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CHAPTER	FIVE:		

Interactions	in	a	G-Quadruplex:	Quantifying	the	Interaction	
of	Divalent	Cations	with	the	Internal	Channel	site.	

	

5.1.	Introduction	
	

Sequences	of	DNA	characterized	by	high	concentration	of	guanine	residues	are	located	in	

crucial	 regulatory	 regions	 of	 human	 genome,	 like	 telomeres,	 gene	 promoters	 and	

immunoglobulin	switch	regions[10,23,113].	If	specific	environmental	conditions	are	met,	

these	sequences	can	fold	into	more	complex	structures,	called	G-Quadruplexes	(GQ).	The	

basic	building	block	of	a	GQ	is	constituted	by	an	array	of	four	guanine	residues	(G4)	held	

together	by	Hoogsteen	hydrogen	bonds	(Fig.	1).	 In	our	previous	work	on	the	GQs,	we	

showed	 that	 the	hydrogen	bonds	 in	G4	experience	 a	 large	 synergetic	 effect,	 since	 the	

interaction	of	Guanine	residues	facilitates	the	interaction	with	the	next	ones	during	the	

formation	 of	 a	 tetrad	 .	 This	 cooperativity	 in	 G4	 originates	 from	 charge	 separation	

occurring	 with	 donor-acceptor	 interactions	 in	 the	 σ-electron	 system	 [11].	 Additional	

layers	of	G-quartets	can	stack	on	top	of	each	other	interacting	via	van	der	Waals	forces.	

Four	 lateral	 pillars	 are	 constituted	 by	 standard	 DNA	 sugar	 phosphate	 backbone	 and	

different	kinds	of	loops	contribute	to	determine	the	very	large	topological	variety	of	these	

structures	[16].	The	carbonylic	oxygens	of	guanines	involved	in	the	formation	of	a	quartet	

define	a	partially	negative	channel	in	the	very	core	of	the	complex	quadruplex	structure	

that	classically	hosts	monovalent	alkali	cations	such	as	K+	and	Na+.	It	has	been	previously	

shown	 that	 in	 supramolecular	 environment	 as	 well	 as	 in	 biological	 conditions,	 the	

interaction	of	GQ	with	an	alkali	metal	 cation	 is	 required	 for	 self-assembly	 so	 that	 the	

entropic	penalty	is	overcome	[82,114].	The	cation-quadruplex	interaction	follows	an		
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order	of	affinity	determined	by	the	size	of	the	cation	and	its	energy	of	solvation	[101].	On	

the	 other	 hand,	 it	 is	 also	 well	 established	 how	 divalent	 cations	 generally	 bind	 GQ	

structures	 much	 more	 strongly	 [115]	 than	 monovalent	 ones,	 although	 following	 an	

affinity	 sequence	 trend	 that	 has	 no	 experimental	 consensus	 nor	 a	 fully	 understood	

theoretical	explanation	[116–119].	

In	 this	 paper,	 GQ	 affinities	 towards	 a	 selection	 of	 divalent	 cations	 have	 been	

studied	 with	 dispersion-corrected	 density	 functional	 theory	 (DFT-D).	 Our	 quantum	

chemical	 computations	on	 these	 systems,	 conducted	 in	a	 continuum	model	of	 implicit	

solvation,	aim	here	to	analyze	the	interaction	of	GQ	with	the	alkaline	earth	metals	Mg2+,	

Ca2+,	Sr2+,	Ba2+,	the	transition	metals	Zn2+,	Cd2+	and	Hg2+	and	post-transition	metal	Pb2+.	

We	include	Cd2+,	Hg2+	and	Pb2+	due	to	the	fact	that	they	constitute	some	of	the	most	wide-

spread	heavy	metal	pollutants	[120].	Estimating	the	order	of	affinity	of	the	GQs	for	these	

cations,	we	analyze	and	quantify	the	energetic	parameters	that	determine	it:	we	highlight	

how	the	balance	between	desolvation	(and	size)	of	cations	and	strength	of	 interaction	

here	represent	the	real	discriminating	factor	and	how	most	of	all	the	analyzed	divalent	

cations	could	potentially	displace	K+.	We	find	that	Pb2+	binds	with	unusually	high	affinity	

to	 the	GQ	 scaffold:	 this	 finding	might	 justify	 lead	 genotoxicity	 due	 to	 perturbation	 of	

telomere	replication	and	maintenance	[121,122].	Mg2+	species	bind	unfavourably	due	to	

a	 high	 desolvation	 energy,	 while	 Zn2+species	 could	 be	 more	 favourable	 due	 to	much	

stronger	interaction	energies;	nonetheless,	both	are	reported	in	the	available	literature	

to	either	have	no	stabilizing	or	destabilizing	effect	on	quadruplex	formation	[119,123].	

Therefore,	through	the	energy	decomposition	analysis	(EDA)	of	the	interaction	energy	

between	the	cation	and	the	guanines,	we	pinpoint,	case	by	case,	the	interplay	between	

the	different	physical	terms	that	compose	it,	justifying	a	strength	of	affinity	that	is		
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generally	much	 higher	 for	 divalent	 cations	 compared	 to	 the	monovalent	 ones.	

Furthermore,	 we	 investigate	 the	 charge-transfer	 between	 the	 occupied	 molecular	

orbitals	of	the	guanines	and	the	unoccupied	orbitals	of	the	metal	cation	and	determine	

the	importance	of	s,	p	and	d	orbitals	of	the	cation.	

