properties	 (117,153).	 In	 contrast,	

spectroscopic	techniques	showed	that	NCp7	displays	an	unfolding	activity	upon	binding	to	

the	intramolecular	G4	formed	by	thrombin	binding	aptamer	(TBA)	sequence	(154).		

1.7.2.2 Regulatory	proteins	

Tat	and	Rev	are	virus-encoded	transactivating	proteins	involved	in	HIV	gene	expression.	Tat	

binding	to	the	TAR	RNA	element	activates	transcription	elongation	from	the	LTR	promoter.	

Rev	acts	by	binding	to	the	RRE	element	and	promotes	nuclear	export,	splicing	of	structural	

mRNAs,	positively	regulating	structural	genes	expression.	

1.7.2.3 Accessory	proteins	

The	HIV	accessory	proteins,	Nef,	Vif,	Vpr	and	Vpu,	represent	critical	virulence	factors	in	vivo.	

Nef	has	been	shown	to	have	multiple	activities,	including	the	downregulation	of	the	cell	sur-

face	expression	of	CD4	and	stimulation	of	HIV	infectivity.	Vif	is	also	responsible	of	HIV	infec-

tivity,	probably	by	affecting	reverse	transcription	step,	viral	uncoating,	or	the	stability	of	vi-

ral	nucleoprotein	complexes.	Vpr	plays	a	role	in	the	ability	of	HIV	to	infect	nondividing	cells	

by	 facilitating	 the	nuclear	 localization	of	 the	preintegration	complex	(PIC),	which	contains	

reverse	transcribed	proviral	DNA,	and	acting	as	a	nucleocytoplasmatic	transport	factor.	Vpu	

protein	two	functions	are	down-modulation	of	CD4	and	the	enhancement	of	virion	release	

from	the	surface	of	infected	cells	(155).	
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have	 a	 nuclease	 protective	 function	 of	 pre-integration	 complex,	 as	 DNA-flaps	 are	 usually	

recognized	by	cellular	nucleases	(160).		

More	recently,	a	G-rich	sequence	has	been	identified	at	the	beginning	of	gag	coding	region,	

characterized	as	preferential	 site	 for	 recombination.	The	RT	stop	products,	 corresponding	

to	 the	G-runs	 involved	 in	G4	 formation	 in	RT	pausing	assays,	confirmed	the	G4	 formation.	

Intermolecular	 G4s	 in	 gag	 recombination	 hot	 spot	 have	 been	 proposed	 to	 favor	 strand	

transfer	of	RT	by	pausing	at	G4	 forming	sites,	event	 that	highly	promotes	 the	genomic	re-

combination	 of	 the	 virus	 (161).	 	Moreover,	NCp7	 has	 been	 shown	 to	 induce	 dimer	 struc-

tures,	amplifying	the	recombination	events	(162).	

Our	group	reported	the	formation	of	G4	clusters	in	the	HIV-1	nef	coding	region.	We	showed	

that	 three	contiguous	putative	G4	regions	are	present	and	 that	at	 least	 two	are	extremely	

conserved	among	most	circulating	HIV-1	strains.	This	region	have	been	shown	to	fold	in	G4	

structures	 stabilized	 by	 presence	 of	 cations	 and	 G4	 binding	 compounds,	 particularly	

TMPyP4	resulting	in	impaired	Nef	expression	and	significant	suppression	of	Nef-dependent	

enhancement	of	HIV-1	infectivity	(163).		
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inhibition	effect	on	the	processing	of	the	G4	forming	template	by	Taq	polymerase.		

When	the	wt	LTR	and	selected	point	mutants	were	cloned	upstream	of	the	firefly	luciferase	

gene,	an	increase	of	50%	of	promoter	activity	was	observed	in	presence	of	LTR	point	mu-

tants	disrupting	G4	formation,	compared	to	wt	and	G4	non-disrupting	mutants.	In	presence	

of	BRACO-19,	wt	LTR	promoter	activity	decreased,	while	no	effect	was	observed	on	G4	abol-

ishing	mutants.	These	data	strongly	suggested	that	HIV-1	LTR	G4s	act	as	repressor	elements	

of	viral	transcription	activation	(164).	

Further	 investigations	 of	 LTR	 G4s	 involvement	 in	 HIV-1	 transcriptional	 process	 lead	 our	

group	to	analyze	potential	binding	proteins	that	may	control	 the	G4	folding	of	 this	region.	

Electrophoretic	mobility	 shift	 assay	and	pull-down	approaches	combined	with	mass	 spec-

trometry	 allowed	 the	 identification	 of	 cellular	 protein	 nucleolin,	which	 specifically	 recog-

nize	LTR	G4s	 (165).	The	LTR	G4-nucleolin	specific	 interactions	resulted	 in	 the	 increase	of	

silencing	activity	operated	by	G4s	on	viral	transcription,	as	observed	with	luciferase	report-

er	assay,	while	nucleolin	depletion	produced	the	enhancing	effect	on	LTR	promoter	activity.	

Cellular	protein	nucleolin	binding	to	the	LTR	G4s	and	its	influence	on	LTR	promoter	activity	

indirectly	supported	the	biological	relevance	of	these	structures	for	the	regulation	of	HIV-1	

transcription,	a	key	viral	process.	Based	on	these	evidences	LTR	G4s	were	proposed	as	nov-

el	antiviral	targets.	Indeed,	BRACO-19	was	tested	for	antiviral	activity	and	displayed	prom-

ising	G4-related	viral	production	 inhibition	properties,	validating	LTR	G4s	as	antiviral	 tar-

gets	(166).	However,	BRACO-19	is	a	well-known	G4	ligand	able	to	bind	a	wide	variety	of	G4	

structures	 and	 thus,	 it	 is	 not	 specific	 for	 recognition	of	 viral	G4	 structures	 and	displays	 a	

high	affinity	to	the	cellular	G4s	(for	instance	telomeric	structures).	

The	first	focus	of	this	thesis	is	to	explore	the	possibility	of	selective	targeting	of	HIV	G4s	in	

order	 to	 develop	 new	 antiviral	 compounds	 with	 G4	 mediated	 mechanism	 of	 action.	 We	

faced	the	selectivity	challenge	through	two	different	approaches.	The	first	approach	consists	

in	the	screening	of	small	 library	of	NDI-core	based	G4	ligands	modified	with	new	features.	

The	 newly	 synthesized	 core-extended	NDI	 compounds	were	 tested	 in	 vitro	 for	 selectivity	

towards	viral	G4s	over	cellular	(telomeric)	structures	through	spectroscopic	analysis	com-

bined	with	surface	plasmon	resonance	analysis	and	G4-specific	electrophoretic	techniques.	

On	the	other	hand,	rational	drug	design	approach	can	be	adopted.	To	develop	specific	viral	

G4	ligands	the	3D	structural	coordinates	are	necessary.	To	this	purpose,	we	sought	to	solve	

the	 high-resolution	 structure	 in	 potassium	 solution	 of	 the	most	 stable	 and	 preferentially	

targeted	G4	component	within	the	LTR	G4-forming	region	by	NMR	technique.	

Interestingly,	the	investigation	of	antiviral	activity	of	BRACO-19	revealed	two	steps	targeted	

by	 the	 compound.	 Besides	 the	 post-integration	 step	 at	 proviral	 genome	 level,	 a	 pre-

integrational	target	has	been	proposed	compatible	with	the	reverse	transcription	process	at	
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the	HIV-1	RNA	genome	level	(166).	Thus,	the	second	part	of	the	thesis	is	focused	on	the	in-

vestigation	 of	 RNA	G4	 structures	 in	 the	U3	 region	 of	HIV-1	 genome.	HIV-1	RNA	G4s	may	

likewise	represent	an	attractive	antiviral	target	during	the	early	step	of	viral	cycle.	First	of	

all,	the	in	vitro	characterization	of	RNA	G4s	was	performed	followed	by	the	investigation	of	

the	potential	involvement	of	both	cellular	and	viral	proteins	in	controlling	the	formation	of	

U3	RNA	G4	folding.		
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3 Materials	and	Methods	

3.1 Oligonucleotides	used	in	this	study	

Synthetic	DNA	oligonucleotides	used	in	this	study	were	purchased	from	Sigma-Aldrich	(Mi-

lan,	Italy)	in	lyophilized	form,	dissolved	in	Tris-EDTA	(TE)	buffer	at	stock	concentrations	(1	

mM	 or	 100	 uM)	 and	 stored	 at	 -20	 °C.	 RNA	 oligonucleotides	 were	 purchased	 from	 Ther-

moFisher	Scientific	(Waltham,	MA,	USA)	in	lyophilized	form,	dissolved	in	DEPC-treated	wa-

ter	at	stock	concentrations	(1	mM	or	100	uM)	and	stored	at	–80	°C.	

For	NMR	experiments,	unlabeled	and	site-specific	 labeled	DNA	oligonucleotides	were	pre-

pared	 by	 phosphoramidite	 synthesis	 using	 reagents	 from	 Glen	 Research	 (Sterling,	 USA).	

Samples	were	deprotected	in	ammonium	hydroxide	solution	at	55	°C	for	16	h,	purified	using	

Poly-Pak	cartridges	following	Glen	Research	protocol.	Briefly,	cartridges	were	prepared	by	

acetonitrile	 and	 2M	 TEAA	 solution	 treatment	 to	 enhance	 DNA	 binding.	 Deprotected	 DNA	

was	loaded	into	the	cartridge,	treated	with	2	%	TFA	and	eluted	with	20	%	acetonitrile	solu-

tion.	Purified	DNA	was	then	dialyzed	overnight	against	20	mM	KCl	solution	to	allow	G4	for-

mation.	The	excess	of	KCl	was	removed	by	dialysis	against	water	for	2	hours.	Upon	lyophi-

lization	DNA	was	obtained	in	powder	form.	DNA	samples	were	dissolved	in	potassium	chlo-

ride	 (70	mM)	and	potassium	phosphate	 (20	mM)	buffer.	The	 concentration	of	 the	 sample	

was	obtained	by	measuring	UV	absorbance	at	260	nm.	

