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CHAPTER	FOUR:		

RNA	vs	DNA	G-Quadruplex:	the	origin	of	increased	stability	2	

	
4.1.	Introduction	

	
DNA	quadruplexes	have	been	subject	of	investigation	for	their	biological	relevance	and	

for	 their	 interest	 in	 supramolecular	 chemistry.	 Similarly,	 RNA	 quadruplexes	 are	 now	

gaining	increasing	attention.	Although	DNA	and	RNA	quadruplexes	are	structurally	very	

similar,	the	latter	show	higher	stability.	

In	this	study	we	report	dispersion-corrected	density	functional	theory	(DFT-D)	quantum	

chemical	calculations	aiming	to	understand	the	difference	in	stabilities	of	RNA	and	DNA	

quadruplexes.	 The	 smallest	meaningful	model	 of	 a	 stack	 of	 quartets	 interacting	with	

alkali	metal	cations	has	been	simulated	in	an	aqueous	environment.	

The	energy	decomposition	analysis	allows	for	in-depth	examination	of	the	interaction	

energies,	emphasizing	the	role	of	noncovalent	 interactions	and	better	electrostatics	 in	

determining	RNA-GQs	higher	stabilities,	particularly	pinpointing	the	role	of	the	extra	2’-

OHs.	

Furthermore,	our	computations	present	a	new	insight	on	the	necessity	of	the	cation	

for	 self-assembly:	 unexpectedly	 the	 cation	 is	 not	 necessary	 to	 relieve	 the	 repulsion	

between	 the	 oxygens	 in	 the	 central	 cavity,	 but	 it	 is	 needed	 to	 overcome	 the	 entropic	

penalty.	

For	 more	 than	 twenty	 years,	 G-Quadruplex-DNA	 (GQ-DNA)	 has	 been	 a	 popular	

investigation	topic	and	a	source	of	lively	debate,	due	to	the	progressive	understanding	of	

																																																								
2	Parts	of	this	chapter	have	been	published	as:	
Zaccaria,	F.,	Fonseca	Guerra,	C.,	RNA	vs	DNA	G-Quadruplex:	the	origin	of	increased	stability.	Chemistry	–	A	European	
Journal,	0(ja).	https://doi.org/10.1002/chem.201803530	
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its	 biological	 role,	 its	 huge	 therapeutic	 potential,	 its	 flexibility	 of	 use	 in	 the	 field	 of	

supramolecular	 chemistry	 and	 its	 unique	 chemico-physical	 characteristics.	 GQ-DNA	

aggregates	 have	 been	 found	 in	 crucial	 regulatory	 spots	 of	 the	 human	 genome,	 like	

telomeres,	 promoter	 and	 immunoglobulin	 switch	 regions,	 as	 they	 are	 involved	 in	 cell	

replication,	transcription	and	immunoglobulin	class	switch	recombination	[99].	

Besides	DNA,	also	RNA	can	fold	up	into	quadruplex	structures.	The	two	main	areas	of	

interest	concerning	the	molecular	biology	of	GQ-RNA	regard	5’-untranslated	regions	of	

RNA	(5’-UTR)	and	the	so-called	long	telomeric	repeat-containing	RNA	(TERRA).	While	

the	formation	of	RNA-GQs	in	5’-UTRs	can	inhibit	[27–29]	or	induce	gene	translation	[30],	

TERRA	sequences	(derived	by	transcription	of	telomeric	regions)	are	supposed	to	down-

regulate	the	activity	of	the	enzyme	telomerase	and	to	regulate	histone	modifications	[31–

34].	

G-Quadruplexes’	(DNA	as	well	as	RNA)	main	building	blocks	are	constituted	of	guanine	

tetrads	(G4),	held	together	by	Hoogsteen-type	hydrogen	bonds.	Two	or	more	tetrads	can	

stack	 on	 top	 of	 each	 other	 due	 to	 contribution	 of	 electrostatic	 and	 dispersion	 forces	

[11,12,100].	Sugar-phosphate	moieties	of	guanosine	monomers	constitute	then	the	outer	

backbone	of	these	structures	and	contribute	to	their	stability.	
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Figure	4.1.	A	stack	of	two	G-quartets	(arrows	present	the	directionality	of	the	charge-
transfer	in	the	hydrogen	bonds)	in	a	parallel	configuration	(a).	Schematic	representation	
of	a	Guanine	quartet	(b).	
	
	
	
	
		

	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.2.	 	 Structure	 of	 the	 guanosine	 phosphate	 dimer	 used	 in	 RNA-GQs	with	 two	
hydrogen	bonds	involving	ribose	and	phosphate	moieties,	schematic	(2a)	and	“balls	and	
sticks”	(2b)	representation.	
	
	
A	 central	 cavity,	 an	 actual	 channel,	 passes	 through	 the	 whole	 length	 of	 RNA-GQ	

structures	analogously	as	per	what	we	mentioned	for	DNA-GQs.	It	is	well-known	how	this	

central	 cavity	 hosts	monovalent	 alkali	metal	 cations	 and	how	 they	 are	 crucial	 for	 the	
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assembly	 process	 [87–89,98].	 In	 the	 previous	 chapter,	 we	 demonstrated	 [101]	 how	

desolvation	and	size	of	the	alkali	metal	cation	are	both	of	almost	equal	importance	for	the	

order	of	affinity	K+>Na+,Rb+>>Li+,Cs+.		

GQ-RNA	 shares	 with	 GQ-DNA	 the	 main	 structural	 characteristics,	 however,	 a	

consolidated	 experimental	 observation	 is	 the	 higher	 thermodynamic	 and	 thermal	

stability	of	GQ-RNA	compared	to	its	DNA	counterpart	[102,103]	which	are	believed	to	be	

due	to	better	stacking	of	piled	tetrads	[104]	and	an	additional	network	of	hydrogen	bonds	

involving	the	extra	2’-OH	on	RNA’s	ribose	[105],	with	the	longest	time-residence	being	

the	ones	formed	with	phosphate	oxygen	atoms.		