	

	

Figure	5.1:	 (a)	Structure	of	 the	guanosine	phosphate	dimer	used	 in	DNA-GQs	and	(b)	
schematic	and	“balls	and	sticks”	representation.	(c)	Structure	of	a	guanine	quartet	(where	
R	symbolises	the	deoxyribose	moiety).	(d)	A	schematic	stack	of	two	G-quartets	(arrows	
present	 the	 directionality	 of	 the	 charge-transfer	 in	 the	 hydrogen	 bonds)	 in	 a	 parallel	
configuration.	
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5.2.	Computational	Details	
	
	
All	 DFT	 calculations	 were	 performed	 with	 the	 Amsterdam	 Density	 Functional	 (ADF)	

program	according	to	the	details	shown	in	chapter	2.	Our	quadruplex	structures	are	all	

parallel-stranded	 right-handed	G-quadruplex	with	 anti-glycosidic	 torsion	 angles	 at	 all	

guanines	this	implying	that	all	8	hydrogen	bonds	of	the	double	layer	point	in	the	same	

direction	(Fig	5.1);	although	DNA-GQs	are	found	in	both	configurations	parallel	and	anti-

parallel,	we	demonstrated	 in	 [101]	how	 this	geometrical	detail	does	not	 influence	 the	

trend	of	cation	affinity	for	alkali	metals	and	therefore	it	is	not	expected	to	impact	divalent	

cations	any	differently.	As	shown	in	Fig.	5.1b	for	the	structure	of	the	dimers,	the	model	of	

quadruplex	 used	 in	 this	 study	 has	 been	 neutralized	 with	 the	 use	 of	 H+,	 in	 order	 to	

counterbalance	 the	 charges	 localized	 at	 the	 phosphate	 groups.	 Below	 we	 will	

demonstrate		that	the	divalent	cation	affinity	order	does	not	alter	if	sodium	counterions	

are	taken	instead	of	H+	(	see	also	previous	work	[101]).	

Solvent	 effects	 were	 accounted	 for	 using	 the	 conductor-like	 screening	 model	

(COSMO),	as	explained	in	chapter	2.	

∆𝐸#$%&'()$*	 and	 ∆𝐸,$*- 	are	 the	 two	 primary	 measures	 used	 in	 this	 work	 to	

describe	 the	phenomena	of	quadruplex’s	 association	and	complexation.	The	energy	of	

formation	 for	 the	 structures	 with	 backbone	 is	 based	 on	 the	 association	 of	 four	

individually	optimized	dimers	(Fig.	5.1	a,	b).		
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Figure	5.2:	Formation	energy	of	the	DNA-GQs	in	solvent	

	

	

∆𝐸#$%&'()$* = 	𝐸(𝐺𝑄 −𝑀45)78	– 	4	 • 	𝐸(𝐺𝐺)78	– 	𝐸(𝑀45)78	 	 (5.1)	

	

The	 term	𝐸(𝐺𝑄 − 𝑀45)78	is	 the	 energy	 of	 the	 double-layered	GQ	 at	 its	 optimum	 and		

𝐸(𝐺𝐺)78 	is	 the	 energy	 of	 a	 single	 optimized	 dimer	 of	 guanines.	 The	 term	𝐸(𝑀45)78	

expresses	the	energy	of	the	concerning	divalent	cation.	The	energy	of	all	these	terms	has	

been	calculated	in	water	(indicated	by	the	aq	subsript).	

∆𝐸,$*-	 	expresses	 the	 energy	 gain	 derived	 by	 the	 complexation	 of	 the	 empty	

scaffold	with	a	cation.	

	

Figure	5.3:	Partitioning	of	the	bonding	energy	deriving	by	the	complexation	of	the	final	
GQ-M2+complex	from	the	empty	scaffold	

	

	



	 82	

∆𝐸,$*-	 = 	𝐸(𝐺𝑄 − 𝑀45)78 − 	𝐸(𝐺𝑄[	])78 − 𝐸(𝑀	
45)78	 	 	 (5.2)	

	

But	also:	

	

∆𝐸,$*-	 = 	∆𝐸>?@A-	 + 	∆𝐸C%?C	 +	∆𝐸)*(	 + ∆𝐸DA-	 	 	 	 	 (5.3)	

	

The	preparation	energy,	∆𝐸C%?C	 ,	is	the	energy	required	to	deform	the	empty	scaffold	of	

the	quadruplex	optimized	in	the	solvated	state	to	the	geometry	it	acquires	interacting	in	

the	solvated	final	complex	with	the	cation,	computed	in	gasphase.	

	

Δ𝐸C%?C	 = 𝐸(𝐺𝑄[𝑀45])F7G − 	𝐸(𝐺𝑄[	])F7G	 	 	 	 	 (5.4)	

	

The	desolvation	and	solvation	energy	can	be	computed	as	the	energy	difference	between	

the	 solvated	 species	 and	 the	 species	 in	 the	 gas	 phase.	 The	 'aq'	 subscript	 denotes	 the	

COSMO	computations	in	aqueous	solution	and	'gas'	the	computations	in	the	gas	phase.	

	

Δ𝐸>?@A-	 = 𝐸(𝐺𝑄[	])F7G + 	𝐸(𝑀45)F7G − 𝐸(𝐺𝑄[	]	)78 − 𝐸(𝑀45)78 	 (5.5)	

	

	

Δ𝐸DA-	 = 𝐸(𝐺𝑄	−	𝑀45)78 − 	𝐸(𝐺𝑄 −𝑀45)F7G 	 	 	 	 (5.6)	

	

The	 partitioning	 of	 the	 bonding	 energy	 of	 coordination	 in	 the	 gasphase	 allows	 for	

definition	of	interaction	energy	as:	

	

	



	 83	

Δ𝐸)*(	 = 𝐸(𝐺𝑄	−	𝑀45)F7G − 	𝐸(𝐺𝑄[𝑀45])F7G − 	𝐸(𝑀45)F7G	 	 (5.7)	

	

The	 interaction	energy	 in	 this	model	 is	examined	 in	the	 framework	of	 the	Kohn-Sham	

molecular	orbital	model	using	a	quantitative	energy	decomposition	analysis	(EDA)	that	

divides	the	total	interaction	(Δ𝐸)*()	into	electrostatic	interaction,	Pauli	repulsion,	orbital	

interaction,	and	dispersion	terms	[54](refer	to	chapter	2	for	further	details):	

	

5.3.	Results	and	Discussion	
	
5.3.1.	Structure	and	Energy	of	Formation		
	

The	 study	of	 principles	of	 assembly	of	 GQ	structures	 due	 to	 interaction	with	 divalent	

cations	 begins	 with	 analysis	 of	 the	 geometrical	 parameters	 and	 the	 comparison	 of	

energies	of	formation.	In	both	cases,	the	GQ-K+	structure	presented	in	our	previous	work	

[101]	 will	 be	 used	 as	 reference	 as	 it	 is	 the	 most	 stable	 GQ	 amongst	 the	 analyzed	

monovalent	species.	Energies	of	 formation	and	geometrical	parameters	of	 the	GQs	are	

presented	in	Table	5.1.		

