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Summary	
	
	

The	 structure	 of	 G-Quadruplexes	 (GQs)	 in	 DNA	 were	 first	 hypothesized,	 then	

experimentally	 determined,	 and	 eventually	 observed	 in	 the	 genome	 of	 animal	 cells.	

During	the	last	thirty	years,	GQ	structures	have	drawn	an	immense	interest	in	diverse	

areas,	 such	 as	 structural	 biology,	medicinal	 chemistry,	 supramolecular	 chemistry	 and	

nanotechnology.	

The	 general	 structure	 and	 topological	 variety	 of	 GQs’	 was	 described	 in	 the	

Introduction	 section.	 Special	 focus	 has	 been	 dedicated	 to	 understanding	 not	 only	 the	

interaction	between	the	partially	negative	internal	cavity	of	the	GQ	and	cations,	but	also	

how	the	presence	of	a	cation	influences	the	folding	on	the	supramolecular	structure.	

This	crucial	interaction	between	quadruplex	scaffolds	and	monovalent	or	divalent	

cations	constitutes	the	core	of	this	dissertation.	In	the	reported	investigations,	we	have	

leveraged	density	functional	theory	(see	Chapter	2)	to	understand	and	explain	the	basic	

physico-chemical	rules	that	govern	this	interaction.	This	has	allowed	us	to	verify	different	

hypotheses	in	the	literature	on	the	role	and	necessity	of	the	cations	in	the	central	cavity	

of	the	G-Quadruplexes.	

In	chapter	three,	we	have	addressed	a	problem	that	has	been	for	long	discussed:	

the	affinity	 sequence	of	GQ	scaffolds	 towards	alkali	metal	 cations.	DFT	calculations	at	

ZORA-BLYP-D3(BJ)/TZ2P	 level	of	 theory	were	performed	on	models	of	bi-layered	GQ,	

with	and	without	 the	phosphodiester	backbone.	Computations	of	 systems	bearing	Li+,	

Na+,	K+,	Rb+,	and	Cs+	are	very	close	to	the	experimental	order	of	affinity	and	the	strongest	

coordination	was	computed	for	K+.	The	computations	revealed	that	desolvation	and	size	

of	the	cation	are	of	equal	importance	in	determining	their	affinity	towards	GQ	scaffolds.	

The	effect	of	the	size	of	the	cation	was	observed	in	the	deformation	energy	of	the	guanine		
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quadruplex	and	the	 interaction	energy	between	the	quadruplex	and	the	cation.	

This	interaction	energy	between	cation	and	scaffold	suddenly	drops	from	Na+	to	K+,	and	

this	change	is	crucial	to	determine	the	subtle	difference	in	affinity	of	these	two	cations,	a	

difference	 that	 has	 been	 the	 object	 of	 much	 speculation.	 An	 energy	 decomposition	

analysis	 then	 revealed	 that	 this	 decrease	 was	 not	 caused	 by	 smaller	 electrostatic	

interaction	or	smaller	orbital	interaction,	but	rather	by	a	large	increase	in	Pauli	repulsion,	

when	moving	from	Na+	to	K+.	

A	simplified	model	in	which	guanines	in	the	empty	scaffold	were	substituted	by	

formaldehyde	 disproved	 the	 previous	 belief	 that	 cations	 in	 the	 central	 channel	 are	

required	to	minimize	repulsion	between	carbonylic	oxygens.	The	computations	revealed	

that	 there	 is	negligible	 interaction	between	the	 formaldehydes,	 therefore	not	so	much	

repulsion	either.	Actually,	 the	way	 in	which	the	cations	are	essential	 is	by	providing	a	

much	 larger	 energy	 (or	 enthalpy)	 of	 formation	 in	 aqueous	 solution.	 This	 favorable	

enthalpic	 contribution	overcomes	 the	quite	unfavorable	entropic	penalty	of	 forming	a	

quadruplex	from	four	monomers	and,	thus,	leads	to	a	negative	overall	Gibbs	free	energy	

of	formation	of	the	quadruplex–cation	complex.	