The	aim	of	this	chapter	is	therefore	to	clarify	the	chemico-physical	origins	of	RNA-GQ’s	

higher	 stability	 compared	 to	DNA-GQ,	 confining	 this	 investigation	 in	 the	 frame	 of	 the	

smallest	meaningful	model.	Extensive	computational	analyses	of	double	layer	models	of	

RNA-GQ	 with	 sugar-phosphate	 backbone	 based	 on	 dispersion-corrected	 density	

functional	theory	(DFT-D)	in	an	implicit	model	of	water	solvation	allow	for	fundamental	

understanding	of	energetic	components	leading	to	polymerization	of	guanosine	dimers	

into	RNA-GQ’s	scaffold,	its	interaction	with	monovalent	cations	(Li+,	Na+,	K+,	Rb+,	and	Cs+)	

and	the	solvation/desolvation	ratio	of	the	resulting	RNA-GQ-M+	complexes,	revealing	the	

main	 structural	 and	 energetic	 contributions	 to	 RNA-GQ’s	 superior	 stability.	 Further	

energy	decomposition	analysis	also	clarifies	the	origin	of	the	ability	of	RNA-GQ’s	scaffold	

to	interact	more	strongly	with	monovalent	cations	compared	to	its	DNA	counterpart	and	

its	 clear	 electrostatic	 foundation,	 providing	 evidence	 that	 the	 explanation	 for	 higher	

stability	of	RNA-GQs	already	resides	in	the	very	core	of	the	quadruplex	structure.	

Finally,	 we	 demystify	 the	 role	 of	 the	 cations	 in	 the	 self-assembly	 of	 quadruplex	

structures,	 disproving	 the	 general	 postulate	 that	 they	 minimize	 the	 repulsive	 forces	
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between	the	oxygens	in	the	central	channel	and	corroborating	their	enthalpic	relevance	

for	the	thermodynamic	stability.	

4.2.	Computational	Methods	
	
4.2.1.	General	procedure	
	

All	 the	 calculations	were	performed	with	 the	Amsterdam	Density	Functional	 (ADF)	

program	[40,106]	using	dispersion-corrected	relativistic	density	functional	theory	at	the	

ZORA-BLYP-D3(BJ)/TZ2P	 level	 for	 geometry	 optimizations	 and	 energies	

[41,42,46,52,93,107].	C2	symmetry	constraints	have	been	imposed	on	the	quadruplexes	

(we	 have	 verified	 the	 energy	 of	 “NOSYM”	 RNAGQ-Na+	 and	 RNAGQ-K+	 optimizing	 them	

separately	and	they	only	differ	from	the	C2	species	by	0.2	kcal/mol)	but	no	symmetry	has	

been	specified	for	Guanosine	dimers	(C1).		In	order	to	make	sure	to	reach	for	both	DNA	

and	RNA	dimers	a	structure	of	global	minimum,	they	have	undergone	a	conformational	

search	with	 the	 ADF	module	 “conformers”	 (for	 details	 Figure	 4.3)	 prior	 to	 geometry	

optimization.	ADF	“conformers”	module	generates	600	random	conformations	and	filters	

them	with	 an	RMS	 (0.2	Å)	 filter	 to	 avoid	 duplicate	 structures.	Next	 it	 optimizes	with	

RDKit-UFF	so	each	conformation	runs	into	some	local	minimum	(conformer),	and	again	

filters	with	 an	RMS	 filter	 (0.1	Å).	 The	 two	 geometries	 of	minimum	energy	 have	 been	

furtherly	 optimized	 at	 the	 COSMO	 ZORA-BLYP-D3(BJ)/TZ2P	 level	 of	 theory.	 The	

conformation	 for	 G-DNA	 optimized	 through	 this	 procedure	 confirmed	 our	 previous	

obtained	geometry	for	G-DNA	published	in	PCCP	[101].	
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Figure	4.3.	Energy	plots	of	the	conformational	search	over	600	possible	conformers	of	
RNA	dimer	(a)	and	DNA	dimer	(b).	(UFF	energy	expressed	in	Hartree).		

	

As	opposed	to	the	very	rich	topological	variability	of	DNA	quadruplexes,	RNA-GQ	are	

found	to	almost	 invariably	adopt	an	all-parallel	configuration	this	 implying	that	all	16	

hydrogen	bonds	of	the	double	layer	point	in	the	same	direction	(Fig.	4.1):	this	preference	

is	justified	with	a	stronger	propensity	of	ribose	moieties	(C3’-endo)	to	assuming	an	anti	

glycosidic	bond	[108].	Given	this	assumption,	the	models	elaborated	in	this	paper	all	have	

parallel	arrangement.	The	starting	point	for	every	structure	was	taken	from	our	previous	

work	on	DNA-GQ	[101],	with	the	addition	of	the	necessary	–OH	moiety	in	2’	at	riboses.	

Solvent	effects	in	water	have	been	estimated	using	the	conductor-like	screening	model	

(COSMO),	as	implemented	in	the	ADF	program	[49–51,109].	Radii	of	cations	have	been	

computed	according	to	the	procedure	presented	in	Ref	[52]	and	[101].	

Here	 following	we	 report	 the	 details	 of	 the	 partitioning	 of	 the	 bonding	 energy	 of	

association.	The	preparation	energy,	Δ𝐸#$%#& ,	 is	 the	energy	required	to	deform	the	 four	

dimers	with	the	geometry	of	the	solvated	state	to	the	geometry	they	acquire	interacting	

in	 the	solvated	 final	empty	scaffold	state.	The	desolvation	and	solvation	energy	can	be	

computed	 as	 the	 energy	 difference	 between	 the	 solvated	 and	 the	 gas	 phase.	 The	 'aq'	
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subscript	 denotes	 the	 COSMO	 computations	 in	 aqueous	 solution	 and	 'gas'	 the	

computations	in	the	gas	phase.		

	

Δ𝐸'()*+& = 	4	 • 	𝐸(𝐺𝐺)345	– 	4	 • 	𝐸(𝐺𝐺)47	 	 	 	 	 											(4.1)	

Δ𝐸8*+& = 	𝐸(𝐺𝑄[	])47	– 	𝐸(𝐺𝑄[	])345		 	 	 	 																									(4.2)	

This	partitioning	of	the	association	energy,	allows	us	to	compute	the	interaction	energy:		

Δ𝐸<=>& = 	𝐸(𝐺𝑄[	])345	– 	4	 • 	𝐸(𝐺𝐺)345		 	 	 	 	 												(4.3)	

where	the	term	𝐸(𝐺𝑄[	])345	accounts	for	the	energy	of	the	final	empty	scaffold	calculated	

in	gasphase	and	𝐸(𝐺𝐺)345	for	the	energy	of	Guanosine	dimers	in	the	final	geometry	of	the	

empty	scaffold.	The	passage	in	gas	phase	not	only	is	needed	for	further	decomposition,	

but	also	furthermore	justified	since	structures	in	water	and	in	the	gas	phase	are	almost	

indistinguishable	[110].	