The	interactions	governing	the	affinity	sequence	of	divalent	GQs	towards	cations	

are	very	similar	compared	to	their	monovalent	counterparts	 [117].	Furthermore,	 they	

are	geometrically	not	radically	different:	in	the	comparison	between	K+	and	the	cations	

of	the	Group	2	(Mg2+,	Ca2+,	Sr2+	and	Ba2+),	we	can	notice	generally	a	small	contraction	of	

the	size	of	the	scaffold,	expressed	by	the	average	O-M2+	distance	and	the	rise	(difference	

in	average	z-coordinate	of	the	upper	and	lower	carbonylic	oxygen	atoms).	This	does	not	

correspond	to	any	substantial	variation	of	the	hydrogen	bond-lengths	between	the	bases.	

It	is	worth	noting	how	the	computed	geometrical	parameters	(average	inner/outer		
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hydrogen	bond	distance	and	rise)	are	nicely	consistent	with	experimental	data	obtained	

in	[124–127].	For	the	cations	of	Group	12,	a	similar	observation	can	be	done.	The	rise	is	

only	 in	 Cd2+	 species	 more	 importantly	 altered,	 of	 around	 -0.6	 Å	 compared	 to	 the	 K+	

reference	(Table	5.1).	At	last,	also	the	Pb2+	species	is	only	modestly	changed	compared	to	

the	reference.	

By	 analyzing	 the	 differences	 in	 terms	 of	∆𝐸#$%&'()$* ,	 pronounced	 differences	

between	monovalent	and	divalent	species	become	apparent:	Ca2+,	Sr2+	show	very	similar	

formation	energies	of	 -131.3	and	 -131.6	kcal/mol,	which	 is	 around	16	kcal/mol	more	

stabilizing	 than	K+	 species	 (Ba2+	 shows	 a	 slightly	weaker	 energy	 of	 formation,	 -130.4	

kcal/mol,	compared	to	the	other	two	divalent	cations).	In	this	Group,	Mg2+	might	not	be	

able	 to	 foster	 the	 formation	of	 GQs	 (∆𝐸#$%&'()$* =	-105.9	 kcal/mol),	 similarly	 to	what	

happens	 with	 Li+	 [13,62].	 Zn2+	 and	 Cd2+	 show	 the	 smallest	 formation	 energies	 of	

respectively	-121.2	and	-119.0	kcal/mol.	Zn2+,	despite	of	having	a	very	similar	ionic	size	

with	Mg2+	and	Li+,	and	preferentially	accommodating	in-plane	with	one	of	the	layers,	has	

a	very	 favorable	 formation	energy	and	seems	to	be	able	 to	 form	stable	GQ	complexes	

(Table	5.1).	However,	this	fundamental	theoretical	observation	might	as	well	never	find	

experimental	confirmation,	since	other	processes,	 like	the	bridging	 interaction	of	Zn2+	

with	N7	and	O6,	could	inhibit	the	process	of	GQ	formation	[128].	Hg2+,	in	Group	12	is	only	

second	compared	to	Pb2+,	which	is	the	most	stabilizing	cation	with	a	formation	energy	of	

-136.4	 kcal/mol.	 Although	 these	 cations	 form	very	 stable	 complexes,	 they	 still	do	 not	

produce	particularly	compact	structures	compared	to	K+,	impacting	only	marginally	all	

the	measured	geometric	parameters	(Table	5.1).	
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Table	5.1	Energies	of	formation	and	geometrical	parameters	of	the	GQs.a	

System	 𝑀*5	 d[O-𝑀45]	b	 R	c	 N2(H)•••N7	d	 N1(H)•••O6	e	 ∆𝐸#$%&'()$*	

𝐺𝑄𝑀*5	 no	
metal	 				3.03	 3.60	 2.88	 						2.81	 -62.5	

	 K+		 				2.82	 3.33	 2.88	 					2.82	 -115.4	

	 Mg2+	 			2.05/4.04	 3.23	 2.87/2.81	 				2.80/2.86	 -105.9	

	 Ca2+	 									2.54	 2.69	 										2.83	 											2.85	 -131.3	

	 Sr2+	 						2.64	 2.86	 					2.86	 						2.86	 -131.6	

	 Ba2+	 2.77	 3.13	 										2.90	 											2.87	 -130.4	

	 Zn2+	

(in	

plane)	

		2.07/3.94	 3.16	 		2.78/2.88	 						2.80	 -121.2	

	 Cd2+	 								2.55	 2.72	 					2.81	 							2.81	 -119.0	

	 Hg2+	 								2.63	 2.88	 					2.83	 							2.81	 -133.4	

	 Pb2+	 								2.70	 3.01	 					2.87	 							2.84	 -136.4	
(a)	 Energies	and	 geometries	 computed	 at	ZORA-BLYP-D3(BJ)/TZ2P	 level	 of	 theory	with	COSMO	 to	
simulate	water.	

(b)	Average	distance	between	the	oxygen	atoms	and	the	alkali	metal	cation.	For	the	empty	scaffold	the	
midpoint	of	the	eight	oxygen	atoms	was	taken.	

(c)	Difference	in	average	z-coordinate	of	the	upper	and	lower	oxygen	atoms.	

(d)	Average	outer	hydrogen	bond	distance	N2(H)•••N7.	For	Mg2+,	the	presented	values	are	two,	as	the	
quartets	are	not	equal	(this	cation	lies	in	the	middle	of	one	of	the	quartets).	

(e)	Average	inner	hydrogen	bond	distance	N1(H)•••O6	
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	5.3.2.	Partitioning	of	the	Bond	Energy	
	

Partitioning	the	bonding	energy	(illustrated	in	Fig.	3)	allows	for	analytical	and	thorough	

understanding	 of	 the	 process	 of	 cations’	 coordination	with	 an	 empty	 GQ	 scaffold.	 As	

apparent	 from	Fig.	5.4,	 the	comparison	between	alkali	metals	(monovalent)	and	alkali	

earth	metals	(divalent)	is	of	great	explanatory	value.	In	chapter	3	has	been	shown	how	

the	 subtle	 difference	 in	∆𝐸,$*-	 	between	 GQ-Na+	 and	 GQ-K+	 favouring	 the	 latter	 (-0.9	

kcal/mol)	is	due	to	the	different	solvation	energies	of	the	two	ions	as	well	as	their	size:	

while	the	sum	of		interaction	and	preparation	components	between	Na+	and	the	scaffold	

are	 more	 favourable,	 this	 advantage	 is	 balanced	 by	 its	 higher	 desolvation	 energy	

compared	to	K+		(cations	need	to	be	completely	dehydrated	to	enter	the	channel	of	a	GQ).		