The	oligonucleotide	sequences	used	in	this	study	are	indicated	in	the	Table	3.1	
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Application	 Oligo	name	 Sequence	(5’-3’)	

CD	analysis	

LTR-III	 GGGAGGCGTGGCCTGGGCGGGACTGGGG	

LTR-IV	 TGGGCGGGACTGGGGAGTGGT	

hTel	 GGGTTAGGGTTAGGGTTAGGG	

RNA	U3-II	 GGGGACUUUCCAGGGAGGCGUGGCCUGGGCGGG	

RNA	U3-III	 GGGAGGCGUGGCCUGGGCGGGACUGGGG	

RNA	U3-IV	 GGGCGGGACUGGGGAGUGG	

FRET	analysis	

LTR-III	 FAM-TGGGAGGCGTGGCCTGGGCGGGACTGGGGT-

TAMRA	

LTR-IV	 FAM-TGGGCGGGACTGGGGAGTGGT-TAMRA	

hTel	 FAM-GGGTTAGGGTTAGGGTTAGGG-TAMRA	

dsDNA	 FAM-CTATAGCGCGCTATAG-TAMRA	

Taq	polymerase	

Stop	Assay	

LTR-III	 TTTTTGGGAGGCGTGGCCTGGGCGGGACTGGGGAG-

TGGTTTTTCTGCATATAAGCAGCTGCTTTTTGCC	

LTR-IV	 TTTTTGGGCGGGACTGGGGAGTGGTTTTTCTGCATA-

TAAGCAGCTGCTTTTTGCC	

hTel	 TTTTTGGGTTAGGGTTAGGGTTAGGGTTTTTCTGCAT-

ATAAGCAGCTGCTTTTTGCC	

No	G4	 TTGTCGTTAAAGTCTGACTGCGAGCTCTCAGATCCTG-

CATATAAGCAGCTGCTTTTTGCC	

Primer	 GGCAAAAAGCAGCTGCTTATATGCAG	

RT	Stop	Assay	

RNA	U3	III+IV	 GGGAGGCGUGGCCUGGGCGGGACUGGGGAGUG-

GCGAGCCCUCAGAUCCUGCAUAUAAGCA	

RNA	no	G4	 GUAACCGAUGAGUCUAUGCGAGCCCUCAGAUCCUGC	

AUAUAAGCA	

Primer	RT	 TGCTTATATGCAGGATCTGAGG	

SPR	

LTR-III	 GGGAGGCGTGGCCTGGGCGGGACTGGGG-biot	

LTR-IV	 TGGGCGGGACTGGGGAGTGGT-biot	

hTel	 GGGTTAGGGTTAGGGTTAGGG-biot	

NMR	

LTR-III	 GGGAGGCGTGGCCTGGGCGGGACTGGGG	

LTR-III+IV	 AGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGGT	

LTR-II+III+IV	 GGGGACTTTCCAGGGAGGCGTGGCCTGGGCGG-
GACTGGGG	

LTR-FL	 GGGACTTTCCGCTGG-
GACTTTCCAGGGAGGCGTGGCCTGGGCGGGACTGGGG	

LTR-III	G1A	 AGGAGGCGTGGCCTGGGCGGGACTGGGG	

LTR-III	G2A	 GAGAGGCGTGGCCTGGGCGGGACTGGGG	

LTR-III	G3T	 GGTAGGCGTGGCCTGGGCGGGACTGGGG	

LTR-III	∆G3	 GGAGGCGTGGCCTGGGCGGGACTGGGG	
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so	useful	 for	G4-ligand	 interaction	analysis.	The	 simple	 titration	with	 a	G4	 ligand	may	 in-

duce	changes	in	the	CD	spectrum	suggesting	conformational	changes	induced	by	the	ligand	

binding.	It	is	also	possible	to	study	the	stabilization	operated	by	G4	ligands	by	following	the	

Tm	variation	upon	addition	of	different	amounts	of	G4	binders	(168)(Figure	3.1).	

For	CD	analysis,	DNA	and	RNA	oligonucleotides	were	diluted	 to	a	 final	 concentration	of	4	

μM	in	lithium	cacodylate	buffer	(10	mM,	pH	7.4)	added	with	appropriate	concentrations	of	

KCl	 (from	0	 to	 100	mM).	 After	 annealing	 step	 (95	 °C	 for	 5	min),	 samples	were	 gradually	

cooled	 to	 room	 temperature	 to	allow	G4	 formation.	When	 the	 interaction	with	G4	 ligands	

was	analyzed,	compounds	were	added	from	stock	at	 final	concentration	of	16	μM	(4:1	 lig-

and/oligonucleotide	ratio).	Blank	samples	were	prepared	by	addition	of	the	same	volumes	

of	compound	solvent	(i.e.	DMSO).	

CD	 spectra	were	 recorded	on	a	Chirascan-Plus	 (Applied	Photophysisics,	 Leatherhead,	UK)	

equipped	 with	 a	 Peltier	 temperature	 controller	 using	 a	 quartz	 cell	 of	 5	 mm	 optical	 path	

length	 and	 an	 instrument	 scanning	 speed	 of	 50	 nm/min	 over	 a	 wavelength	 range	 of	

230−320	nm.	The	reported	spectrum	of	each	sample	represents	the	average	of	2	scans	and	

it	is	baseline	corrected	for	signal	contributions	due	to	the	buffer.	Observed	ellipticities	were	

converted	to	mean	residue	ellipticity	(θ)	=	deg	×	cm2	×	dmol−1	(mol	ellip).	For	the	determi-

nation	of	Tm,	spectra	were	recorded	every	over	a	temperature	range	of	20−95	°C,	with	tem-

perature	increase	rate	of	5	°C/min,	followed	by	an	equilibration	step	of	1	min	before	meas-

urement.	Tm	values	were	calculated	according	to	the	van’t	Hoff	equation,	applied	for	a	two-

state	transition	from	a	folded	to	unfolded	state,	assuming	that	the	heat	capacity	of	the	folded	

and	unfolded	states	are	equal.	

3.3 UV	analysis	

Similarly	to	CD	spectroscopy,	UV	analysis	 is	widely	used	for	investigation	of	G4	formation,	

thermal	 stability	and	 interaction	with	 ligands.	By	UV	spectroscopy,	 it	 is	possible	 to	 follow	

the	G4	melting	at	295	nm,	wavelength	where	 the	difference	between	 folded	and	unfolded	

states	of	G4	structure	results	to	be	measurable	(169).	Registering	melting	curves	over	20	°C	

–	95	 °C	 temperature	 range	 allows	melting	 temperatures	 calculation.	The	 advantage	of	UV	

technique	in	this	case	relies	in	the	possibility	of	using	high	nucleic	acids	concentration	sam-

ples.	Measuring	Tm	values	at	low	and	high	oligonucleotides	concentrations	allows	to	assess	

the	 molecularity	 of	 G4s.	 Melting	 temperatures	 of	 monomeric	 structures	 are	 independent	

from	 strand	 concentration	 variation,	while	melting	 temperatures	 of	 bi-	 or	 tetramolecular	

G4s	varies	with	strand	concentration	increase.		

The	difference	between	the	UV	absorbance	spectra	(220-320	nm	wavelength	range)	of	fold-

ed	form	(registered	at	temperatures	below	Tm)	and	unfolded	form	(registered	at	tempera-
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duced	by	 treatment	of	 the	double	 stranded	 sequence	 first	with	 formic	acid	and	 then	with	

piperidine.	Formic	acid	produces	N7	guanine	and	N3	adenine	methylation	making	these	ba-

ses	more	susceptible	for	hydrolysis	subsequently	produced	by	piperidine	treatment.		

The	DNA	primer	was	5’-end	labeled	with	[γ-32P-ATP]	using	T4	polynucleotide	kinase	(Fer-

mentas)	at	37	°C	for	30	mins.	The	labeled	primer	was	purified	with	Illustra	MicroSpin	G-25	

columns	(GE	Healthcare,	Life	Sciences).	A	reaction	mix	containing	 labeled	primer	(72	nM)	

and	DNA	template	(36	nM)	in	10	mM	lithium	cacodylate	buffer	supplemented	with	appro-

priate	concentration	of	potassium	 ions	 (0	–	100	mM	KCl),	was	heated	at	95	 °C	 for	5	mins		

and	 gradually	 cooled	 to	 room	 temperature	 to	 allow	 primer	 annealing	 and	 G4	 formation.	

When	the	stabilizing	effect	of	G4-binding	compounds	was	tested,	an	appropriate	concentra-

tion	of	the	ligand	was	added	to	the	reaction	mix	after	annealing	and	the	samples	kept	at	4	°C	

o/n	 to	 allow	G4	 stabilization.	2U/reaction	of	AmpliTaqGold	DNA	polymerase	 (Fermentas)	

were	added	to	 initiate	 the	single	cycle	elongation	reaction	at	47	°C	 for	30	mins.	Reactions	

were	 stopped	 by	 EtOH	 precipitation,	 resuspended	 in	 denaturating	 loading	 dye	 (phorma-

mide,	EDTA	0.5	M	pH	8)	and	heated	at	95	°C	for	3	mins	prior	loading	into	16%	denaturating	

polyacrylamide	 gel.	 Separated	 extension	 products	 were	 visualized	 by	 phosphorimaging	

(Typhoon	 FLA9000,	 GE	 Healthcare).	 Markers	 were	 prepared	 by	 PCR	 reaction	 with	 32P-

labeled	primer.	PCR	products	were	 treated	with	 formic	acid	 for	5	mins	at	25	 °C	and	 then	

with	 piperidine	 for	 30	mins	 at	 90	 °C	 and	 loaded	 into	 the	 denaturating	 gel	 together	with	

elongation	reaction	products.	

The	principles	of	RT	stop	assay	are	the	same	as	for	Taq	polymerase	stop	assay	with	the	dif-

ference	 that	 the	RNA	template	 is	elongated	by	a	reverse	 transcriptase	enzyme	 from	a	 32P-

labeled	DNA	primer.	 It	 is	worth	to	notice	that	RNA	sequences	exhibit	a	higher	potential	of	

forming	different	secondary	structures,	 for	 instance	hairpins,	which	may	as	well	 sterically	

impede	reverse	transcriptase	progression.	To	correlate	the	truncated	products	to	the	RNA	

G4	 formation,	markers	 are	used.	Moreover,	 performing	 the	 elongation	 reactions	 at	higher	

temperature	may	 help	 to	 avoid	 secondary	 structure	 formation	without	 compromising	 G4	

stability.	