Chapter	four	of	this	thesis	was	dedicated	to	the	study	of	RNA-GQs	and	provides	a	

theoretical	explanation	for	the	experimental	evidence	of	their	higher	stability	compared	

to	 DNA-GQs,	 based	 on	 computations	 using	 dispersion-corrected	 density	 functional	

theory.	The	partitioning	of	the	association	energy	of	four	dimers	into	the	structure	of	an	

empty	 scaffold	 reveals	 that	 all	 the	 energetic	 components	 of	 this	 process	 favor	 the	

formation	of	the	ribonucleosidic	species,	besides	the	solvation/desolvation	balance.	The	

presence	 of	 an	 additional	 hydrogen	 bond	 in	 the	 RNA	 dimer	 confers	 a	 higher	

conformational	stability	to	this	constituent,	so	that	the	structure	of	the	isolated	dimeric	

components	is	much	closer	to	the	conformation	they	would	assume	in	the	final	empty	
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scaffold.	Therefore,	less	deformation	energy	is	needed	for	the	RNA	dimers	than	for	the	

DNA	 dimers	 when	 the	 quadruplex	 if	 formed.	 Additionally,	 the	 energy	 decomposition	

analysis	 of	 the	 interaction	 of	 four	 dimers	 in	 an	 empty	 quadruplex	 revealed	 a	 larger	

attractive	electrostatic	interaction	between	RNA	dimers	than	between	the	DNA	dimers.	

The	electrostatic	 attraction	between	 the	 scaffold	and	 the	 cation	 in	 the	RNA-GQ	

model	 was	 further	 analyzed	 by	 means	 of	 a	 simplified	 model:	 RNA-GQ	 scaffold	 is	

represented	 by	water	molecules,	 while	 DNA-GQ	 scaffold	 is	 represented	 by	molecular	

hydrogen.	The	computations	demonstrate	that	the	2’-OHs	exert	direct	influence	towards	

cations	playing	a	role	in	improving	this	species’	stability	as	the	electrostatic	interaction	

between	cation	and	the	simplified	model	of	RNA	(H2O)	is	larger	than	between	the	same	

cation	and	the	simplified	model	of	DNA	(H2).	

Use	of	another	simplified	model	confirmed	our	previous	finding	that	the	presence	

of	a	cation	inside	the	GQ	cage	is	mainly	required	to	stabilize	the	energy	of	formation	of	

complexes	compared	to	the	empty	scaffold	only.	

In	 the	 final	 chapter,	 number	 five,	 we	 highlight	 another	 important	 aspect	 of	

quadruplexes’	chemistry,	namely	their	interaction	with	divalent	cations.	We	have	studied	

the	 interaction	 of	 GQs	with	 a	 selection	 of	 divalent	 cations	 using	 dispersion	 corrected	

density	functional	theory	calculations	in	a	COSMO	model	of	water	solvation:	Zn2+,	Mg2+,	

Cd2+,	Ba2+,	Ca2+,	Sr2+,	Hg2+	and	Pb2+.	Quadruplex	structures	are	generally	known	for	having	

stronger	 interaction	 with	 divalent	 cations	 than	 the	 monovalent	 ones,	 and	 our	

computations	corroborate	the	experimental	finding	of	very	strong	bonding	energies	and	

highly	 favorable	 formation	 energies	 for	 all	 involved	 cations	 excluding	 Mg2+.	 The	

important	 interplay	 between	 interaction	 and	 preparation	 energy	 on	 one	 hand,	 and	

solvation	energy	on	the	other	hand,	determines	the	final	energetic	balance	of	the	bonding	

of	divalent	cations	with	the	empty	scaffold	of	GQs.	In	alkali	earth	metals,	the	interaction	



	 109	

energy	gets	weaker	going	down	in	a	group,	due	to	an	increase	of	Pauli	repulsion	and	a	

less	 favorable	 orbital	 interaction	 contributions.	 In	 Group	 XII	 elements,	 the	 trend	 of	

decreasing	 interaction	 is	 inverted	 from	Cd2+	 to	Hg2+	 due	 to	 the	 stabilization	of	 the	 ns	

LUMOs	of	Hg2+	compared	to	Cd2+.	For	Pb2+,	only	the	p	LUMO	is	stable	enough	to	receive	

charge,	 as	 s	 and	 d	 orbitals	 are	 in	 this	 case	 too	 high	 in	 energy.	 The	 strength	 of	 the	

interaction	was	also	analyzed	using	a	computational	displacement	experiment,	in	which	

it	 was	 demonstrated	 how	 the	 components	∆𝑉#$%&'&	 ,	 ∆𝐸*+	 	and	 ∆𝐸,'-$+	
	always	 become	

stronger	as	the	size	of	scaffolds	decreases.	

In	 summary,	 the	 work	 in	 this	 thesis	 has	 shown	 the	 importance	 of	 relativistic	

dispersion-corrected	 density	 functional	 theory	 in	 combination	 with	 the	 energy	

decomposition	analysis	and	molecular	orbital	 theory	to	 facilitate	 the	understanding	of	

the	intricate	interactions	between	cations	and	guanine	quadruplexes,	which	are	unable	

to	 be	 obtained	 from	 experimental	 techniques.	 Our	 approach	 can	 also	 be	 applied	 to	

understanding	the	interactions	in	a	wide	range	of	other	biomolecular	systems.	

	 	