The	 energies	 involved	 in	 the	 process	 of	 solvation/desolvation	 and	 in	 the	

interaction	of	divalent	cations	with	a	GQ	scaffold	are	much	greater	than	their	monovalent	

counterparts	(Table	5.2).	This	unfavourable	balance	determines	indeed	the	inability	of	

Mg2+	to	induce	the	formation	of	GQs.	Comparing	Mg2+	with	Ba2+,	we	see	how	the	difference	

in	∆𝐸>?@A-5DA-	 	(111.9	 kcal/mol	 favoring	 the	 latter)	 is	 only	 partially	 balanced	 by	 the	

stronger	interaction	of	Mg2+	(	∆∆𝐸)*(	 =	-95.7	kcal/mol)	and	furtherly	disfavored	by	larger	

∆𝐸C%?C	 	(7.6	kcal/mol).	Comparing	 the	 three	 cases	of	Ca2+,	 Sr2+	and	Ba2+,	 given	 that	 the	

differences	in	term	of	∆𝐸>?@A-5DA-	 	and	∆𝐸)*(	 	are	more	relevant,	the	preparation	energy	

has	smaller	importance.	Like	in	the	progression	Li+,	Na+	and	K+,	the	increase	of	the	ionic	

radius	 from	 Ca2+	 to	 Ba2+	 determines	 a	 decrease	 of	 the	 deformation	 required	 to	

accommodate	 the	 cation	 in	 the	 GQ	 channel:	 in	 other	words,	 larger	 radii	 prevents	 GQ	

structures	from	shrinking	due	to	the	attraction	towards	the	cation.	However,		
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Figure	5.4:	Structures	of	DNA GQ-M
(2)+	w

here	M
(2)+		is	a	m

onovalent	or	divalent	cation(optim
ized	at	the	ZORA -BLYP -D3(BJ)/TZ2P	level	of	

theory	in	COSM
O	m

odel	of	solvation).	



	 88	

the	 preparation	 energy	 does	 not	 correlate	with	 their	 concerning	∆𝐸,$*-	 	values:	 Ca2+,	

which	has	ionic	radius	very	similar	to	Na+,	determines	the	highest	deformation	and	still	

it	 produces	 the	 second	 best	∆𝐸,$*-	 	due	 to	 a	 better	 balance	 between	 desolvation	 and	

interaction	energies.	On	the	other	side,	Ba2+,	which	compares	with	K+	in	terms	of	ionic	

radius,	produces	the	lowest	deformation	but	it’s	the	weakest	in	terms	of	∆𝐸,$*-	 	due	to	a	

worse	desolvation/	interaction	balance.	

Table	5.2:	Partitioning	of	the	bond	energy	of	Mn+	with	the	empty	scaffold	in	the	GQ-
Mn+complex	[a]	

Ion	 Radius	[b]	 ∆𝐸C%?C	 	 ∆𝐸)*(	 	 ∆𝐸>?@A-5DA-	 	 ∆𝐸,$*-	 	 ∆𝐸#$%&'()$*	

Li+	 	0.069	 11.3	 -165.7	 116.5	 	-37.9	 -100.2	

Na+	 	0.102	 10.4	 -156.6	 		94.0	 	-52.2	 -114.5	

K+	 	0.138	 		5.7	 -134.7	 75.9	 -53.2	 -115.4	

Rb+	 	0.149	 		0.9	 -119.1	 		69.4	 	-48.8	 -111.1	

Mg2+	 	0.072	 22.0	 -441.4	 375.0	 -44.4	 -106.6	

Ca2+	 	0.100	 28.7	 -421.4	 323.7	 -69.1	 -131.3	

Sr2+	 	0.113	 17.3	 -377.5	 290.9	 -69.3	 -131.6	

Ba2+	 	0.136	 14.4	 -345.7	 263.1	 -68.2	 -130.4	

Ca2+[c]	 	0.100	 29.6	 -450.2	 	352.4	 	-68.2	 -137.1	

Sr2+[c]	 	0.113	 20.6	 -411.9	 	322.0	 	-69.3	 -138.2	

Ba2+[c]	 	0.136	 14.7	 -373.7	 	291.4	 	-67.6	 -136.5	
[a]	Energies	(kcal/mol)	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory	in	
COSMO	model	of	water	solvation.	

[b]	Radii	expressed	in	Å	[53]	

[c]	Na+	as	counterion	at	the	backbone	instead	of	H+	
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Figure	 5.5:	 Partitioning	 of	 the	 bond	 energy	 of	 complexation	 of	 GQ	 scaffolds	 with	
concerning	 cations:	 continuous	 lines	 indicate	 the	alkaline	 earth	metal	 cations,	dashed	
lines	the	alkali	metal	cations.	

	

Zn2+,	Cd2+	and	Hg2+	offer	another	point	of	view	on	the	same	phenomenon.	Zn2+	and	Cd2+	

determine	very	similar	preparation	energy,	but	 the	∆𝐸HIJK	 	of	 the	 first	 is	-2.3	kcal/mol	

more	stabilizing.	In	this	case,	less	favorable	∆𝐸LMNOK5POK	 	for	Zn2+	is	counterbalanced	and	

overcome	by	its	much	stronger	interaction	of	-30.0	kcal/mol	compared	to	Cd2+.	
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Figure	 5.6:	 Partitioning	 of	 the	 bond	 energy	 of	 complexation	 of	 GQ	 scaffolds	 with	
concerning	divalent	polluting	cations	Zn2+,	Cd2+	and	Hg2+	of	group	12	and	Pb2+.	