Here	 follows	the	detailed	description	of	 the	energy	 terms	of	 the	partitioning	of	 the	

bonding	energy	of	ionic	coordination:	

	

Δ𝐸'()*+? = 𝐸(𝐺𝑄[	])345 + 	𝐸(𝑀B)345 − 𝐸(𝐺𝑄[	]	)47 − 𝐸(𝑀B)47 	 	 													(4.4)	

Δ𝐸8*+? = 𝐸(𝐺𝑄𝑀B)47 − 	𝐸(𝐺𝑄𝑀B)345 	 	 	 	 	 													(4.5)	

This	partitioning	of	the	bond	energy	of	coordination,	allows	us	to	compute	the:	

Δ𝐸DE(D? = 𝐸(𝐺𝑄[𝑀B])345 − 	𝐸(𝐺𝑄[	])345	 	 	 	 	 													(4.6)	

and	the	interaction	energy	as:		
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Δ𝐸<=>? = 𝐸(𝐺𝑄𝑀B)345 − 	𝐸(𝐺𝑄[𝑀B])345 − 	𝐸(𝑀B)345		 	 	 													(4.7)	

where	𝐸(𝐺𝑄[𝑀B])345	is	the	energy	of	the	empty	scaffold	in	the	geometry	of	the	complex	

optimized	in	water	and	computed	in	gasphase.	

	

4.3.	Results	and	Discussion	
	
4.3.1.	Structure	and	Energy	of	Formation		
	
	
To	study	the	interaction	between	different	monovalent	cations	and	the	guanine	bases	

as	 they	 are	 organized	 in	 the	 naturally	 occurring	 RNA-GQ	 and	 then	 to	 build	 a	 solid	

reference	 system	 to	 be	 compared	 with	 the	 DNA-GQ	 counterpart,	 we	 have	 built	 and	

computationally	analysed	the	model	RNAGQ-M+,	structured	as	a	double	layer	of	guanine	

quartets,	 including	 the	 sugar-phosphate	 backbone	 (Fig.	 4.4).	 In	 Table	 4.1	we	 present	

geometrical	parameters	and	energies	of	formation	of	RNA-GQs	coordinated	in	turn	with	

no	metal,	Li+,	Na+,	K+,	Rb+,	and	Cs+,	and	report	for	comparison	data	extracted	from	[93]	

concerning	DNA-GQs.	
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Table	 4.1.	 Energies	 of	 formation	 and	 geometrical	 parameters	 of	 the	
quadruplexes[a]	

System	 M+	 d[O-M+][b]	 N2•••N7[c]	 N1•••O6[d]	 ∆𝐸GHEIJ><H=	

RNAGQ-	 no	metal	 3.09	 2.88	 2.82	 -69.1	

	 Li+	 2.12	 2.90/2.80	 2.80/2.83	 -106.2	

	 Na+	 2.69	 2.85	 2.82	 -120.4	

	 K+	 2.83	 2.88	 2.83	 -120.8	

	 Rb+	 2.95	 2.90	 2.85	 -115.4	

	 Cs+	 3.13	 2.90	 2.87	 -107.7	

DNAGQ-	 no	metal	 3.03	 2.88	 2.81	 -62.2	

	 Li+	 2.11	 2.88/2.80	 2.80/2.81	 -100.2	

	 Na+	 2.69	 2.84	 2.81	 -114.5	

	 K+	 2.82	 2.88	 2.82	 -115.4	

	 Rb+	 2.95	 2.90	 2.84	 -111.1	

	 Cs+	 3.14	 2.90	 2.86	 -103.1	

[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.	For	Li+	the	value	is	average	for	one	layer	only.		

[c]	Average	outer	hydrogen	bond	distance	N2(H)•••N7.	For	Li+,	 two	values	are	presented,	as	the	
quartets	are	not	equal	(Li+	lies	in	the	middle	of	one	of	the	quartets.	The	first	number	refers	to	the	
non-coordinated	quartet).		

[d]	Average	inner	hydrogen	bond	distance	N1(H)•••O6.	
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The	energy	of	formation	is	formulated	as	follows:		
	

∆𝐸GHEIJ><H= = 	𝐸(𝐺𝑄 −𝑀B)47	– 	4	 • 	𝐸(𝐺𝐺)47	– 	𝐸(𝑀B)47	

									= ∆𝐸KH=+& + ∆𝐸KH=+? 																																										 	 	 																														(4.1)	

	

	
where	E(GQ-M+)aq	is	the	energy	of	the	metal	complex	in	water	in	its	optimum,	GG	denotes	

the	guanosine	dimer,	neutralized	at	its	phosphate	moiety	with	an	H+	as	counterion,	and	

the	term	E(M+)aq	expresses	the	computed	energy	of	the	alkali	metal	cations	in	water.	(For	

∆𝐸KH=+& 	and	∆𝐸KH=+? ,	see	Figure	4.5).	 In	our	previous	work	[101]	we	demonstrated	how	

the	use	of	Na+	as	counterions	does	not	 induce	any	 interesting	or	noticeable	structural	

change	or	perturbations	in	the	energy/cation	affinity	trend.	Nevertheless,	the	results	of	

RNAGQ4Na-K+	and	RNAGQ4Na-Na+	computations	show	how	also	in	this	case	the	trend	between	

the	two	most	“sensitive”	and	energetically	close	systems	remains	clearly	the	same,	since	

the	 computed	 ∆𝐸GHEIJ><H= 	accounts	 for	 -126.7	 kcal/mol	 for	 RNAGQ4Na-K+	 and	 -125.8	

kcal/mol	for	RNAGQ4Na-Na.	