DNA	primer	was	5′-labelled	with	[γ-32P-ATP]	using	T4	polynucleotide	kinase	at	37	°C	for	30	

mins.	The	 labelled	primer	(100	nM)	was	annealed	to	 the	appropriate	 template	(70	nM)	 in	

the	 absence	 or	 presence	 of	 various	 concentrations	 of	 KCl.	 The	 primer	 extension	 reaction	

was	performed	by	Recombinant	HIV-1	Reverse	Transcriptase	(1	U/reaction;	Calbiochem)	at	

44	 °C	 for	1	h.	Where	 specified,	 samples	were	 incubated	with	 increasing	 concentrations	of	

BRACO-19	(125	nM–8	mM)	for	1	h	at	room	temperature	before	primer	extension.	When	nu-

cleocapsid	protein	was	used,	appropriate	concentrations	of	the	protein	were	added	imme-

diately	prior	to	the	elongation	reaction.	Reaction	products	were	treated	with	NaOH	(2	N)	at	
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95	°C	for	3	min	to	permit	the	alkaline	hydrolysis	of	RNA	and	the	pH	was	adjusted	with	HCl	

(2	N)	 to	neutrality.	Samples	were	ethanol	precipitated	and	extension	products	were	sepa-

rated	on	16%	denaturating	gel	and	visualized	by	phosphorimaging	 (Typhon	FLA9000;	GE	

Healthcare).	

3.6 Surface	Plasmon	Resonance	(SPR)	analysis	

The	surface	plasmon	resonance	instrument	detects	a	decrease	in	intensity	of	polarized	light	

reflected	 from	 the	 surface	of	 a	 glass	prism	coated	with	a	 thin	metal	 film	 (172).	The	mini-

mum	in	reflected	light	intensity	occurs	at	a	specific	angle	at	which	surface	plasmons	of	the	

metal	are	excited.	The	evanescent	electromagnetic	field	extends	a	short	(200	nm)	distance	

from	 the	 reverse	 surface	 of	 the	 film	 into	 the	 surrounding	medium,	with	 the	 consequence	

that	the	angle	at	which	resonance	occurs	is	function	of	the	refractive	index	of	the	medium	in	

the	vicinity	of	the	surface.	The	refractive	index	is	a	function	of	the	composition	of	the	inter-

face,	and	hence	binding	interactions	which	bring	about	concentration	of	a	species	at	the	sur-

face	of	the	metal	 film	can	be	detected.	By	immobilizing	one	of	the	binding	partners	on	the	

sensor	chip	surface	it	is	possible	to	investigate	binding	interactions	between	G4s	and	small	

molecules	or	proteins	(173).	The	biotin-functionalization	is	performed	to	immobilize	the	ol-

igonucleotides	on	the	chip	surface	coated	with	streptavidin.	Affinity	and	kinetic	parameters	

of	interaction	with	small	molecules	are	measured	by	injecting	increasing	concentrations	of	

tested	 compounds.	To	 investigate	G4-protein	 interactions	 the	preferential	 choice	 is	 to	 im-

mobilize	the	proteins	on	sensor	chip	surface	instead	of	nucleotides,	because	of	the	relatively	

high	molecular	weight	of	the	proteins	compared	to	the	oligonucleotides	and	because	of	the	

advantages	 in	 a	 small	 amounts	 of	 the	 protein	 necessary	 for	 immobilization.	 Proteins	 are	

easily	immobilized	on	the	dextran	sensor	chip	surface	by	amine	coupling.	

3.6.1 SPR	analysis	of	G-quadruplex	–	c-exNDI	compounds	interaction	

SPR	was	performed	on	the	Biacore	T100	platform	(GE	Healthcare).	5′-Biotinylated	LTR-III,	

LTR-IV,	and	hTel	oligonucleotides	were	heated	at	95	°C	for	5	min	and	cooled	down	at	room	

temperature	 to	 allow	 G4	 folding.	 Immobilization	 was	 performed	 in	 HEPES-KCl	 running	

buffer	(0.01	M	HEPES	pH	7.4,	0.2	M	KCl,	3	mM	EDTA)	on	a	steptavidin	coated	surface	(SA	

sensor	chip,	Biacore).	Oligonucleotides	were	diluted	in	HEPES-KCl	running	buffer	to	a	con-

centration	of	30	nM	and	injected	to	reach	the	response	of	around	500	RU.	Flow	cell	1	was	

left	 empty	 to	 allow	 reference	 subtraction.	 C-exNDIs	 binding	 analysis	 was	 performed	 at	 a	

flow	rate	of	30	μL/min,	with	contact	time	of	280	s	and	dissociation	time	of	360	s	in	HEPES-

KCl	buffer.	Sensorgrams	were	obtained	in	the	concentration	range	of	25−200	nM.	After	each	

compound	injection	the	chip	surface	was	regenerated	with	glycine	10	mM	pH	2.0	solution	
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(GE	Healthcare).	All	sensorgrams	were	corrected	by	buffer	injection	response.	Data	were	fit-

ted	to	a	1:1	binding	model	with	Rmax	 initial	parameter	set	 to	 theoretical	calculated	Rmax	

using	 BIAevaluation	 software	 (GE	 Healthcare).	 All	 experiments	 were	 performed	 inde-

pendently	at	least	twice,	and	in	each	instance	χ2	values,	which	indicate	the	reliability	of	the	

fitting,	were	below	0.2.	

3.7 NMR	spectroscopy	

NMR	 spectroscopy	 is	widely	 used	 for	 structural	 studies	 of	 G4	 forming	 nucleic	 acids.	 This	

technique	 allows	 the	 determination	 of	 high-resolution	 structures	 of	 G4s,	 their	 dynamics,	

stability	and	intermolecular	interactions	(174-176).	The	high	resolution	structures	provide	

structural	coordinates	which	could	permit	the	identification	of	ligands	specific	for	the	given	

G4	by	putting	in	evidence	particular	features	to	target	and	improve	selectivity	of	G4	binders.	

A	bench	of	biologically	relevant	G4	structures	have	been	studied	with	NMR	technique	e	their	

high-resolution	 structures	 in	 salt	 solutions	 have	 been	 successfully	 solved.	 However,	 NMR	

analysis	of	interaction	with	G4	binding	ligands	is	more	challenging,	as	it	requires	particular	

conditions	and	crystallographic	analysis	results	more	suitable	to	this	purpose.	In	fact,	only	a	

few	ligand-G4	complexes	structures	have	been	solved	by	NMR	technique.	

3.7.1 One-dimensional	(1D)	1H	NMR	analysis		

NMR	 analysis	 can	 be	 applied	 at	 several	 levels.	 In	 ideal	 circumstances,	 an	 oligonucleotide	

that	 forms	 a	 single	 kinetically	 stable	 structure	 in	 buffer	 solution	 is	 suitable	 for	 a	 detailed	

structural	 analysis.	 Limited	 information	 about	 the	 structural	 state	 of	 the	 G4	 is	 available	

when	more	than	one	G4	form	is	present	in	solution	or	the	original	G4	is	kinetically	unstable.	

A	 simple	1D	 1H	NMR	spectrum	of	a	G4	 forming	sequence	provides	 initial	 structural	 infor-

mation.	 It	 is	 possible	 to	 identify	 distinct	 regions	 of	 the	 spectrum	 where	 distinct	 proton	

groups	resonate	(176).	Imino	protons	(H1)	chemical	shifts	span	between	10-14	ppm	range	

and	can	be	further	discriminated	within	these	region,	as	imino	protons	involved	in	Watson-

Crick	base	pairs	 resonate	 above	12.5	ppm,	while	 resonances	 of	 imino	protons	 interacting	

through	Hoogsteen	hydrogen	bonds	are	usually	in	the	chemical	shift	range	between	10	–	12	

ppm.	Aromatic	protons	(H8	of	guanines,	H8	and	H2	of	adenines,	H6	of	thymines	and	cyto-

sines)	resonate	in	the	7	–	8	ppm	region	(Figure	3.4).		

The	quality	of	the	1H	spectrum	of	the	exchangeable	proton	resonances	(H1	of	guanines)	is	a	

good	indication	of	how	suitable	is	the	G4	for	structural	analysis.	The	presence	of	countable,	

well-resolved	peaks	 in	 the	Hoogsteen	hydrogen	bonds	resonances	region	(10.5	–	12	ppm)	

and	 in	 the	 aromatic	 protons	 region	 is	 usually	 the	 first	 indication	 of	 single	 conformation	

structure	in	solution	suitable	for	NMR	structural	analysis.	
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3.7.3 G-quadruplex	folding	determination	

Specific	NOE	patterns	are	used	for	G4	folding	determination.	Particularly,	within	a	G-tetrad	

cyclic	connectivities	can	be	established	between	the	imino	(H1)	proton	of	a	guanine	and	the	

aromatic	H8	proton	of	 the	adiacent	guanine.	Tracing	 this	 type	of	connectivities	 in	a	water	

NOESY	 spectrum	 allows	 to	 define	 the	 composition	 and	 alignment	 of	 the	 tetrads.	 Several	

H1/H1	short	distances	can	be	detected	between	stacked	G-tetrads	and	be	useful	for	tetrads	

alignment	determination.	Solvent	exchange	experiments	independently	confirm	the	G4	fold-

ing	topology.	When	the	sample	is	dissolved	in	deuterium	solution,	imino	protons	exchange	

with	 the	 solvent	 and	disappear	 from	 the	 spectrum.	The	 internal	 tetrad	 remains	protected	

from	the	exchange	for	a	certain	period	of	time	allowing	the	detection	of	the	resonances	be-

longing	to	the	guanines	participating	to	the	central	tetrad	formation.	

NMR	 experiments	 were	 performed	 on	 600	 MHz	 Bruker	 NMR	 spectrometer.	 All	 the	 DNA	

samples	were	processed	in	the	same	buffer	conditions,	i.e.	20	mM	potassium	phosphate	–	70	

mM	 potassium	 chloride	 buffer	 pH	 7.	 Reported	 1D	 NMR	 spectra	 were	 recorded	 at	 25	 °C,	

whether	other	temperature	conditions	are	specified.		

Spectral	assignment:	H1	resonances	of	guanines	were	assigned	by	site-specific	low	enrich-

ment	15N	labeling,	with	the	exception	of	G11,	which	H1	was	indirectly	assigned	by	NOESY	at	

10	°C,	mixing	 time	75	ms.	H8	resonances	of	guanosine	participating	 to	 the	G-tetrads	were	

assigned	by	heteronuclear	multibond	correlations	(1H-13C)-HMBC	at	35	°C.	Site	specific	2H-

labeling	of	the	guanines	confirmed	through-bond	assignments.	Assignments	were	support-

ed	 by	 TOCSY	 and	 13C-HSQC	 experiments.	 NOESY	 experiments	 in	 H2O	 solution	 were	 per-

formed	at	35	°C,	mixing	time	200	ms	and	at	10	°C,	mixing	time	75	ms.	NOESY	experiments	in	
2H2O	solution	were	performed	at	35	°C	and	two	different	mixing	times,	100	ms	and	300	ms.	