	

Table	5.3:	Partitioning	of	the	bond	energy	of	M2+	with	the	empty	scaffold	
in	the	GQ-M2+complex	[a]	

					Ion	 Radius	 ∆𝐸C%?C	 	 ∆𝐸)*(	 	 ∆𝐸>?@A-5DA-	 	 ∆𝐸,$*-	 	 ∆𝐸#$%&'()$*	

Zn2+	 0.075	 22.0	 -491.4	 410.4	 -59.0	 -121.2	

Cd2+	 0.095	 22.3	 -461.4	 382.4	 -56.7	 -119.0	

Hg2+	 0.102	 17.8	 -471.4	 382.5	 -71.1	 -133.4	

Pb2+	 0.118	 13.5	 -388.7	 301.0	 -74.2	 -136.4	
	[a]	Energies	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory	in	
COSMO	model	of	water	solvation	
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On	the	other	side,	Cd2+	and	Hg2+	have	almost	identical	∆𝐸>?@A-5DA-	 	but	Hg2+	has	a	more	

stabilizing		∆𝐸,$*-	 	of	-14.4	kcal/mol.	10	of	these	kcal/mol	are	due	to	stronger	interaction	

energy,	the	rest	to	a	less	penalizing	∆𝐸C%?C	 .	Eventually	Pb2+,	the	best	amongst	the	entire	

series	of	divalent	cations	under	investigation,	is	favored	over	the	second	best,	Hg2+,	of	-

3.1	kcal/mol	(∆𝐸,$*-	 ).	Naturally,	in	this	case,	the	greatest	contribution	comes	from	Pb2+’s	

better	∆𝐸>?@A-5DA-	 ,	 but	 this	 parameter	 is	 almost	 perfectly	 counterbalanced	 by	 Hg2+’s	

more	favorable	interaction	(only	1.2	kcal/mol	is	the	difference	∆∆𝐸>?@A-5DA-	 −	∆∆𝐸)*(	 ).	

From	this	perspective,	the	-4.3	kcal/mol	of	preparation	energy	favoring	Pb2+	over	Hg2+	

are	not	negligible.	
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5.3.3.	Energy	Decomposition	Analysis		
	

We	will	 analyze	 in	 this	 section	 the	energy	decomposition	of	∆𝐸QJR	 	(eq.	5.7)	of	divalent	

cations	interacting	with	their	relative	prepared	scaffolds.	

	 	

Figure	 5.7:	 Energy	 decomposition	 analysis	 of	 the	 interaction	 energy	 between	 GQ	
scaffolds	and	the	concerning	alkali	earth	divalent	cations	

	

For	 the	 Group	 of	 alkali	 earth	metals	 as	well	 as	 for	 the	monovalent	 alkali	metals,	 the	

strength	of	∆𝐸)*(	 	is	inversely	proportional	with	the	ionic	radius.	In	the	series	Ca2+-	Sr2+-	

Ba2+,	 the	 steep	 weakening	 of	 the	 interaction	 energy	 is	 mainly	 determined	 by	 less	

favorable	orbital	interaction	contributions,	alongside	with	the	growth	of	steric	repulsive	

forces.	
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Table	5.4:	 Energy	Decomposition	Analysis	of	∆Eint	 between	GQ	 scaffolds	 and	 the	
cations	in	GQ-M2+	(in	kcal/mol)	[a]	

M2+	 ∆𝐸)*(	 	 ∆𝐸S'TU)	 	 ∆𝑉?UW('(	 	 ∆𝐸$)	 	 ∆𝐸-)WC	 	 ∆𝑄XYZ
	 	b	 Pvirtuals	c	 εLUMO[M+]	

Mg2+	 -442.2	 46.9	 -246.9	 -230.0	 -12.2	 -0.321	 0.57	 -19.1	

Ca2+	 -421.4	 57.2	 -250.9	 -209.1	 -18.7	 -0.241	 0.40	 -15.9	

Sr2+	 -377.6	 75.5	 -240.3	 -192.1	 -20.6	 -0.188	 0.36	 -13.9	

Ba2+	 -345.8	 98.3	 -240.0	 -181.0	 -23.6	 -0.180	 0.32	 -12.8	

Zn2+	 -491.5	 80.0	 -282.8	 -276.1	 -12.7	 -0.552	 0.97	 -23.5	

Cd2+	 -461.5	 50.6	 -256.3	 -233.8	 -22.0	 -0.396	 0.78	 -21.5	

Hg2+	 -468.8	 56.7	 -251.9	 -251.0	 -22.5	 -0.544	 0.94	 -23.4	

Pb2+	 -388.7	 97.3	 -245.8	 -211.4	 -28.8	 -0.325	 			0.62	 -17.2	
[a]	Energies	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory.	

[b]	For	computational	details,	see	chapter	2	and	section	5.2	

[c]	Pvirtuals	is	the	sum	of	the	gross	Mulliken	population	of	the	LUMO	till	LUMO+9.	

	

	

From	 this	 point	 of	 view,	 particularly	 useful	 is	 to	 follow	 the	 trend	 of	 Ca2+-	 Sr2+-	 Ba2+	

interaction	 energies	 in	 direct	 comparison	 with	 the	 preparation	 energies	 required	 to	

accommodate	 these	 cations	 in	 their	 scaffolds:	 it	 is	 apparent	how,	with	 the	growing	of	

ionic	radii	and	of	the	steric	repulsive	forces	inside	the	channel,	the	term	∆𝐸C%?C	 	actually	

decreases	(Table	5.5).	
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Table	5.5:	Cationic	radii	(in	Å),	interaction,	preparation	and	repulsive	energy	between	
scaffold	and	cations	(in	kcal/mol)	

Ion	 Radius	[a]	 ∆𝐸)*(	 	 ∆𝐸S'TU)	 	 ∆𝐸C%?C	 	

Na+	 0.102	 -156.6	 11.1	 10.4	

K+	 0.138	 -134.7	 29.9	 			5.7	

Rb+	 0.149	 -119.1	 35.2	 			0.9	

Ca2+	 0.100	 -421.4	 57.2	 28.7	

Sr2+	 0.113	 -377.5	 75.5	 17.3	

Ba2+	 0.136	 -345.7	 98.3	 14.4	

Cd2+	 0.095	 -461.4	 50.6	 22.3	

Hg2+	 0.102	 -471.4	 56.7	 17.8	

Pb2+	 0.118	 -388.7	 97.3	 13.5	
[a]	Ionic	radii	from	Marcus	[53]	

	

A	similar	trend	can	be	seen	in	the	series	of	monovalent	cations	Na+-	K+-	Rb+	(Table	5.5),	

where	to	higher	repulsion	 forces	corresponds	again	 lower	preparation,	as	 to	highlight	

how	in	these	cases	smaller	cationic	radii	actually	induce	a	shrinkage	of	the	scaffold	with	

the	consequence	of	maximizing	the	interaction	to	the	detriment	of	the	overall	structural	

integrity	(intended	as	similarity	with	the	empty	scaffold).	Same	analysis,	again,	can	be	

proposed	for	 the	series	Cd2+	-	Hg2+	 -	Pb2+	(Table	5.5).	We	have	purposely	excluded	Li+,	

Mg2+	and	Zn2+	from	this	analysis,	since	their	coplanar	configuration	determines	the	rise	

of	not	straightforwardly	comparable	values	of	∆𝐸[7\]Q	 .	