From	the	geometrical	point	of	view,	it	is	particularly	noticeable	how	the	six	reported	

species	differ	very	little	based	on	their	belonging	to	the	RNA	or	DNA	group.	These	data	

are	also	nicely	 consistent	with	 the	 few	available	 crystallographic	data	 for	geometrical	

parameters	of	RNA-GQ	[111]	where	N2(H)•••N7	is	2.82	and	N1(H)•••O6	is	2.80	and	(19)	

where	N2(H)•••N7	is	2.88,	N1(H)•••O6	is	2.90,	d[O-M+]	2.82,	for	K+	species.	

The	 first	 analysis	 of	 ∆𝐸GHEIJ><H= 	(Eq	 4.1)	 discloses	 immediately	 two	 important	

outcomes	 of	 this	 study:	 the	 first	 concerns	 the	 cation	 affinity	 sequence	 for	 the	 inner	

channel	 of	 the	 structures	 under	 investigation.	 Our	 analysis	 did	 not	 highlight	 any	

difference	in	cation	affinity	sequence	compared	to	DNAGQ-M+	species.		
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Secondly,	 the	 respective	 stabilities	 of	 RNA	 species	 compared	 to	 their	 DNA	

counterparts	 confirm	 the	 experimental	 findings	 and	 allow	 us	 to	 justify	 differences	 in	

melting	temperatures	up	to	15°C	[103].	

Both	findings	will	be	thoroughly	analyzed	and	explained	in	the	following	dissertation	

by	analyzing	the	formation	of	the	quadruplex	in	two	steps:	the	formation	of	the	empty	

scaffold	(∆𝐸KH=+& )and	the	coordination	of	the	metal	cation	to	the	scaffold	(∆𝐸KH=+? )	(see	

Figure	4.5).	

	

Figure	4.5.	Formation	energy	of	the	RNA	guanine	quadruplexes	in	solvent,	discerned	in	
the	two	steps	of	dimers’	association	and	cationic	coordination.	

	

	
4.3.2.	Step	1:	Analysis	of	the	Bond	Energy	of	Association	
	
	
To	understand	individual	energetic	parameters	determining	cation	affinity	sequence	

and	at	the	same	time	to	account	for	the	consequences	of	the	chemico-physical	differences	

between	DNA-	and	RNA-GQ,	we	start	from	the	description	of	the	process	of	formation	of	

the	empty	scaffold	from	four	individual	Guanosine	dimers	and	partition	the	association	

energy	as	it	follows:	
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Figure	4.6.	Schematic	representation	of	step	1:	partitioning	of	the	bond	energy	(kcal/mol)	of	association	
of	the	final	empty	scaffold	from	four	guanosine	dimers.	
	
	
The	bond	energy	of	association	∆𝐸LMNO& 	is	defined	as	the	difference	in	energy	between	the	

empty	scaffold	GQ	and	four	times	the	energy	of	the	dimer,	both	individually	optimized	in	

water:	

	

∆𝐸KH=+& = 	𝐸(𝐺𝑄[	])47	– 	4	 • 	𝐸(𝐺𝐺)47	 													 	 	 	 											(4.2)	

	

The	 'aq'	subscript	denotes	the	COSMO	computations	 in	aqueous	solution	and	 'gas'	 the	

computations	in	the	gas	phase.		

The	bond	energy	∆𝐸LMNO& 	can	be	portioned	into	(see	Fig.	4.6):	

	

∆𝐸KH=+& = 	Δ𝐸'()*+& +	∆𝐸DE(D& +	∆𝐸<=>& + ∆𝐸8*+& 	 	 	 	 											(4.3)	

	

For	the	mathematical	expression	of	all	the	components	in	the	energetic	partition,	and	the	

definition	of	interaction	energy	and	energy	decomposition	analysis	(EDA)	please	refer	to	

the	section	Computational	Methods	of	this	chapter	and	to	chapter	one.	
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The	main	terms	coming	from	the	partition	of	the	association	energy,	as	derived	from	

Eq.	4.3	and	illustrated	in	Fig.	4.6,	are	reported	in	Table	4.2.	The	differences	between	the	

two	groups	(RNA-GQs	vs.	DNA-GQs)	will	be	analyzed	on	the	basis	of	individual	energetic	

contribution	leading	to	a	separation	in	terms	of	∆𝐸LMNO& 	that	favours	RNA-GQs	of	almost	

7	kcal/mol.	

	

 

Table	4.2.	Partitioning	of	the	bond	energy	of	association	(kcal/mol)	of	the	
final	empty	scaffold	from	4	Guanosine	dimers	and	EDA	of	relative	∆𝐸<=>& 		[a]	

	 RNAGQ[	]	 DNAGQ[	]	

∆𝐸KH=+& 	 -69.1	 -62.2	

∆𝐸DE(D& 	 24.3	 32.8	

∆𝐸'()*+B8*+& 	 115.7	 103.5	

∆𝐸<=>& 	 -209.2	 -198.5	

∆𝐸VJWX<& 	 276.1	 274.3	

∆𝑉(XZ>J>& 	 -220.3	 -214.3	

∆𝐸H<& 	 -191.9	 -188.8	

∆𝐸+<ZD& 	 -73.1	 -71.1	

[a]	Energies	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory.	

	

The	guanine	dimers	constituting	the	scaffold	of	RNAGQ	undergo	a	smaller	deformation	

in	 the	 process	 of	 assuming	 the	 final	 conformation	 compared	 to	 the	 dimers	 of	 DNAGQ	

(ΔΔ𝐸DE(D=	-8.5	kcal/mol).	The	extra	hydrogen	bonds	that	form	in	the	RNA-GQ’s	backbone	
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due	 to	 the	 presence	 of	 the	 2’-OH	 of	 Ribose	 lend	 the	 RNA	 guanine	 dimers	 a	 higher	

conformational	stability,	so	that	the	structure	of	the	isolated	dimeric	components	is	much	

closer	to	the	conformation	they	would	assume	in	the	final	empty	scaffold,	as	compared	to	

the	deoxyribonucleosidic	counterpart.	The	term	∆𝐸'()*+B8*+& 	favors	DNA	species	more	

than	12	kcal/mol.	This	is	due	to	the	extra	–OH	moieties	in	the	backbone	of	RNA	species,	

the	polarity	of	which	determines	a	more	 intense	 interaction	with	 the	watery	medium	

(reproduced	by	the	implicit	model	of	solvation).	 	