3.8 Electrophoretic	Mobility	Shift	Assay	(EMSA)	

Native	gel	electrophoresis	 is	routinely	used	 for	discrimination	of	unfolded	nucleic	acid	se-

quences	from	G4	and	of	different	G4	species	providing	a	simple	tool	for	G4	structures	char-

acterization.	 For	 instance,	multimolecular	 and	monomolecular	 species	 can	be	 detected	by	

native	PAGE	separation	based	on	their	different	electrophoretic	mobility.	This	technique	is	

also	 useful	 for	 G4-small	 molecules	 and	 G4-protein	 interactions,	 again	 based	 on	 different	

electrophoretic	mobility	of	complexes	and	 free	species.	 In	 this	case,	EMSA	assay	was	used	

with	both	purposes.	

3.8.1 G4	molecularity	definition	

For	LTR-III	molecularity	investigation,	DNA		folded	samples	at	100	µM	strand	concentration	

in	potassium-phosphate	buffer	were	 loaded	on	15%	native	polyacrylamide	 gel	 containing	
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10	mM	of	KCl.	 The	 gel	was	 run	 at	90V	 for	30	minutes	 at	 room	 temperature	 in	TBE	–	KCl	

buffer	 and	 DNA	 bands	were	 visualized	 by	 UV	 shadowing.	 Control	 sequences	with	 known	

molecularity,	 dimeric	 T95	 and	 monomeric	 T95-2T	 sequences,	 were	 used	 to	 ensure	 the	

meaningful	comparison.	

3.8.2 RNA	G4-cellular	proteins	interactions	

For	EMSA	experiments	RNA	oligonucleotides,	labeled	with	[γ-32P-ATP]	using	T4	polynucleo-

tide	kinase	at	37°C	for	30	min,	were	annealed	by	heating	at	95	°C	for	5	min	in	lithium	caco-

dylate	(10	mM,	pH	7.4)	and	KCl	(100	mM)	buffer	and	gradually	cooled	to	room	temperature	

to	allow	G-quadruplex	 formation.	The	annealed	oligonucleotides	at	15	nM	final	concentra-

tion	were	added	to	20ul	of	binding	reaction	containing	15	ug	of	appropriate	fraction	of	cell	

extract	 for	2	h	at	37	°C.	For	competition	expertiments	 the	appropriate	concentrations	 (15	

nM,	 150	 nM,	 750	 nM,	 1,5	 uM	 and	 3	 uM)	 of	 not	 labeled	 competitor	 oligonucleotides	were	

added	 to	 the	 binding	 reaction.	 	 Reactions	were	 loaded	on	 a	 6%	polyacrilamide	native	 gel	

and	run	for	19	h	and	30	min	at	27V.	Gels	were	dryed,	exposed	overnight	and	visualized	by	

prosphorimaging	(Typhoon	FLA	9000,	GE	Healthcare).	

3.8.2.1 Cells	and	protein	extraction	

HEK293T	 cells	 were	 cultured	 in	 DMEM	 containing	 10%	 fetal	 bovine	 serum.	 Cells	 were	

grown	at	37	°Cin	humidified	atmosphere	with	5%	of	CO2.		

For	the	preparation	of	the	fractioned	(cytoplasmatic	and	nuclear)	cell	extracts	CelLytic	Nu-

CLEAR	 extraction	 kit	 (Sigma-Aldrich)	 was	 used	 according	 to	manufacturer’s	 instructions.	

The	concentration	of	extracted	proteins	was	quantified	by	BCA	Protein	Assay	kit	(Thermo	

Scientific	Pierce).	

3.8.3 RNA	G4	–	nucleocapsid	protein	interactions	

For	EMSA	experiments	RNA	oligonucleotides,	labeled	with	[γ-32P-ATP]	using	T4	polynucleo-

tide	kinase	at	37°C	for	30	min,	were	annealed	by	heating	at	95	°C	for	5	min	in	lithium	caco-

dylate	(10	mM,	pH	7.4)	and	KCl	(100	mM)	buffer	and	gradually	cooled	to	room	temperature	

to	allow	G-quadruplex	 formation.	The	annealed	oligonucleotides	at	15	nM	final	concentra-

tion	were	added	to	20	µl	of	binding	reaction	(8%	Glycerol,	30	mM	Tris-HCl,	15mM	MgCl2,	50	

µM	ZnCl2)	containing	appropriate	concentrations	of	nucleocapsid	protein.	For	EMSA	unfold-

ing	assays,	labeled	RNA	oligonucleotides	were	annealed	to	form	G4s	and	cold	DNA	comple-

mentary	oligonucleotides	were	added	to	the	binding	reactions	at	equimolar	or	2-fold	excess	

strand	ratio.	Binding	reactions	were	incubated	for	different	period	of	time	in	the	presence	of	
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All	 oligonucleotides	 were	 gel-purified	 before	 use	 and	 prepared	 in	 desalted/lyophilized	

form.	Oligonucleotides	were	5′-end-labeled	with	γ-	32P-ATP	by	T4	polynucleotide	kinase	and	

purified	by	MicroSpin	G-25	columns	(GE	Healthcare,	Europe).	They	were	next	resuspended	

in	lithium	cacodylate	10	mM,pH	7.4,	and	KCl	100	mM,	heat-denatured,	and	folded.	Reactions	

of	 the	 labeled	 G-quadruplex	 folded	 oligonucleotides	 (4	 pmol/sample)	 with	 increasing	

amounts	 of	 compound	 2	 (4−100	 nM)	were	 performed	 at	 20	 °C	 for	 24	 h	 in	 resuspension	

buffer.	 Samples	 were	 then	 reacted	 with	 CL	 (100	 μM)	 at	 37	 °C	 for	 24	 h.	 Reactions	 were	

stopped	by	ethanol	precipitation,	resuspended,	and	either	kept	on	ice	or	treated	at	90	°C	for	

30	min	with	1	M	piperidine	to	complete	strand	scission	according	to	the	Maxam	and	Gilbert	

protocol.	Samples	were	then	lyophilized,	resuspended	in	formamide	gel	loading	buffer,	and	

heated	at	95	°C	for	3	min.	Reaction	products	were	analyzed	on	20%	denaturing	polyacryla-

mide	gels	and	visualized	by	Typhoon	FLA	9000	phosphorimaging	analysis	(GE	Healthcare).			 	
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4 Results	and	Discussion	

Part	 1.	 HIV-1	 LTR	 G-quadruplexes:	 structure	 and	 targeting	 with	

small	molecules	

4.1 Potent	core-extended	Naphthalene	Diimides	targeting	the	HIV-1	

LTR	G-quadruplexes.	

The	emerging	role	of	G4	structures	in	human	diseases,	especially	in	tumorigenesis,	encour-

aged	the	development	of	a	wide	spectrum	of	G4	binders.	Our	group	demonstrated	recently	

the	possibility	to	inhibit	the	HIV-1	transcription	by	stabilizing	the	G4	structures	in	the	LTR	

promoter	and	G4	binding	small	molecules	have	shown	antiviral	activity	suggesting	the	pos-

sibility	to	develop	antiviral	compounds	with	G4-mediated	mechanism	of	action	(166).	

Among	 G4	 binders,	 the	 Naphtalene	 Diimide	 (NDI)	 family	 of	 compounds	 was	 extensively	

studied	 and	 displayed	 promising	 G4	 binding	 properties	with	 good	 selectivity	 towards	 G4	

structures	vs	duplex	conformation	(105,107,110).	Our	collaborators,	Prof.	Freccero	group,	

synthesized	 a	novel	 series	 of	water	 soluble	 core-extended	NDIs	 (c-exNDIs)	with	NDI	 core	

merged	 to	 the	 dehydrobenzophenazine	 polynuclear	 heterocycle	 and	 carrying	 a	 variety	 of	

substituents	(Figure	4.1).	These	compounds	are	characterized	by	a	larger	flat	core	than	the	

NDIs,	which	ensures	improved	p-stacking	interaction	by	extensive	overlap	to	the	quartets	of	

G4	 structure.	 Compounds	 with	 H	 and	 Br	 substituents	 in	 Y	 position	 were	 synthesized	 to	

evaluate	the	effect	of	bulky	substituent	in	this	position	(Figure	4.1).	
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melting	temperatures	of	LTR-III,	LTR-IV,	hTel	and	dsDNA	were	66.9	°C,	61.9	°C,	66.9	°C	and	

66.5	°C	respectively,	sufficiently	similar	to	allow	a	meaningful	comparison.	

First	of	all,	the	whole	series	of	c-exNDI	compounds	has	been	tested	by	FRET	melting	assay	

in	order	to	evaluate	the	degree	of	stabilization	operated	by	these	compounds	on	viral	G4s	

compared	 to	hTel	 sequence	and	dsDNA	control.	We	 first	 tested	 the	4-fold	molar	excess	of	

the	compound,	typically	used	for	this	kind	of	assay,	 to	assess	their	stabilizing	activity.	The	

results	obtained	in	these	experimental	conditions	suggested	that	c-exNDIs	have	a	great	sta-

bilization	effect	on	G4-forming	sequences	LTR-III,	LTR-IV	and	hTel	with	an	increase	of	melt-

ing	temperatures	of	above	25	°C,	which	is	the	maximum	increase	measurable	in	these	set-

tings	 (Table	 4.1).	 The	melting	 temperature	 increase	 registered	 for	 non-G4	dsDNA	 control	

was	in	the	range	2	–	7	°C	for	compounds	2	–	9	suggesting	the	preferential	binding	toward	G4	

forming	sequences,	while	compounds	10	and	11	stabilized	dsDNA	up	to	80	°C	(Table	4.1).	