In	 Fig.	 5.8	 we	 report	 the	 energy	 decomposition	 analysis	 of	 a	 displacement	

computational	experiment,	with	the	aim	of	describing	the	relationship	between	the	ionic	

radius,	 the	 size	 of	 the	 cage,	 and	 the	 relative	 strength	 of	 interaction:	 in	 turn,	 the	

monovalent	 cations	 Na+,	 K+	 and	 Rb+,	 and	 the	 divalent	 Ca2+,	 Sr2+	 and	 Ba2+	 have	 been	
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computed	 in	the	scaffold	of,	respectively,	GQ-Na+,	GQ-K+,	GQ-Rb+	and	GQ-Ca2+,	GQ-Sr2+,	

GQ-Ba2+.	 All	 the	 components	 of	 the	 interaction	 energy	 between	 cations	 and	 scaffolds	

depend	 heavily	 on	 the	 size	 of	 the	 cage.	 Invariably,	 the	 components	∆𝑉?UW('(		 ,	∆𝐸$)	 	and	

∆𝐸S'TU)	
	become	stronger	with	 smaller	 scaffolds,	 and	 the	 steric	 repulsion	 forces	end	up	

being	 major	 responsible	 for	 the	 final	 ∆𝐸)*(	 .	 Particularly	 interesting	 results	 of	 the	

displacement	computations	are	the	cases	of	Sr2+	in	GQ-[Ca2]	and	Rb+	in	GQ-[K+],	which	

allow	 us	 to	 highlight	 once	 more	 the	 importance	 of	 the	 subtle	 balance	

interaction/preparation.	Both	Sr2+	and	Rb+	would	 take	advantage	of	 a	 smaller	 cage,	 in	

terms	of	interaction’s	strength,	but	the	required	shrinkage	would	cost	energy,	rather	than	

being	favorable.	Indeed,	the	gain	in	∆𝐸)*(	 	determined	by	the	placement	of	Sr2+	in	GQ-[Ca2]	

(-10.0	 kcal/mol)	 is	 counterbalanced	 by	 a	∆∆𝐸C%?C	 	of	 11.4	 kcal/mol.	 The	 gain	 in	∆𝐸QJR	 	

determined	by	the	placement	of	Rb+	 in	GQ-[K+]	 is	 -3.1	kcal/mol,	counterbalanced	by	a	

∆∆𝐸C%?C	 	of	4.8	kcal/mol.	Literally,	the	relative	strengthening	of	the	interaction	of	these	

scaffolds	 with	 the	 cations	 is	 not	 worth	 the	 energy	 expenditure	 associated	 with	 their	

contraction.	
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Figure	5.8:	Energy	decomposition	analysis	associated	to	the	displacement	of	the	divalent	
Ca2+,	Sr2+	and	Ba2+	in	the	scaffold	of	GQ-Ca2+,	GQ-Sr2+	and	GQ-Ba2+,	respectively.	

	

Figure	5.9:	Energy	decomposition	analysis	associated	with	the	displacement	of	Na+,	K+	
and	Rb+	in	the	scaffold	of	GQ-Na+,	GQ-K+	and	GQ-Rb+,	respectively.	
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5.3.4.	Analysis	of	Orbital	Interactions	Using	Simplified	Models	
	

In	 this	section,	we	examine	 the	nature	of	 the	bonding	between	 the	 cation	and	 the	GQ	

scaffold.	Our	Kohn-Sham	molecular	orbital	analysis	provides	insight	into	the	origin	of	the	

difference	in	orbital	interactions	of	the	alkali	earth	metals	(Ca2+	and	Sr2+)	and	transition	

metal	 (Cd2+	 and	 Hg2+)	with	 the	 scaffold	 (Tables	 5.4	 and	 5.5).	 The	 orbital	 interactions	

become	less	stabilizing	when	moving	down	Group-2	from	Ca2+	to	Sr2+	and	an	opposite	

trend	is	found	for	Group-12,	where	the	orbital	interactions	become	more	stabilizing	when	

moving	 down	 from	Cd2+	 to	Hg2+.	We	 highlight	 how	 the	 s,	p,	 and	d	 lowest	 unoccupied	

molecular	 orbitals	 (LUMO)	 on	 the	 metal	 cations	 are	 all	 involved	 in	 the	 bonding	

mechanism	and	contribute	to	the	structure	and	stability	of	the	GQ	complexes.	

In	order	to	understand	the	bonding	mechanism	between	the	cation	and	the	GQ	scaffold,	

a	simplified	model	system	was	chosen	by	substituting	the	guanines	in	the	scaffold	of	a	

GQ-M	(M	=	Na+,	 K+,	 Rb+,	 Ca2+,	Sr2+,	 Ba2+,	Cd2+,	 Hg2+,	 and	 Pb2+)	with	 formaldehyde	 (see	

Figure	5.10	for	a	representative	example).	The	metal–oxygen	distances	were	constrained	

to	be	equal	to	the	average	distances	in	the	original	GQ	systems,	while	the	rest	of	the	cavity	

was	constrained	in	the	plane	of	the	oxygen	atom	(corresponding	to	an	S8	symmetry)	and	

then	the	system	was	optimized	in	C2	symmetry	at	ZORA-BLYP-D3(BJ)/TZ2P.	Our	results	

of	 the	energy	decomposition	analysis	 for	 the	model	system	in	C2	symmetry	 is	given	 in	

Table	5.6.	
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Figure	5.10:	C2	symmetric	model	system	of	formaldehyde	scaffold	interacting	with	Ca2+.	

	

Table	5.6:	Energy	decomposition	analysis	between	M2+	and	eight	formaldehydes	
in	C2	and	C2h	symmetry.	