The	RNA	dimers	show	a	much	better	intermolecular	interaction	during	the	association	

into	the	tetrameric	form	(ΔΔ𝐸<=>=	-10.7	kcal/mol	in	gasphase).	The	more	favorable	∆𝐸<=>& 	

of	 the	 RNA	 group	 will	 be	 examined	 in	 the	 following	 section	 by	 means	 of	 Energy	

Decomposition	Analysis	(refer	to	Chapter	1)	to	deepen	the	understanding	of	the	physical	

foundations	of	 the	 interaction	of	 the	 four	dimers	 towards	 the	 formation	of	 the	empty	

scaffold.	

	

	

Energy	Decomposition	Analysis	

Also	in	this	section	we	will	be	comparing	the	two	groups	(RNA-GQs	vs.	DNA-GQs)	in	

order	to	justify	and	estimate	quali-quantitatively	the	difference	of	∆𝐸<=>& 	between	them.	

Therefore,	 analyzing	 Table	 4.2,	 while	 the	 dimers	 of	 RNA-GG	 experience	 in	 their	

interaction	a	higher	repulsion	compared	to	DNA-	GG	(ΔΔ𝐸VJWX<&
			=	+1.8	kcal/mol),	all	the	

remaining	 energetic	 parameters	 contributing	 to	 the	 ∆𝐸<=>& 	favor	 the	 ribonucleosidic	

species.	The	contribution	of	better	orbital	interaction	amounts	to	-3.6	kcal/mol	and	it’s	

worth	noting	how	RNA-GG	dimers	also	 show	a	 sensibly	better	dispersion	 interaction.	

Though,	the	most	important	contribution	to	the	better	interaction	of	dimers	of	RNA-GG	
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compared	to	DNA-GG	comes	from	a	more	effective	electrostatic	attraction	of	6	kcal/mol	

(vide	infra).	

4.3.3.	Step	2:	Analysis	of	the	Bond	Energy	of	Metal	Coordination	
	
	
In	 this	 section	 we	 analyse	 the	 differences	 between	 species	 inside	 the	 same	 group	

(RNA-GQs	that	coordinate	different	cations)	and	the	differences	between	the	two	groups	

(RNA-GQs	 vs.	 DNA-GQs)	 on	 the	 basis	 of	 individual	 energetic	 contribution	 leading	 to	

separation	in	terms	of	∆𝐸LMNO? 	(see	Table	4.3).	

	

	

Figure	4.7.	Partitioning	of	the	bonding	energy	upon	formation	of	the	final	GQ-M+complex	from	the	empty	
scaffold	

	

	
∆𝐸KH=+? = 	𝐸(𝐺𝑄𝑀B)47	– 		𝐸(𝐺𝑄[	])47 − 𝐸(𝑀	

B)47							 	 																									(4.4)	

The	bond	energy	∆𝐸KH=+? 	can	be	portioned	into	(see	Fig.	4.7):	

∆𝐸KH=+? = 	Δ𝐸'()*+? +	∆𝐸DE(D? +	∆𝐸<=>? + ∆𝐸8*+? 	 	 																																							(4.5)	

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

between	the	solvated	and	the	gas	phase.	For	the	definition	of	all	 the	components	 that	

represent	this	energetic	partition,	please	refer	to	the	section	Computational	Methods	in	

this	chapter.	
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	Figure	 4.8.	 Partitioning	 of	 the	 bonding	 energy	 upon	 formation	 of	 the	 final	 GQ-M+	
complex	 from	 the	 empty	 scaffold	 (RNA-GQ	 is	 represented	with	 dashed	 lines,	DNA-GQ	
with	continuous	lines)	
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Table	4.3	Partitioning	of	the	bonding	energy	upon	formation	of	the	final	
GQ-M+complex	from	the	empty	scaffold	(kcal/mol)	[a]	

	
M+	 ∆𝐸KH=+

? 	 Δ𝐸'()*+
? 	 ∆𝐸DE(D? 	 ∆𝐸<=>? 	 ∆𝐸8*+

? 	 ∆𝐸8*+B'()*+
? 	

RNA-GQ[	]	 Li+	 -37.1	 272.7	 9.8	 -173.4	 -146.2	 126.5	

	 Na+	 -51.3	 246.7	 9.6	 -161.8	 -145.8	 100.9	

	 K+	 -51.7	 229.0	 5.8	 -139.0	 -147.5	 81.5	

	 Rb+	 -46.3	 224.9	 4.6	 -126.9	 -149.0	 75.9	

	 Cs+	 -38.6	 218.9	 5.5	 -112.4	 -150.7	 68.3	

DNA-GQ[	]	 Li+	 -37.9	 251.8	 11.3	 -165.7	 -135.2	 116.5	

	

Na+	 -52.2	 225.8	 10.4	 -156.6	 -131.8	 94.0	

	

K+	 -53.2	 208.1	 5.7	 -134.7	 -132.2	 75.9	

	

Rb+	 -48.8	 204.0	 0.9	 -119.1	 -134.6	 69.4	

	

Cs+	 -40.9	 198.1	 1.8	 -104.4	 -136.3	 61.7	

[a]	Energies	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory.	

 
 

	

Concerning	 the	differences	between	RNA-GQs	that	 coordinate	different	 cations,	 the	

partitioning	of	the	formation	energy	reveals	how	the	cation	affinity	sequence	obeys	the	

same	 rules	 as	 previously	 described	 for	 DNA-GQs	 [101].	 Focusing	 on	 the	 competition	

between	K+	 and	Na+,	 our	 analysis	 reveals	 how	 the	 subtle	 difference	 (0.4	 kcal/mol)	 of	

formation	 energies	 in	 RNA-GQ	 derives	 from	 a	 balance	 between	 the	 terms	 solvation,	

interaction,	 and	deformation.	The	 interaction	energy	of	RNA-GQ’s	scaffold	with	Na+	 is	

almost	23	kcal/mol	better	than	with	K+	and	this	term	is	mostly	counterbalanced	by	the	

solvation/desolvation	 ratio	between	 the	 two	species	 (Table	4.3).	This	 term	is	directly	
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determined	by	the	∆𝐸[\O	
	of	the	ions,	so	that	the	term	∆𝐸'()*+? +	∆𝐸8*+?

	favors	RNAGQ-K+	

of	 roughly	 19.5	 kcal/mol.	 The	 last	 term	 that	 determines	 the	 final	 difference	 of	 bond	

energy	between	K+	and	Na+	species	is	∆𝐸DE(D? :	the	empty	scaffold	of	RNAGQ-K+	undergoes	a	

smaller	deformation	 in	the	process	of	assuming	the	 final	conformation	of	 the	complex	

compared	to	the	one	of	RNAGQ-Na+	(ΔΔ𝐸DE(D? =	-3.8	kcal/mol).	