These	data	suggested	that	c-exNDI	compounds	have	a	high	propensity	to	selectively	bind	G4	

forming	sequences	vs	duplex	conformation.	

	
c-exNDI	 	Tm	(°C)	

	LTR-III/c-exNDI	

	1	/	4		

Tm	(°C)		

LTR-IV/c-exNDI	

1	/	4		

Tm	(°C)	

hTel/c-exNDI	

1	/	4		

Tm	(°C)	

dsDNA/c-exNDI	

1	/	4		

2	 >95	 >95	 >95	 72.9	

3	 86.9	 83.2	 >95	 72.4	

4	 >95	 >95	 >95	 73.9	

5	 >95	 83.4	 >95	 69.9	

6	 78.4	 76.9	 86.4	 72.5	

7	 77.6	 76.9	 83.4	 69.9	

8	 79.2	 77.2	 78.5	 69.5	

9	 73.5	 73.9	 77.9	 68.5	

10	 >95	 >95	 >95	 79.9	

11	 >95	 >95	 >95	 80.9	

Table	 4.1	 Melting	 temperatures	 of	 LTR-III,	 LTR-IV,	 hTel	 and	 dsDNA	 at	 0.25	 µM	 concentration	 in	
presence	of	4-fold	molar	excess	of	c-exNDIs	(1	µM)	obtained	from	FRET	analysis	

Because	the	oligonucleotides	used	for	FRET	analysis	display	fluorophore-modified	ends	that	

may	influence	the	measured	stabilization,	additional	techniques	using	label-free	oligonucle-

otides	were	employed.	Thus,	the	ability	of	c-exNDIs	was	also	evaluated	by	circular	dichro-

ism	technique.	CD	analysis	relative	to	the	representative	compound	2	is	displayed	in	Figure	

4.3.	Compound	2	was	assayed	on	LTR-IV,	LTR-III	and	hTel	G4s.	At	4:1	c-exNDI:DNA	ratio	(at	

16	 	μM	c-exNDI	conc.),	a	stabilization	higher	than	27°C	 	was	obtained	on	both	LTR-III	and	

LTR-IV,	while	 hTel	 G4s	was	 stabilized	 by	 only	 19.9°C,	 confirming	 excellent	 G4	 stabilizing	

properties	of	the	compound	(Figure	4.3).	The	peak	at	290	nm,	which	is	diagnostic	of	the	an-
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c-exNDI	 	∆Tm	(°C)	

	LTR-III/c-exNDI	

	1	/	1		

∆Tm	(°C)		

LTR-IV/c-exNDI	

1	/	1	

∆Tm	(°C)	

hTel/c-exNDI	

1	/	1		

∆Tm	(°C)	

dsDNA/c-exNDI	

1	/	1		

2	 10.5	±	0.1	 11.7	±	0.6	 6.0	±	0.1	 1.5	±	0.1	

3	 7.0	±	0.7	 10.3	±	1.1	 3.5	±	0.7	 1.6	±	0.4	

4	 7.0	±	0.7	 12.0	±	1.7	 5.3	±	1.1	 1.6	±	0.5	

5	 2.5	±	0.1	 5.0	±	0.1	 2.0	±	0.1	 1.1	±	0.6	

6	 5.0	±	0.7	 6.3	±	0.6	 4.2	±	0.3	 1.8	±	0.6	

7	 3.7	±	1.0	 4.7	±	0.6	 3.0	±	0.1	 1.5	±	0.1	

8	 1.5	±	0.1	 3.0	±	0.1	 1.5	±	0.7	 1.1	±	0.6	

9	 1.2	±	1.1	 3.0	±	1.1	 0.5	±	0.7	 0.5	±	0.1	

10	 12.4	±	0.1	 16.0	±	1.7	 8.5	±	0.6	 4.5	±	0.6	

11	 5.5	±	0.1	 11.7	±	1.2	 3.8	±	0.3	 4.1	±	0.6	

Table	 4.2	Melting	 temperatures	 of	 LTR-III,	 LTR-IV,	 hTel	 and	 dsDNA	 at	 0.25	 µM	 concentration	 in	
presence	of	equimolar	amounts	of	c-exNDIs	(0.25	µM)	obtained	from	FRET	analysis.	
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were	folded,	treated	with	increasing	amounts	of	2,	exposed	to	CL,	and	further	treated	with	

piperidine	 to	 highlight	 CL-alkylated	 sites.	 In	 these	 settings,	we	 expected	 to	 visualize	 only	

loop	bases	bound	by	 the	 c-exNDI	because	base-paired	Gs	 involved	 in	G-quartet	 formation	

would	 not	 be	 available	 to	 CL	 alkylation,	 independently	 of	 the	 presence	 of	 the	 compound.	

The	NMR	structure	of	LTR-IV	has	been	solved	(PDB	code	2N4Y),	and	therefore	we	were	able	

to	assess	that	nucleotides	affected	by	the	presence	of	the	c-exNDI	were	in	two	loops	of	the	

structure:	in	particular,	 in	the	ACTG	loop	the	A	base	was	protected,	whereas	C	and	G	were	

exposed;	in	the	1-base-loop,	the	C	base	was	exposed	(Figure	4.7).	This	protection	and	expo-

sure	pattern	may	suggest	the	preferential	and	more	stable	stacking	of	the	compound	2	on	

the	bottom	tetrad	of	the	LTR-IV	G4	(Figure	4.7D).	

Based	 on	 previous	 data,	 we	 hypothesized	 that	 LTR-III	 G4	 can	 fold	 into	 different	 confor-

mations,	the	main	one	of	which	was	likely	the	one	depicted	in	Figure	4.7C,	detected	by	low-

resolution	 structural	data.	 In	 this	 case,	we	observed	protection	of	 the	C	base	 in	 the	ACTG	

loop	(Figure	4.7B),	which	is	shared	with	the	LTR-IV	sequence	(Figure	4.7);	three	additional	

residues	 (C,	C,	 and	G)	were	protected	 in	 the	11-base-loop	 (Figure	4.7A	and	B).	Protection	

and	exposure	of	residues	indicated	specific	interaction	of	2	at	the	affected	LTR	sites.	Inter-

estingly,	unique	LTR	loops	and	in	particular	the	ACTG	loop	shared	by	both	LTR-III	and	LTR-

IV,	and	absent	in	the	telomeric	sequence,	were	involved,	indicating	that	these	are	likely	the	

moieties	that	 induce	selectivity.	We	cannot	exclude	that	other	regions	are	bound	by	the	c-

exNDI,	but	probably	 the	 interaction	at	other	sites	 is	 less	stable	or	more	dynamic	so	 that	a	

clear	protection/exposure	could	not	be	observed.		

We	later	obtained	the	LTR-III	topology	(Figure	4.7D),	which	will	be	described	in	details.	In-

terestingly,	we	found	that	the	11-nt	diagonal	loop	spanning	through	the	top	tetrad	is	struc-

tured	 in	a	3-basepairing	hairipin	and	two	bases	 involved	 in	the	basepairing	resulted	to	be	

protected	in	CL-footprinting	assay	(Figure	4.7D).	Moreover,	also	C	in	the	3-nt	loop	facing	the	

bottom	tetrad	resulted	protected.	This	data	suggest	a	possible	binding	of	c-exNDI	2	on	the	

external	 tetrads	establishing	additional	stacking	 interaction	with	paired	bases	and	provid-

ing	further	details	for	selectivity.	

4.1.2 Antiviral	activity	of	c-exNDI	derivatives	

The	anti-HIV-1	activity	of	the	new	series	of	c-exNDI	derivatives	was	next	tested.	Compounds	

2,	3,	4	and	5	displayed	inhibitory	concentrations	below	25	nM,	with	selectivity	indexes	(SI)	

around	20	for	compounds	3,	4,	5	and	40	for	compound	2,	best	candidates	also	from	spectro-

scopic	analysis	able	to	discriminate	viral	G4s	from	telomeric	G4.	Luciferase	reporter	assay	

confirmed	 that	 the	 c-exNDI	 activity	 at	 the	 LTR	 promoter	 was	 specific	 for	 the	 G4	 confor-

mation.	An	important	inhibition	of	LTR	activity	was	observed	on	the	wt	LTR	in	presence	of	
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increasing	 amounts	 of	 compound	2,	 while	 no	 effect	was	 detected	 on	 the	 non-G4-forming	

mutant	LTR	sequence.	

4.1.3 Discussion	

We	were	able	to	assess	the	G4	binding	properties,	and	antiviral	activity	of	a	new	series	of	

NDI	 derivatives	 with	 an	 extended	 aromatic	 core.	 First,	 most	 of	 the	 new	 compounds	 dis-

played	improved	stabilization	on	G4	structures,	with	substantial	increments	in	Tm.	This	fea-

ture	 is	 an	 indication	 that	 the	 expansion	 of	 the	 aromatic	 surface	 allows	 a	 more	 effective	

recognition	of	the	G4	structures	as	compared	to	previously	reported	NDI	derivatives	(108).	

This	may	be	due	to	a	more	extensive	overlap	to	the	quartet	of	the	G4	structure.	Second,	the-

se	compounds	exhibited	a	very	promising	antiviral	activity.	The	best	antiviral	2−5	showed	

promising	 IC50	 values	 in	 low	 nM	 range.	 This	 feature	 may	 derive	 from	 the	 selectivity	 ob-

served	in	vitro	for	the	LTR	G4s	over	the	telomeric	G4	structures.	The	viral	and	telomeric	G4s	

are	 likely	 the	 two	most	 abundant	DNA	G4	 species	 in	 the	 cell	 during	 infection,	 therefore	 a	

preferential	effect	on	the	viral	G4s	would	result	in	higher	antiviral	activity	and	lower	cyto-

toxicity,	 as	observed.	The	 c-exNDIs	displayed	both	 selective	binding	affinity	 and	 stabiliza-

tion	for	the	viral	G4s.	Between	the	two	LTR	G4s,	the	LTR-III	sequence	was	most	efficiently	

bound	by	2,	as	measured	by	SPR.	Even	though	LTR-III	(28	nts)	and	LTR-IV	(19	nts)	display	

an	 identical	number	of	G	quartets,	LTR-III	offers	 longer	structured	 loops	 that	may	accom-

modate	additional	molecules	and	therefore	may	display	 increased	binding	affinity.	 Indeed,	

two	loops	in	both	LTR-III	and	LTR-IV	G4s	were	shown	to	be	involved	in	c-exNDI	interaction	

by	footprinting	analyses.	We	suggest	that	the	compounds	interact	with	the	edge	G-quartets	

through	 the	core	NDI	planar	aromatic	 surface,	while	 the	extended	moiety	and	side	chains	

interact	with	the	side	loops,	affording	selectivity	toward	the	LTR	G4s.		