C2	symmetry	

	 Ca2+	 Sr2+	 Cd2+	 Hg2+	

∆𝐸)*(	 	 -280.0	 -249.3	 -324.9	 -335.6	

	∆𝑉?UW('(	 	 -173.0	 -172.2	 -182.5	 -178.3	

∆𝐸S'TU)	 	 			54.8	 			69.0	 			50.8	 			55.6	

∆𝐸$)	 	 -149.0	 -132.9	 -177.1	 -196.5	

∆𝐸-)WC	 	 	-12.8	 	-13.2	 		-16.1	 		-16.4	

C2h	symmetry	

	 Ca2+	 Sr2+	 Cd2+	 Hg2+	

∆𝐸)*(	 	 -275.5	 -247.2	 -317.6	 -329.3	

∆𝑉?UW('(	 	 -167.9	 -168.5	 -176.5	 -173.4	

∆𝐸S'TU)	 	 				52.8	 			66.1	 			49.7	 			54.7	

∆𝐸$)	 	 -147.6	 -131.7	 -174.7	 -194.2	

∆𝐸-)WC	 	 		-12.8	 		-13.1	 		-16.1	 	-16.4	
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In	 order	 to	 gain	 insight	 into	 the	 charge	 transfer	 between	 the	 metal	 and	 the	

scaffold,	 the	 orbital	 energy	 of	 s,	 p,	 and	 d	 LUMOs	 of	 the	 cations	 along	with	 the	 gross	

Mulliken	population	were	computed	at	ZORA-BLYP-D3(BJ)/DZP	(Figure	11).	The	smaller	

DZP	basis	set	was	chosen	over	the	very	 large	TZ2P	basis	set	as	 it	 is	more	suitable	 for	

combination	of	 compact	 lone	pairs	of	 formaldehyde	and	diffuse	virtual	orbitals	of	 the	

metal	and	results	in	a	more	reliable	gross	Mulliken	population	that	correlated	with	the	

EDA	results.	

	

Figure	5.11:	Metal	cation	s,	p,	and	d	LUMO	energy	levels	and	gross	Mulliken	populations,	
in	brackets,	for	the	model	GQ	scaffolds	computed	at	ZORA-BLYP-D3(BJ)/DZP.	

	

Figure	11	clearly	shows	that	the	s,	p,	and	d	LUMOs	of	Group	1	and	Group	2	enter	into	a	

strong	charge	transfer	 interaction	with	the	occupied	orbitals	of	 the	simplified	scaffold	

(note	that	with	the	DZP	basis	set,	Na+	has	no	d	LUMO).	 Interestingly,	only	the	s	and	p	

LUMOs	of	Cd2+	and	Hg2+	of	Group	12	are	involved	in	charge	transfer,	as	the	d	LUMO	are	

destabilized	and	have	a	very	small	gross	Mulliken	population.	And	finally,	for	Pb2+	only	

the	p	LUMO	is	receiving	charge	 from	the	scaffold,	with	the	highly	destabilized	s	and	d	

orbitals	playing	no	significant	role	in	bonding.	

	

e / eV
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Figure	5.12:	Lone	pair	p-orbital	HOMOs	of	the	carbonylic	oxygens	in	the	model	system	
computed	at	ZORA-BLYP-D3(BJ)/TZ2P.	

	

The	in-plane	and	out-of-plane	lone	pair	orbital	HOMOs	of	the	carbonylic	oxygens	

in	a	single	formaldehyde	stack	model	system	shown	in	Figure	5.12,	make	up	the	key	s-	

and	p-HOMOs	 that	 interacts	with	 the	LUMOs	of	 the	metal	 cation.	The	nature	of	 the	p-

orbital	HOMOs	of	the	carbonylic	oxygens	enables	the	efficient	overlap	with	the	various	

metal	LUMOs.	The	reason	why	the	s,	p	and	d	orbitals	all	play	an	 important	role	 in	 the	

scaffold-metal	 is	 because	 the	 filled	 orbitals	 on	 the	 monomers	 form	 bonding	 and	

antibonding	combinations	in	the	quartet	(Figure	5.12).	For	example,	the	HOMO-3	has	all	
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monomer’s	orbitals	in	phase,	which	makes	it	a	suitable	bonding	partner	for	the	metal’s	s	

orbital.	This	concept	can	be	extended	to	the	stacked	quartets,	which	results	in	bonding	

and	antibonding	combinations	that	are	either	suitable	for	orbital	interactions	with	s,	d,	or	

p	metal	LUMOs.	So,	the	extent	of	charge	transfer	appears	to	be	dependent	on	both	the	

energy	 of	 the	 metal	 LUMO	 orbitals,	 as	 well	 as	 their	 overlap	 with	 the	 quartet’s	 filled	

orbitals.	

To	understand	which	unoccupied	orbitals	of	the	metal	cation	are	mainly	responsible	for	

why	∆𝐸$)	 	becomes	 destabilized	 when	 moving	 from	 Ca2+	 to	 Sr2+,	 while	∆𝐸IQ	 	becomes	

stabilized	when	going	from	Cd2+	to	Hg2+,	we	examine	the	importance	of	the	various	metal	

LUMO	components	(s,	p,	and	d)	of	the	bonding	mechanism	in	terms	of	their	contribution	

to	 the	orbital	 interactions.	 Again,	we	made	 use	 of	 the	 simplified	 formaldehyde	model	

system,	but	in	this	case,	we	increased	the	symmetry	to	C2h,	a	subgroup	of	the	C4h	point	

group,	so	that	the	virtual	s,	p,	and	d	orbitals	of	the	metal	belong	to	different	irreducible	

representations.	In	the	C2h	point	group,	the	metal–oxygen	distances	are	constrained	to	

the	average	distance	in	the	original	guanine	system	and	the	formaldehydes	in	the	top	and	

bottom	plane,	which	are	 constrained	 to	be	 in	 the	 same	plane	as	 the	oxygen	atom,	are	

directly	on	top	of	each	other	(Figure	5.13).	This	approach	is	justified,	as	is	evident	from	

the	EDA	results	on	the	C2	and	C2h	structures	producing	very	similar	energetic	terms	with	

identical	trends	as	can	be	seen	in	Table	5.6.		
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Figure	5.13:	C2h	symmetric	model	system	of	formaldehyde	scaffold	interacting	with	Ca2+.	

	

	

Table	5.6:	Contributions	of	the	orbital	interactions	(in	kcal/mol)	of	the	Ag	(s	and	
d),	 Bg	 (d),	 Au	 (p)	 and	 Bu	 (p)	 irreducible	 representations	 in	 the	C2h	 symmetric	
model	systems	of	Ca2+,	Sr2+,	Cd2+,	and	Hg2+	computed	at	ZORA-BLYP-D3(BJ)/TZ2P.	