	

	Figure	4.9.	Energy	Decomposition	Analysis	of	the	interaction	between	the	scaffolds	and	
relative	cations,	in	the	geometry	they	will	assume	in	the	final	GQ-M+	complex	(gas	phase).	
(RNA-GQ	is	represented	with	dashed	lines,	DNA-GQ	with	continuous	lines)	

	

Broadening	the	analysis	to	the	other	species	under	investigation,	we	can	appreciate	how	

the	difference	in	affinity	between	K+,	Rb+	and	Cs+	are	less	driven	by	the	term	∆𝐸'()*+? +

	∆𝐸8*+? 	so	 that	 in	 these	 cases	 the	∆𝐸<=>? 		plays	a	major	 role.	On	 the	other	hand,	 the	 less	
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favorable	bond	energy	of	the	species	RNAGQ-Li+	is	mainly	governed	by	the	size	of	the	ion,	

which	determines	higher	desolvation	energy.	

Furthermore,	the	size	of	Li+	ion	determines	its	positioning	on	the	same	plane	as	one	of	

the	quartets,	phenomenon	that	makes	the	term	∆𝐸#$%#? 	less	unambiguously	comparable	

with	 the	 other	 species,	 since	 the	 ion	 deforms	 the	 two	 stacked	 guanine	 quartets	 to	

different	extents.	

	

Table	4.4.	Energy	Decomposition	Analysis	of	the	interaction	
energy	(kcal/mol)	between	the	alkali-metal	cations	and	the	
empty	scaffold.	[a]	
	

	 M+	 ∆𝐸<=>? 	 ∆𝐸VJWX<? 	 ∆𝑉(XZ>J>? 	 ∆𝐸H<? 	 ∆𝐸+<ZD? 	

RNA-GQ[	]	 Li+	 -173.4	 12.5	 -120.3	 -57.9	 -7.8	

	 Na+	 -161.8	 11.2	 -114.7	 -45.3	 -13.1	

	 K+	 -138.9	 28.9	 -109.6	 -43.0	 -15.2	

	 Rb+	 -126.5	 36.5	 -103.8	 -40.7	 -16.4	

	 Cs+	 -112.1	 39.4	 -95.8	 -39.6	 -16.1	

DNA-GQ[	]	 Li+	 -165.7	 13.2	 -112.8	 -58.3	 	-7.7	

	 Na+	 -156.6	 11.1	 -109.3	 -45.2	 	-13.1	

	 K+	 -134.7	 29.9	 -106.2	 -43.2	 -15.2	

	 Rb+	 -119.1	 35.2	 -97.1	 -40.9	 -16.5	

	 Cs+	 -104.4	 39.1	 -88.0	 -39.4	 -16.1	
[a]	Energies	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory.	

	

As	above	mentioned,	the	interaction	between	the	Na+	and	the	scaffold	is	~23	kcal/mol	

stronger	than	for	K+.	Comparing	the	species	RNAGQ-K+	and	RNAGQ-Na+	in	the	frame	of	the	

decomposition	 of	 interaction	 energy	 reveals	 that	 this	 is	 a	 result	 of	 a	 slightly	 better	
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electrostatics	and	orbital	interaction	for	Na+.	However,	the	largest	difference	comes	from	

the	steric	repulsion.	K+	experiences	a	much	larger	Pauli	repulsion	(of	~18	kcal/mol)	than	

Na+	The	sudden	increase	in	∆𝐸VJWX<? 	only	occurs	from	sodium	to	potassium	(see	Fig.	4.9,	

Table	 4.4),	 but	 not	 from	 K+	 to	 Rb+	 or	 Rb+	 to	 Cs+,	 while	 the	 electrostatic	 contribution	

decreases	linearly	from	Li+	to	Cs+	together	with	the	average	distance	[O-M+].	

	

4.3.4.	Simplified	models:	The	influence	of	Ribosidic	–OH	moieties		
	
	
Electrostatic	attraction	acquires	bigger	relevance	in	the	comparison	between	RNAGQ-

M+	 and	 DNAGQ-M+:	 in	 the	 summation	 of	 various	 components	 contributing	 to	 Δ𝐸<=> 	

(	Δ𝑉(XZ>J> + Δ𝐸VJWX< + Δ𝐸H< + Δ𝐸+<ZD	)	of	the	two	groups,	all	the	other	parameters	almost	

overlap	while	the	only	relevant	difference	is	indeed	the	term	Δ𝑉(XZ>J> ,	which	is	at	least	3.4	

kcal/mol	more	favorable	to	the	ribonucleosidic	species	(in	the	case	of	K+,	see	Table	4.4).	

One	of	the	most	interesting	findings	in	this	frame	is	represented	in	Table	4.5	and	Figure	

4.10a	and	b:	with	the	use	of	a	simplified	model	where	the	ribosidic	2’-OHs	are	frozen	in	

the	 same	 geometry	 they	 assume	 in	 the	 GQ-RNA-K+	 complex,	 we	 suggest	 that	 the	

difference	 in	Δ𝑉(XZ>J> 	between	 RNA	 and	 DNA	models	might	 be	 ascribed	 to	 the	 2’-OHs	

themselves	(in	this	case	we	refer	to	8	molecules	of	water),	which	can	exert	a	large	(-11.3	

kcal/mol	 in	 gasphase)	 attraction	 towards	 the	 cation	 even	 from	 the	 distance	 (average	

8.7Å).	Positioning	hydrogen	atoms	at	the	same	coordinates	as	the	2’-OH’s	oxygens,	this	

interaction	almost	completely	vanishes	(mimicking	the	interaction	with	the	ion	in	DNA-

GQ).	
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Table	4.5.	 Energy	decomposition	analysis	of	∆Eint	of	8	H2O	or	8	H2	molecules	
interacting	with	K+.	–OH	moieties	are	frozen	in	the	same	geometry	they	assume	
in	Ribosidic	2-OH	RNA-GQ-K+	complex	(Figure	4.10a),	while	the	second	H	is	fully	
relaxed.	In	H2	case,	one	of	the	H	is	frozen	in	the	same	geometry	of	the	Oxygens	of	
the	Ribosidic	2-OH	assumes	in	RNA-GQ-K+	complex	(Figure	4.10b),	while	the	H-
H	distance	is	optimized.	