Analysis	 of	 the	 binding	 activity	 of	 the	 series	 of	 c-exNDIs	 led	 us	 to	 the	 following	 struc-

ture−activity	relationship	(SAR)	conclusions:	(i)	the	non-extended	side	of	the	c-exNDI	core	

position	Y	(Figure	4.1),	lacking	substituents	as	the	introduction	of	an	aminoalkyl	side	chain,	

highly	hinders	stabilization	of	the	G4	structures	(i.e.,	9);	(ii)	Br	is	allowed	as	Y	substituent,	

but	 it	 lowers	 binding	 and	 selectivity	 toward	 the	 viral	 sequences.	 The	 Br	 group	may	 both	

hinder	specific	interactions	(hence	lower	selectivity)	and	partially	distort	the	aromatic	core	

from	planarity	 (hence	 lower	G4	binding);	 (iii)	 the	pyridine	ring	 in	place	of	 the	benzene	 in	

the	extended	core	is	strongly	detrimental	(compound	8).	The	fair	antiviral	activity	is	paral-

leled	by	moderate	cytotoxicity,	allowing	no	therapeutic	window	(TW),	possibly	due	to	off-

target	activity;	 (iv)	 the	NO2	moiety	 is	allowed	(compounds	4	and	5)	as	compound	4	 is	 the	

most	powerful	and	selective	 ligand	toward	LTR-III;	 (v)	 the	negatively	charged	carboxylate	

group	decrease	 the	electrostatic	 component	of	 the	binding	 to	 the	DNA	G4s	 (compounds	6	
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C13	by	G5	to	A	mutation	(Figure	4.16).	We	also	asked	ourselves	if	the	G5A-C13T	double	mu-

tation	would	restore	the	basepairing	by	A-T	interaction.	This	was	not	possible	probably	due	

to	the	incompatibility	of	A-T	basepairing	with	the	dimension	of	the	tetrad	the	diagonal	loop	

is	spanning	through.	Worth	noting	that	all	the	stem-loop	mutations	did	not	affect	the	G-core	

formation.	 The	 junction	 between	 the	 stem-loop	 and	 the	 tetrads	 is	 very	 important	 for	 the	

formation	of	the	base	pairing.	Mutation	of	G3	from	the	first	run	of	guanines	to	T	still	allows	

G-tetrads	formation	while	the	base	pairing	is	affected	in	a	negative	way	and	only	two	peaks	

are	present	around	12.8	ppm	(Figure	4.16).	T	residue	in	position	14	seems	to	be	important	

for	baseparing	formation	since	T14	to	A	mutation	leads	to	the	broadening	of	corresponding	

resonances,	probably	because	the	interaction	of	A4	and	mutated	A14	are	not	favorable	(Fig-

ure	14.6).	Since	G3	does	not	participate	to	the	tetrad	formation	and	the	first	G-strand	of	the	

structure	present	the	strand	breakage,	we	investigated	the	influence	of	G1,	G2	and	G3	on	the	

tetrads	formation.	The	substitution	of	G2	with	A	destabilizes	the	tetrads	leading	to	the	for-

mation	of	a	multiple	conformations.	As	mentioned	above,	G3	to	T	substitution	does	not	af-

fect	the	G-core	formation,	but	only	the	stem	loop	formation,	confirming	that	this	nucleotide	

is	not	involved	in	the	tetrad.	Moreover,	the	same	effect	was	produced	by	the	deletion	of	the	

G3.	 Interestingly,	G1	 to	A	mutation	did	not	 affect	 the	 formation	of	G-core,	 but	 only	 of	 the	

basepairing	 region	mimicking	 the	G3	deletion	 effect,	 suggesting	 the	possibility	 that	 in	 the	

absence	of	G1,	G2	and	G3	participate	to	the	first	G-strand	(Figure	4.16).	In	contrast,	G2	to	A	

mutation	was	more	disruptive	for	the	core	as	the	imino	protons	region	of	the	spectrum	pre-

sented	the	number	of	resonances	corresponding	to	multiple	G4	conformations	formation.	
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participating	to	the	stem-loop	formation	has	also	been	assessed,	revealing	high	percentages	

of	conservation	(70%	-	99%)	for	all	the	nucleotides	with	the	exception	of	cytosine	in	posi-

tion	7,	which	displayed	around	50	%	of	probability	for	thymine	mutation.	

Multiple	G-quadruplex	structures	in	the	HIV-1	LTR	promoter	region	have	been	proposed	as	

regulatory	elements	of	viral	transcription	and	therefore	as	promising	targets	for	viral	cycle	

inhibition.	 Stabilization	 of	 viral	 G-quadruplexes	 by	 the	 well-known	 G-quadruplex	 ligand	

BRACO-19	 resulted	 in	 the	 inhibition	of	viral	production	 (164,166).	Recently,	 a	newly	 syn-

thesized	 family	 of	 ex-core	 NDI	 compounds	 were	 found	 to	 act	 as	 antiviral	 agents	 with	 G-

quadruplex	 related	 mechanism,	 targeting	 selectively	 viral	 over	 telomeric	 G-quadruplexes	

(180).	 Interestingly,	 we	 found	 that	mutations	 in	 LTR-IV	 G-quadruplex	 component	 do	 not	

abolish	 the	 inhibitory	 effect	 on	 viral	 transcription	 probably	 due	 to	 the	 stable	 presence	 of	

LTR-III	conformation.		 	Therefore,	selective	targeting	of	this	major	LTR	G-quadruplex	com-

ponent	may	result	in	promising	strategy	for	viral	transcription	inhibition.		

Such	a	singular	structure	of	LTR-III	G-quadruplex	opens	the	possibility	of	improving	the	se-

lectivity	by	targeting	G-quadruplex/duplex	 junction.	Examples	of	the	compounds	targeting	

this	feature	may	come,	for	instance,	from	DHFBI	fluorogens	intercalating	on	the	junction	be-

tween	the	G-quadruplex	and	hairpin	of	RNA	light-up	aptamers	(187).	
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Part	 2.	 HIV-1	 U3	 RNA	 G-quadruplexes:	 targeting	 and	 interactions	

with	cellular	and	viral	proteins.	

4.3 The	G-quadruplex	ligand	BRACO-19	displays	antiviral	activity	tar-

geting	two	steps	of	the	HIV-1	viral	cycle.	

Our	group	has	recently	reported	the	formation	of	DNA	G4s	in	the	integrated	HIV-1	DNA	ge-

nome.	Precisely,	we	described	the	dynamic	set	of	G4	structures	in	the	LTR	promoter	region,	

involved	 in	 viral	 transcription	 inhibition,	 and	 a	 cluster	 of	 G4s	 in	 the	 leading	 and	 lagging	

strands	of	nef,	impairing	its	expression	(164,165).	Viral	DNA	G4s	were	stabilized	by	G4	lig-

ands,	such	as	acridine	BRACO-19	and	porphyrin	TMPyP4,	resulting	in	virus	inhibition	with	

different	molecular	targets.	While	TMPyP4	activity	was	mainly	correlated	to	the	targeting	of	

nef	coding	sequence,	BRACO-19	activity	was	nef	independent	(163).	A	detailed	study	on	the	

antiviral	activity	of	BRACO-19	has	been	performed.	It	has	been	shown	previously	that	BRA-

CO-19	inhibits	HIV-1	NL4-3	strain	in	the	TZM-bl	reporter	cell	line,	which	contains	a	lucifer-

ase	reporter	under	the	control	of	the	HIV-1	LTR	promoter	(167).	To	expand	the	understand-

ing	of	antiviral	activity,	BRACO-19	was	tested	against	a	different	viral	strain	(HIV-1(III)B)	in	

a	different	reporter	cell	 line	(MT-4-LTR-eGFP).	At	8.4	uM,	BRACO-19	caused	a	decrease	 in	

eGFP	amounts	of	58%	(IC50=6.2	µM),	while	displaying	low	cytotoxicity	(CC50=92.9	µM)	and	

therefore	a	good	SI	(SI=15).		

To	determine	the	viral	stage	at	which	BRACO-19	was	active,	 first	of	all	the	direct	effect	on	

the	viral	particle	prior	to	infection	was	excluded	by	virucidal	assay.	Then,	a	Time	of	Addition	

(TOA)	experiment	was	set	up	to	identify	the	viral	step	targeted	by	the	compound.	This	ex-

periment	determines	how	long	the	addition	of	a	compound	can	be	postponed	before	its	an-

tiviral	activity	is	lost	in	a	single	replication	cycle.	The	antiviral	effect	of	the	test	compound	is	

compared	 to	 reference	 compounds	with	 established	modes	of	 action	 in	 the	 time	 frame	of	

replication	events.	Interestingly,	the	BRACO-19	behavior	was	similar	to	that	of	reference	RT	

inhibitors	zidovudine	and	nevirapine,	which	block	the	HIV-1	replicative	cycle	in	the	reverse	

transcription	 time	 frame,	 if	 administered	 up	 to	 3	 –	 5	 h	 post	 infection.	 TOA	 experiment	

pointed	out	a	preintegration	target	for	BRACO-19,	prior	of	coinciding	with	the	reverse	tran-

scription	process,	not	excluding	other	targets	during	post-integration	events.	We	thus	inves-

tigated	whether	G4	structures	could	also	form	at	the	pre-integration	level.	
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3–9).	In	particular,	inhibition	of	the	viral	polymerase	was	observed	from	the	lowest	concen-

tration	 (125	 nM)	 of	 the	 compound:	 at	 8	 μM	 the	 stop	 band	 reached	 77%	 in	 the	U3-III + IV	

template	with	 respect	 to	 the	 full-extended	 product	 (Figure	 4.23A	 and	 C).	 Furthermore,	 a	

stop	corresponding	to	an	additional	G-tract	in	U3-III + IV	G4	formation	was	evident	(Figure	

4.23A,	broken	arrow).	In	contrast,	only	a	modest	nonspecific	inhibition	was	induced	at	the	

highest	 concentrations	 (4–8	 μM)	 in	 a	 scrambled	 RNA	 template	 (Figure	4.23B	 and	 C).	 Re-

verse	Transcriptase	Stop	assay	also	confirmed	that	BRACO-19	does	not	affect	the	processing	

of	 the	 enzyme	by	direct	 interaction	with	 reverse	 transcriptase,	 as	 all	 the	 elongation	 reac-

tions	on	different	templates	display	full-length	products.	

All	these	data	confirmed	the	folding	of	a	very	stable	parallel	G4	structures	in	the	U3	region	

of	HIV-1	RNA	genome.	The	formation	of	this	structure	can	affect	the	processing	of	RNA	by	

reverse	transcriptase	enzyme	already	in	the	presence	of	potassium,	but	especially	 if	stabi-

lized	by	G4	ligands	such	as	BRACO-19.	
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molecular	 hydrogen	 bonding	 owing	 to	 the	 2′-OH	 group	 of	 ribose	 sugar.	 Considering	 the	

higher	stability	and	 the	 less	hindered	conformation	of	 the	 linear	sequence,	 it	 is	 likely	 that	

the	U3	RNA	G4s	naturally	form	in	vivo	and	exert	a	precise	biological	function,	such	as	that	

observed	for	the	LTR	DNA	G4s	(i.e.	inhibition	of	transcription	at	the	promoter	level).	There-

fore,	BRACO-19,	by	binding	both	RNA	and	DNA	G4s,	 inhibits	viral	replication	and	may	de-

crease	production	of	variant	HIV-1	strains	(Figure	4.24).	