	 Ca2+	 Sr2+	 Cd2+	 Hg2+	

Ag	(s	and	d)	 -47.7	 -42.4	 -72.7	 -102.8	

Bg	(d)	 -42.5	 -38.3	 -23.4	 -20.1	

Au	(p)	 -26.2	 -24.1	 -33.0	 -30.3	

Bu	(p)	 -31.2	 -26.9	 	 -41.0	

∆Eoi	total	 															-147.6	 															-131.7	 															-174.7	 															-194.2	
	

	

The	orbital	interactions	per	irreducible	representation	are	gathered	in	Table	5.6.	Due	to	

the	 fact	 that	Ag	 is	 the	only	 irreducible	representation	 for	Cd2+	 to	Hg2+	 that	 follows	the	

same	trend	as	the	total	orbital	interaction	(∆𝐸$)	 ),	we	can	conclude	that	the	trend	in	∆𝐸$)	 	

comes	entirely	from	the	Ag	irreducible	representation.	So,	the	trend	is	determined	by	the	

orbital	interactions	involving	either	the	s	or	d	LUMOs,	and	not	by	the	interactions	with	

the	p	 virtual	 orbitals.	We	 cannot	 separate	 the	 s	 and	d	 orbital	 interactions	 completely	
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(because	s,	dxy,	d^_ ,	and	d`_aA_ 	all	belong	to	the	fully	symmetrical	irrep	Ag),	however	the	

d	 orbitals	 are	 so	 high	 in	 energy	 that	 they	 are	 not	 accepting	 electronic	 density	 and	

therefore	not	contributing	to	∆E(Ag).	The	stabilization	of	the	ns	LUMO	from	Cd2+	to	Hg2+	

may	 be	 ascribed	 to	 a	 more	 significant	 increase	 of	 the	 nuclear	 charge	 by	 +32	 a.u.	

(compared	to	only	+18	a.u.	from	Ca2+	to	Sr2+),	which	goes	with	a	larger	increase	in	the	

electrostatic	as	well	as	relativistic	stabilization	of	the	ns	valence	AO.	The	larger	step	in	

nuclear	charge	from	Cd2+	to	Hg2+	simply	results	from	the	fact	that	Hg	is	the	first	group-12	

atom	that	is	preceded	in	its	period	by	14	f-block	elements,	i.e.,	the	lanthanides.	Thus,	the	

nature	and	energy	of	the	metals’	LUMO	is	of	great	relevance	for	determining	the	strengths	

of	the	orbital	interactions.	

	

	

5.4.	Conclusions	
	

We	 have	 studied	 the	 interaction	 of	 GQs	 with	 a	 selection	 of	 divalent	 cations	 using	

dispersion	corrected	density	functional	theory	calculations	in	aqueous	solvation	using	an	

implicit	continuum	model.	The	model	GQ	employed	in	our	computations,	is	an	all-parallel,	

double-G-quartet	 layer,	 including	 a	 classical	 phospho-deoxyribonucleosidic	 backbone.	

The	 interactions	 of	 this	 scaffold	with	 a	wide	 range	 of	 alkaline	 earth	 and	 d10	metals,	

including	Zn2+,	Mg2+,	Cd2+,	Ba2+,	 Ca2+,	 Sr2+,	Hg2+	and	Pb2+	have	been	assessed.	Divalent	

cations	 are	 known	 to	 have	 generally	 a	 stronger	 interaction	 with	 these	 structures,	

compared	with	monovalent	ones.	

	 Our	computations	corroborate	the	experimental	 finding	of	very	strong	bonding	

energies	and	highly	favorable	formation	energies	for	all	involved	cations	excluding	Mg2+,	

the	ability	of	which	to	induce	GQ	formation	is	highly	debatable.		
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		 We	highlight	at	 the	 same	 time	how	more	stabilizing	 formation	energies	do	not	

necessarily	 correspond	 to	 important	 structural	 modifications:	 GQs	 coordinated	 with	

divalent	 cations	 show	 minimal	 if	 not	 negligible	 geometrical	 differences	 from	 their	

monovalent	counterparts.		

Favorable	 formation	 energies	 mainly	 correspond	 to	 strong	 bonding	 energies,	

which	we	have	partitioned	into	different	components.	The	important	interplay	between	

interaction	and	preparation	energy	on	one	hand,	and	solvation	energy	on	the	other	hand,	

determine	the	final	energetic	balance	of	the	bonding	of	divalent	cations	with	the	empty	

scaffold	of	GQs.	

Interaction	 energies	 have	 been	 furtherly	 decomposed	 using	 an	 energy	

decomposition	analysis.	In	alkali	metals	and	alkali	earth	metals,	the	interaction	energy	

(that	 is	 inversely	proportional	 to	cationic	radii)	gets	weaker	going	down	in	a	group	is	

mainly	due	to	less	favorable	orbital	interaction	contributions,	alongside	with	the	growth	

of	 steric	 repulsive	 forces.	 Interaction	 between	 key	 HOMO	 orbitals	 localized	 on	 the	

scaffold	and	cations	of	I	and	II	group	involves	s,	p	and	d	orbitals,	while	commonly	only	the	

s	orbitals	were	considered	relevant.	

In	 group	 XII	 elements,	 while	 the	 trend	 of	 decreasing	 interaction	 energy	 is	

maintained	between	Ca2+	to	Sr2+,	it	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	 interconnection	 between	 ionic	 radius,	 size	 of	 the	 cage,	 and	 strength	 of	

interaction	has	been	analyzed	with	a	displacement	computational	experiment.	Probing	

and	decomposing	the	various	components	of	the	interaction	of	divalent	cations	in	each	

other’s	 prepared	 scaffolds,	we	 assessed	 how	 the	 components	∆𝑉?UW('(	 ,	∆𝐸$)	 	and	∆𝐸S'TU)	
	

always	grow	stronger	when	the	size	of	scaffolds	decreases.	
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The	theoretical	confirmation	of	the	experimental	observation	that	divalent	cations,	and	

especially	 Pb2+,	 can	 bind	GQ	 structures	with	high	 or	 very	 high	 affinities,	 allows	 us	 to	

predict	 that	some	of	 them	could	be	able	 to	displace	K+	 in	vivo	and	that	 the	process	of	

binding	with	a	GQ	might	be	not	easily	reversible.	This	might	constitute	the	background	

for	justifying	the	theory	according	to	which	lead’s	toxicity	might	arise	from	this	ability	to	

stabilize	GQs	and	therefore	induce	genomic	instability.	

	 	