System	 M+	 ∆𝐸<=>	 	 ∆𝐸VJWX<	 	 ∆𝑉(XZ>J>	 	 ∆𝐸H<	 	 ∆𝐸+<ZD	 	

H2O	 K+	 -11.3	 0.0	 -11.0	 -0.3	 -0.1	

H2	 K+	 		-0.4	 0.0	 -0.2	 -0.1	 -0.1	

Energies	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory	(gasphase).	

 

Table	4.6.	Relationship	between	the	term	∆Edesolv	+∆Esolv		and	ΔGhyd	of	involved	
cations	

System	 M+	 ∆𝐸8*+B'()*+	 	 System	 M+	 ∆𝐸8*+B'()*+	 	 Experimental	∆𝐺8*+	 [a]	

RNAGQ-M+	 Li+	 126.5	 DNAGQ-
M+	 Li+	 116.5	 -113.4	

	 Na+	 100.9	 	 Na+	 94.0	 -87.2	

	 K+	 81.5	 	 K+	 75.9	 -70.5	

	 Rb+	 75.9	 	 Rb+	 69.4	 -65.7	

	 Cs+	 68.3	 	 Cs+	 61.7	 -59.7	

[a]	Marcus,	Y.	(1991)	[53]	

	

As	it	becomes	apparent	in	Table	4.6,	the	difference	between	desolvation	of	the	empty	

scaffold	individually	optimized	plus	the	ion	and	rehydration	of	the	fully	optimized	GQ-M+	

complex	follows	the	Δ𝐺8*+	of	concerned	cations,	so	both	the	DNA	and	RNA	complexes	are	
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affected	by	the	screening	effect	generated	by	the	COSMO	solvation	to	the	same	extent.	For	

this	 reason,	 although	 the	 gasphase	 picture	 overestimates	 the	 electrostatic	 attraction	

exerted	by	2’-OHs	over	the	involved	cations,	we	can	assume	that	the	same	effect	concerns	

both	models	b	and	c	in	Fig.	4.10	(simplified	models	of	RNAGQ-K+	complex	where	2-OHs	are	

substituted	by	H2O	or	H2)	in	such	a	way	that	their	comparison	offers	a	valid	prediction	of	

the	differences	in	terms	of	Δ𝑉(XZ>J> .	

 

4.3.5.	Simplified	models:	necessity	of	the	metal	cation	
	
	
The	role	of	metal	cation	is	widely	believed	to	be	stabilizing	the	repulsive	interactions	

between	 the	 O6	 oxygens	 inside	 the	 scaffold’s	 cavity	 [82].	 To	 analyze	 this,	 we	 have	

substituted	 all	 the	 guanines	 in	 the	 empty	 scaffold	of	 RNA-GQ	by	 formaldehyde,	while	

keeping	the	C6=O6	at	the	same	position	in	space	and	for	the	hydrogen	atoms	only	the	x	

and	 y	 coordinates	 are	 reoptimized	 (see	 Figure	 4.10c	 and	 Table	 4.7).	 The	 computed	

interaction	energy	between	these	eight	formaldehydes	in	the	empty	model	amounts	to	

0.6	 kcal/mol.	 This	 is	 for	 the	 empty	 scaffold	 due	 to	 the	 cancelation	 of	 the	 small	 Pauli	

repulsive	and	electrostatic	repulsive	energy	terms	by	the	attractive	orbital	 interaction	

and	dispersion	(Δ𝐸VJWX<	=	8.4	kcal/mol,	Δ𝑉(XZ>J> 	=	6.8	kcal/mol,	Δ𝐸H<	=	-5.3	kcal/mol	and	

Δ𝐸+<ZD 	=	-9.3	kcal/mol).		

The	other	models	(using	as	initial	structures	the	core	of	RNA-GQ-M+	complexes)	show	

higher	repulsive	interactions	(up	to	4.8	kcal/mol)	but	we	can	affirm	that	the	alkali	metal	

cation	in	the	central	cavity	is	only	marginally	needed	to	relieve	electrostatic	repulsion	

between	the	oxygen	atoms,	while	it	is	necessary	to	the	formation	of	these	structures	since	

it	causes	much	more	favorable	energies	of	formation	(cf.	Table	4.1).		

Our	thermodynamic	properties	calculations	(based	on	geometries	optimized	at	ZORA-

BLYP-D3(BJ)-DZP	 and	 analytical	 frequencies	 computed	 at	 the	 same	 level	 of	 theory)	
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indicate	how	the	Gibbs	free	energy	of	formation	of	an	empty	scaffold	in	water	is	actually	

positive	 (7.6	kcal/mol)	whereas	 the	value	of	Δ𝐺GHEIJ><H= 	of	 RNAGQ-K+	amounts	 to	 -45.3	

kcal/mol.	This	clearly	indicates	that	the	presence	of	the	alkali	cation	is	essential	for	the	

assembly	 of	 the	 quadruplex	 core	 structure	 from	 a	 thermodynamic	 point	 of	 view,	 and	

completely	 in	 line	 with	 the	 experimental	 observation	 that	 quadruplexes	 do	 not	 self-

assemble	without	the	assistance	of	the	cation	[10,112]	

	

Table	4.7.	Energy	Decomposition	Analysis	for	eight	formaldehydes	[a]	