We	have	shown	that	antiviral	activity	of	BRACO-19	can	be	ascribed	to	a	G4	mediated	mech-

anism	of	action.	Selectivity	towards	viral	G4	structures	has	to	be	improved	to	avoid	target-

ing	of	cellular	G4s	(for	instance	telomeric	sequences)	leading	to	cell	toxicity	and	increased	

cell	proliferation.	A	demonstration	 that	a	G4	 ligand	displays	a	G4	related	antiviral	activity	

opens	 interesting	 perspectives	 for	 development	 of	 new	 selective	 compounds	 with	 novel	

mechanism	of	action.	
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trophoretic	mobility	of	folded	RNA	oligonucleotide	especially	in	the	presence	of	cytoplasmic	

fraction	 of	 extracts	 (Figure	 4.30,	 lanes	 2-3).	 The	 nuclear	 fraction	 caused	 shifted	 bands	 of	

lower	intensity,	showing	only	weak	binding	to	the	G4	motif	(Figure	4.30,	lanes	4-5).		

We	mainly	 focused	 our	 attention	 on	 the	 cytoplasmic	 fraction	 of	 protein	 extracts,	 because	

HIV-1	RNA	G4s	 are	 prevalently	 formed	 in	 cell	 cytoplasm	prior	 to	 or	 during	 reverse	 tran-

scription.	To	 investigate	 if	 the	binding	of	cell	extracts	could	be	specifically	ascribed	 to	 the	

formation	 of	 the	 G4	 structures,	mutated	 sequences	were	 considered.	 In	 previous	 studies,	

performed	 with	 DNA	 G4	 counterparts,	 the	 substitution	 of	 one	 guanine	 in	 the	 repeats	 4	

and/or	 5	 with	 a	 thymine	 successfully	 disrupted	 DNA	 G4	 structure.	 Therefore,	 the	 same	

point	mutation	was	done	 to	abolish	 the	G4	 folding	of	RNA	oligonucleotides	(Table	4.4).	 In	

addition	a	two	points	mutant	(m4+5)	and	a	scrambled	RNA	template	that	has	the	same	base	

composition	but	no	ability	to	form	a	G4	structure	were	considered	(Table	4.4).		

To	confirm	that	mutated	RNA	sequences	do	not	fold	into	G4	conformation,	CD	spectra	in	the	

absence	 and	 in	 the	presence	 of	K+	were	 registered.	Unfortunately,	 in	 the	presence	 of	 100	

mM	of	potassium	RNA	U3	III+IV	m5	and	RNA	U3	III+IV	m4+5	displayed	a	typical	CD	spectra	

indicating	the	G4	formation	was	not	completely	abolished	by	single	or	double	point	muta-

tion.	 In	 fact,	RNA	sequences	have	a	major	potential	 in	 forming	 secondary	 structures	 com-

pared	to	their	DNA	counterparts.	As	shown	in	Figure	4.31,	both	oligonucleotides	generated	

dichroic	signal	with	a	maximum	at	260	nm	and	minimum	at	240	nm.	 In	contrast	 the	RNA	

scrambled	template	showed	a	completely	different	spectrum	in	the	presence	of	potassium	

that	confirmed	its	inability	to	form	G4.	

oligonucleotide	 Sequence	(5’-3’)	 Length	

RNA	III		 GGGAGGCGUGGCCUGGGCGGGACUGGGG	 28	
RNA	IV		 GGGCGGGACUGGGGAGUGG	 19	
RNA	III+IVwt		 GGGAGGCGUGGCCUGGGCGGGACUGGGGAGUGG	 32	
RNA	III+IV	m5		 GGGAGGCGUGGCCUGGGCGUGACUGGGGAGUGG	 32	
RNA	III+IV	m4+5		 GGGAGGCGUGGCCUGUGCGUGACUGGGGAGUGG	 32	
RNA	scrambled		 GAGCGUGCGCGUGCGAGCGUGAGUGAGCGUGGG	 32	
TAR		 GGCAGAUCUGAGCCUGGGAGCUCUCUGCC	 29	

Table	4.4.	RNA	oligonucleotides	used	for	EMSA	experiments	



G13+093!,7-!%"3@+33"<7!
!

EA!
!

L?+3a!]"0-!9=/1a!>+9,79!,7-!3@.,>H01-!31*+17@13!]1.1!"7@+H,91-!]"9?!#C!+6!<8!@=9</0,3>"@!

,7-!7+@01,.!129.,@93!"7!/.1317@1!<8!#TT!>I!<8!/<9,33"+>!9<!@?1@`!9?1".!,88"7"9=!9<],.-!9?1!

@<>/<71793! <8! 9?1! 129.,@93! 6171.,9"76! 3?"89! H,7-3$! L?1!>+9,79! <0"6<7+@01<9"-13! G&'! W:!

NNN_NO>C!,7-!G&'!W:!NNN_NO>A_C!-"3/0,=1-!9?1!3,>1!3?"89!,3!9?1!]"0-!9=/1!31*+17@1!<7!,!

7,9"R1!/<0=,@."0,>"-1!610a!]?"01!9?1!3@.,>H01-!91>/0,91!-"-!7<9!-"3/0,=!9?1!3,>1!H"7-"76!9<!

9?1!@100!129.,@9!@<>/<71793!PX"6+.1!A$:4Q$!!

!

!

!B,31-!<7!9?1!V%!-,9,a!@100!129.,@93!,.1!3/1@"8"@!8<.!9?1!(A!@<78<.>,9"<7$!X<.!8+.9?1.!,7,0=3"3!

9?1!3@.,>H01-! 91>/0,91!],3!+31-! 9<!@<78".>!9?1!3/1@"8"@"9=!<8! @100!129.,@9! 9<],.-!G&'!(A!

@<78<.>,9"<73$!!!

L<!8+.9?1.!"7R139"6,91!9?1!3/1@"8"@"9=!<8!9?1!H"7-"76!8<.!3101@91-!G&'!(A!39.+@9+.13!,7!YIZ'!

@<>/19"9"<7! ,33,=! ],3! 319! +/$! N7@.1,3"76! @<7@179.,9"<73! <8! +70,H101-! @<>/19"9<.3! ]1.1!

,--1-!9<!9?1!@<739,79!@<7@179.,9"<7!<8!9?1!0,H101-!(A!<0"6<7+0@1<9"-1$!b?17!9?1!+70,H101-!

<0"6<7+@01<9"-1!@<>/1913!]"9?! 9?1! 0,H101-!31*+17@1! 8<.! 9?1!H"7-"76!]"9?!,!/.<91"7! 9?1! "7)

9173"9=!<8!9?1!H,7-!-1@.1,313!"7!,!@<>/19"9<.e3!@<7@179.,9"<7)-1/17-179!>,771.$!

!"#####

!$#####

!%#####

#

%#####

$#####

"#####

&#####

'######

'%#####

%(# %)# %*# %+# ('#

!
"#
$%
##&
'$

()*+#+,-./01,23

,-./0(/111213/456/789/'##/:;

,-./0(/111213/:)6/789/'##/:;

,-./0(/111213/:$2)6/789/'##/:;

,-./0(/111213/ <=>?:@9AB6/789/'##/:;

!"#####

!$#####

!%#####

#

%#####

$#####

"#####

&#####

'######

'%#####

%(# %)# %*# %+# ('#

!
"#
$%
##&
'$

()*+#+,-./01,23

,-./0(/111213/ 45
,-./0(/111213/:)
,-./0(/111213/:$2)
,-./0(/111213/ <=>?:@9AB/

V0:3.%& A/>4/& V%! 3/1@9.,! <8! ]"0-9=/1a! >+9,79! ,7-! 3@.,>H01-! G&'! W:! NNN_NO! 31*+17@13! "7! ,H317@1!
P0189Q!,7-!/.1317@1!P."6?9Q!<8!#TT!>I!hV0$!

V0:3.%&A/>7/&YIZ'!<8!]9!,7-!>+9,79!G&'!W:!NNN_NO!31*+17@13!]"9?!@100!129.,@93$&U--!0,713![!G&'!W:!
NNN_NO!31*+17@13!]"9?!#C!+6!@=9</0,3>,9"@!8.,@9"<7!<8!@100!129.,@9$!YR17!0,713!G&'!W:!NNN_NO!31*+17@)
13!]"9?!#C!+6!7+@01,.!8.,@9"<7!<8!@100!129.,@9$!

!"#$%&$'''(')
*+
,$$$$-

./
& 0

.0(/
/ 1

2345
6$$$$7



G13+093!,7-!%"3@+33"<7!!
!

EC!
!

N7!X"6+.1!A$:4!9?1!@<>/19"9"<7!<8!9?1!3@.,>H01-!91>/0,91!"3!3?<]7$!'9!0<]!3@.,>H01-!<0"6<)

7+@01<9"-1! @<7@179.,9"<7a! 9?"3! 31*+17@1! -"-! 7<9! @<>/191! 8<.! 9?1! /.<91"7! H"7-"76! ]"9?! ,!

]"0-9=/1! (A! 8<.>"76! 31*+17@1! PX"6+.1! A$:4a! 0,713! J)EQa! ]?"01! ,9! ?"6?! @<7@179.,9"<73! 9?1!

@<>/19"9"<7!!],3!@<>/,.,H01!9<!9?1!]9!31*+17@1!3108)@<>/19"9"<7!PX"6+.1!A$:4a!0,713!A)Ka!F)

##Q$! !L?131!-,9,! "7-"@,91-!,!>"0-!,7-!7<9!,H3<0+91!3/1@"8"@"9=!<8! 9?1!@100!129.,@93!9<!9?1!(A!

@<78<.>,9"<7$!!

N9!"3!]<.9?!7<9"76!9?,9!9?1!6+,7"71!@<79179!<8!9?1!3@.,>H01-!31*+17@1!"3!9?1!3,>1!<8!9?1!]"0-!

9=/1!(A!8<.>"76!G&'!31*+17@1a!.1,..,761-!"7!-"881.179!/<3"9"<73!"7!<.-1.!9<!,H<0"3?!"79.,)

><01@+0,.!(A! 8<0-"76$!M<]1R1.a!,9!?"6?!39.,7-!@<7@179.,9"<73! 8<.>,9"<7!<8! "79.,><01@+0,.!

3/1@"13!"7!3+@?!6+,7"71!17."@?1-!31*+17@13!"3!7<9!12@0+-1-$!!

b1a!9?+3a!],791-!9<!1R,0+,91!9?1!H"7-"76!H1?,R"<.!1>/0<="76!,7!G&'!31*+17@1!]"9?!0<]1.!

6+,7"71! @<79179! H+9! ,H01! 9<! 8<.>!<9?1.! 31@<7-,.=! 39.+@9+.13$! '9! 9?"3! /<"79!L'G! 31*+17@1!