Structure	of:	 Δ𝐸<=> 	 Δ𝐸VJWX<	 Δ𝑉(XZ>J> 	 Δ𝐸H<	 Δ𝐸+<ZD	

empty	 0.6	 		8.4	 		6.8	 		-5.3	 		-9.3	

Li+	 4.7	 15.5	 11.1	 		-8.9	 -12.9	

Na+	 4.8	 16.5	 12.4	 -10.0	 -14.1	

K+	 3.1	 11.7	 10.7	 		-7.6	 -11.7	

Rb+	 2.4	 		9.5	 		9.4	 		-6.3	 -10.1	

Cs+	 1.9	 		7.7	 		7.7	 		-5.1	 		-8.4	

[a]	Energies	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory	from	RNA-GQ	empty	
structure.	All	heavy	atoms	were	frozen,	except	for	hydrogens	whose	Z	coordinates	only	were	constrained	
to	remain	on	the	same	plane	as	the	C=O	bond.	
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Figure	4.10.	Simplified	models	of	RNAGQ-K+	complex	where	2’-OH(s)	are	substituted	by	
H2O	 (a)	 and	 H2	 (b).	 –OH	 moieties	 are	 frozen	 in	 the	 same	 geometry	 they	 assume	 in	
Ribosidic	2’-OH	RNA-GQ-K+	complex	(Figure	4.10a),	while	the	second	H	is	fully	relaxed.	
In	the	H2	case,	the	oxygens	of	the	ribosidic	2’-OH	in	RNA-GQ-K+	complex	are	replaced	at	
exactly	the	same	position	in	space	by	hydrogens	(Figure	4.10b),	and	the	position	of	the	
second	hydrogen	atom	is	optimized.	(c)	Top	view	of	the	(H2CO)4-(H2CO)4	stack.	

	
These	observations	clearly	do	not	offer	a	complete	thermodynamic	profile	of	folding	of	

quadruplex	structures,	 for	which	other	 components	 should	be	 considered	 (like	 length	

and	composition	of	a	wide	variety	of	possible	loops	and	flanking	sequences	that	largely	

influence	 the	 enthalpic	 balance	 of	 the	 assembly).	 This	 analysis	 sheds	 a	 light	 on	 the	

thermodynamic	impact	of	cation	coordination	and	helps	elucidating	the	fundamentals	of	

guanines	association	into	a	quadruplex	structure,	building	the	basis	for	further		

	

b

c

a
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developments	of	the	method	towards	more	and	more	encompassing	models.	

	

4.4	Conclusions	
	
	
In	 this	 paper	 we	 studied	 with	 dispersion-corrected	 density	 functional	 theory	 the	

differences	between	RNA-GQ	and	DNA-GQ	in	terms	of	stability,	and	the	nature	of	their	

interaction	with	 alkali	metal	 cations.	 An	 all-parallel	 double	 layer	 of	 guanine	 quartets	

including	phosphor-ribosidic	backbone	was	analyzed	in	implicit	model	of	water	solvation.	

RNA-GQ’s	cation	affinity	order	has	been	verified	as	mostly	identical	to	the	one	calculated	

for	 its	 DNA	 counterpart.	 The	 computation	 of	 formation	 energies	 complies	 with	 the	

experimental	finding	of	RNA-GQ	being	sensibly	more	stable	than	DNA-GQ.	

Therefore,	the	partitioning	of	the	association	energy	linked	to	the	formation	of	an	

empty	 scaffold	 from	 four	 ribonucleosidic	 dimers	 highlights	 how	 all	 the	 energetic	

parameters	 concerning	 this	phenomenon	 favor	 the	 formation	of	 the	RNA-GQ	scaffold,	

except	for	those	relative	to	its	solvation/desolvation	balance.	It	is	worth	noting	how	the	

presence	of	 an	extra	hydrogen	bond	 in	 the	RNA	dimer	 confers	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	 scaffold,	 as	

compared	to	the	deoxyribonucleosidic	counterpart.	

Further	 decomposition	 of	 the	 interaction	 energy	 pinpoints	 the	 prevailing	 role	 of	

electrostatic	 components	 in	determining	the	more	 favorable	 interaction	energy	of	 the	

(four	dimers	assembling	in	the)	RNA-GQ	scaffold	compared	to	the	DNA-GQ.	

Finally,	 the	 partitioning	 of	 the	 bond	 energy	 resulting	 from	 the	 interaction	 and	

deformation	of	the	empty	scaffold	to	accommodate	an	alkali	metal	cation	in	its	central	
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channel,	reveals	how	this	last	passage	does	not	discriminate	substantially	the	formation	

of	the	two	(RNA-	and	DNA-GQ)	complexes.		

The	decomposition	of	the	interaction	between	an	empty	GQ	scaffold	and	alkali	cations	

reveals	 eventually	another	extremely	 important	detail:	 also	 in	 this	 frame	electrostatic	

components	exert	a	primary	role	in	determining	the	more	favorable	interaction	energy	

of	the	RNA-GQ	scaffold	compared	to	the	DNA-GQ	towards	the	cation:	with	a	simplified	

model	constructed	to	simulate	the	influence	of	the	2’-OHs	(or	in	turn	of	simple	Hs	like	in	

deoxyribose)	towards	the	cation	we	indeed	demonstrate	that	the	2’-OHs	of	the	RNA-GQ	

backbone	 can	 influence	 the	 cations	 directly,	 playing	 a	 role	 in	 improving	 this	 species’	

stability.	

The	 use	 of	 another	 simplified	 model	 aims	 to	 understand	 the	 real	 role	 of	 cation	

coordination	 as	 related	 to	 the	 neutralization	 of	 repulsive	 forces	 generated	 by	 the	

proximity	 of	 O6	 rims	 inside	 the	 cage.	 In	 all	 cases,	 although	 the	 interaction	 of	

formaldehyde	 moieties	 is	 slightly	 unfavorable,	 their	 mutual	 repulsion	 represents	 a	

secondary	 effect	 and	 the	 presence	 of	 a	 cation	 is	 mainly	 required	 for	 it	 consistently	

enhances	 the	energy	of	 formation	of	 complexes	 compared	 to	 the	empty	 scaffold	only.	

Thermodynamics	studies	highlight	how	the	formation	of	an	empty	scaffold	is	unfavorable,	

while	 the	 free	 Gibbs	 energy	 of	 formation	 of	 cationic	 species	 is	 noticeably	 lower	 and	

attractive.	
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