PL,H01!A$AQ!],3! @?<317! 9<! 1R,0+,91! 9?1! 3/1@"8"@"9=!<8! 9?1!H"7-"76! 9<],.-$! N9! "3!]100! `7<]7!

9?,9!L'G!31*+17@1!"3!7<9!,H01!9<!8<.>!(Aa!H+9!"9!8<0-3!"79<!,!?,"./"7!39.+@9+.1$!L'G!-"-!7<9!

@<>/191!8<.!H"7-"76!"7!9?1!@<>/19"9"<7!,33,=!1R17!,9!4TT)8<0-!><0,.!12@133!PX"6+.1!A$::Qa!

"7-"@,9"76!9?1!3/1@"8"@"9=!<8!9?1!@100+0,.!/.<91"7!8<.!()."@?a!/<33"H0=!(A)8<0-1-!31*+17@13$!

V0:3.%&A/>7/&YIZ'!@<>/19"9"<7!,33,=!<7!G&'!W:!NNN_NO!]9!31*+17@1/&W-X&\,71!#![!G&'!W:!NNN_NO!]9!
P#C!7IQ! "7@+H,91-!]"9?!#C!+6!<8!@=9</0,3>,9"@! 8.,@9"<7!<8!@100!129.,@9$!\,713!4)Ka!G&'!W:!NNN_NO!]9!
P#C!7IQ! "7@+H,91-!]"9?!#C+6!<8!@=9</0,3>,9"@! 8.,@9"<7!<8!@100!129.,@9! "7!/.1317@1!<8! "7@.1,3"76!@<7)
@179.,9"<73!<8!7<9!0,H101-!]9!31*+17@1!P#C!7Ia!#CT!7Ia!JCT!7Ia!#aC+I!,7-!:!+I!.13/1@9"R10=Q$!\,713!
J)##a!G&'!W:!NNN_NO!]9!P#C!7IQ!"7@+H,91-!]"9?!#C+6!<8!@=9</0,3>,9"@!8.,@9"<7!<8!@100!129.,@9!"7!/.13)
17@1!<8!"7@.1,3"76!@<7@179.,9"<73!<8!7<9!0,H101-!3@.,>H01-!31*+17@1!P#C!7Ia!#CT!7Ia!JCT!7Ia!#aC+I!
,7-!:!+I!.13/1@9"R10=Q$!W8X!B,7-3!"79173"9=!*+,79"8"@,9"<7$&



G13+093!,7-!%"3@+33"<7!
!

EK!
!

L?131! /.10">"7,.=! -,9,! 3+661391-! 9?1! /<33"H"0"9=! 9?,9! /.<91"7! @<>/<71793! 8.<>! 9?1! @=9<)

/0,3>"@!8.,@9"<7!<8!@100!129.,@93!>,=!12?"H"9!3/1@"8"@!H"7-"76!9<],.-3!G&'!(A3$!X+.9?1.!"7)

R139"6,9"<73!,.1!71@133,.=!9<!@01,.0=!,33133!9?1!3/1@"8"@"9=!<8!9?1!H"7-"76a!"-179"8=!9?1!H"7-)

"76!/,.971.!,7-!"93!.<01!"7!9?1!><-+9,9"<7!<8!G&'!(A!8<0-"76$!

!

! !

V0:3.%&A/>>$!YIZ'!@<>/19"9"<7!,33,=!<7!G&'!W:!NNN_NO!]9!31*+17@1/&W-X&\,71!#![!G&'!W:!NNN_NO!]9!
P#C!7IQ! "7@+H,91-!]"9?!#C!+6!<8!@=9</0,3>,9"@! 8.,@9"<7!<8!@100!129.,@9$!\,713!4)Ka!G&'!W:!NNN_NO!]9!
P#C!7IQ! "7@+H,91-!]"9?!#C+6!<8!@=9</0,3>,9"@! 8.,@9"<7!<8!@100!129.,@9!"7!/.1317@1!<8! "7@.1,3"76!@<7)
@179.,9"<73!<8!7<9!0,H101-!]9!31*+17@1!P#C!7Ia!#CT!7Ia!JCT!7Ia!#aC+I!,7-!:!+I!.13/1@9"R10=Q$!\,713!
J)##a!G&'!W:!NNN_NO!]9!P#C!7IQ!"7@+H,91-!]"9?!#C+6!<8!@=9</0,3>,9"@!8.,@9"<7!<8!@100!129.,@9!"7!/.13)
17@1!<8!"7@.1,3"76!@<7@179.,9"<73!<8!7<9!0,H101-!L'G!31*+17@1!P#C!7Ia!#CT!7Ia!JCT!7Ia!#aC+I!,7-!:!
+I!.13/1@9"R10=Q$!W8X&B,7-3!"79173"9=!*+,79"8"@,9"<7&

&



Conclusions		
	

87	
	

	

5 Conclusions	

The	 first	 part	 of	 this	 thesis	was	 focused	 on	 the	 investigation	 of	DNA	G4	 structures	 in	 the	

HIV-1	LTR	promoter	 region,	previously	 characterized	as	 inhibitory	elements	of	viral	 tran-

scription,	as	antiviral	targets.	We	tested	a	newly	synthesized	series	of	c-exNDI	compounds	

for	selective	binding	 towards	viral	G4s.	Spectroscopic	analysis	combined	with	polymerase	

enzyme	inhibition	assays	confirmed	preferential	binding	of	these	series	of	compounds	to	vi-

ral	LTR	G4s,	compared	to	one	of	the	most	abundant	cellular	G4s,	 i.e.	telomeric	G4.	The	de-

sign	of	 the	side-chain	substituents	of	c-exNDI	 family	of	compounds	allowed	us	 to	evaluate	

several	structure-activity	relationships	which	the	selectivity	was	relied	on.	Particularly,	NO2	

moieties	located	in	the	side-chains	of	extended	NDI	core	are	well	tolerated,	as	they	lend	the	

best	 selectivity	 and	 activity	 properties,	 while	 carboxylate	 groups	 decreased	 G4	 affinity.	

Bulky	 substituents,	 directly	 attached	 to	 the	 aromatic	 core	 decrease	 binding	 specificity,	

probably	because	of	planarity	distortion.	The	selectivity	and	high	affinity	toward	LTR	G4s	of	

the	best	 c-exNDIs	were	 translated	 in	 low	nM	range	antiviral	 activity	with	good	 selectivity	

indexes,	defining	promising	therapeutic	windows.	These	data	strongly	support	the	possibil-

ity	to	develop	selective	antiviral	molecules	with	G4-mediated	mechanism	of	action.	

In	this	direction,	a	rational	approach	for	the	design	of	G4	binding	ligands	may	significantly	

improve	the	selectivity	toward	viral	G4s.	We	provided	here	a	starting	point	to	the	rational	

drug	 design	 approach	 by	 defining	 solution	 structure	 of	 LTR-III	 G4,	 the	major	 component	

within	 the	 LTR	G4-forming	motif.	 LTR-III	 G4	 revealed	 a	 particular	 (3+1)	 folding	 topology	

with	singular	 loops	conformations,	 i.e.	abasic	V-shaped	loop	and	 long	11-bases	 loop	struc-

tured	as	a	duplex	stem-loop.	Interestingly,	the	unique	features	of	LTR-III	conformation	are	

conserved	in	the	dynamic	expanded	context	of	the	LTR	G-rich	sequence.	The	unique	hybrid	

duplex/quadruplex	topology	is	an	attractive	motif	for	selective	drug	recognition	of	this	viral	

G4	 structure	 represented	 particularly	 by	 the	 pocket	 available	 on	 the	 junction	 between	G-
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tetrad	core	and	stem-loop.	Refining	the	selectivity	of	G4	binding	ligands	towards	particular	

features	of	the	viral	G4	structure	by	rational	drug	design	approach	may	be	a	strategy	to	se-

lectively	impair	the	viral	cycle	targeting	G4	related	mechanisms.	

In	the	second	part	of	the	thesis	the	major	focus	was	on	the	RNA	G4	structures	that	form	in	

the	U3	region	of	HIV-1	ssRNA	genome.	 Investigations	on	the	antiviral	activity	of	G4	 ligand	

BRACO-19	 revealed	 that	 reverse	 transcription	 process	 is	 a	 pre-integration	 target	 of	 the	

compound.	Thus,	we	analyzed	 the	RNA	sequence	corresponding	 to	 the	previously	 studied	

U3	LTR	G4	forming	region.		We	confirmed	formation	of	three	extremely	stable	parallel	RNA	

G4	structures,	which	were	able	 to	block	reverse	 transcriptase	processing,	 causing	enzyme	

stalling	at	the	guanine	bases	involved	in	G4	formation.	BRACO-19	strongly	enhanced	this	in-

hibitory	effect	by	targeting	RNA	G4s.	We	also	pointed	out	that	HIV-1	nucleocapsid	protein	

can	be	implicated	in	controlling	the	formation	of	RNA	G4s	by	unfolding	these	structures	and	

facilitate	reverse	transcriptase	progression.		

Taken	together,	the	results	of	this	thesis	strongly	support	a	role	of	the	G4s	that	form	in	the	

viral	and	proviral	genome	in	controlling	the	HIV-1	life	cycle.	As	a	consequence,	targeting	of	

HIV-1	G4	may	provide	an	invaluable	new	tool	to	inhibit	the	virus.	In	particular,	targeting	vi-

ral	 structures	 in	 the	proviral	genome	would	allow	the	unprecedented	possibility	 to	attack	

both	the	actively	replicating	and	latent	virus.	The	inability	of	the	current	anti-HIV-1	arma-

mentarium	to	target	the	latter	is	the	main	cause	of	the	failure	to	cure	the	infection;	the	pos-

sibility	to	effectively	address	both	the	latent	and	active	viral	forms	could	in	principle	allow	

viral	 eradication.	 Rational	 drug	 design	 combined	 to	 the	 high-throughput	 screenings	 may	

provide	effective	tools	for	development	of	selective	compounds.	Given	the	fact	that	the	ma-

jority	 of	 G4	 binding	 ligands	 tested	 so	 far	 display	 structural	 features	 directed	 to	 target	 G-

tetrads	 prevalently	 by	 stacking	 interaction	 and	 the	 clear	 selectivity	 is	 achieved	 only	 over	

duplex	conformation,	our	findings	open	new	perspectives	to	the	possibility	of	discriminat-

ing	between	different	G4	conformations.	The	future	approach	should	be	directed	to	the	de-

velopment	 of	 small	 molecules	 with	 structural	 features	 compatible	 with	 unique	 loop	 se-

quences	and	arrangements.	
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