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CHAPTER	THREE:		

The	Role	of	Alkali	Metal	Cations	in	the	Stabilization	of	
Guanine	Quadruplexes:	Why	K+	is	the	best.1	

 
3.1.	Introduction	

	
The	alkali	metal	ion	affinity	of	guanine	quadruplexes	has	been	studied	with	dispersion-

corrected	density	functional	theory	(DFT-D).	Our	computational	investigations	have	been	

done	in	aqueous	solution	that	mimics	artificial	supramolecular	conditions	where	guanine	

bases	 assemble	 into	 stacked	 quartets	 as	 well	 as	 biological	 environments	 in	 which	

telomeric	quadruplexes	are	 formed.	 In	both	 cases,	 an	alkali	metal	 cation	 is	needed	 to	

assists	 in	 the	 self-assembly.	 Our	 quantum	 chemical	 computations	 on	 these	

supramolecular	systems	are	able	to	reproduce	the	experimental	order	of	affinity	of	the	

guanine	 quadruplexes	 for	 the	 cations	 Li+,	 Na+,	 K+,	 Rb+,	 Cs+.	 The	 strongest	 binding	 is	

computed	between	the	potassium	cation	and	the	quadruplex	as	it	occurs	in	nature.	The	

desolvation	and	the	size	of	alkali	metal	cations	are	thought	to	be	responsible	for	the	order	

of	affinity.	Up	till	now,	the	relative	importance	of	these	two	factors	has	remained	unclear	

and	 debated.	 By	 assessing	 the	 quantum	 chemical	 'size'	 of	 the	 cation,	 determining	 the	

amount	of	deformation	of	the	quadruplex	needed	to	accommodate	the	cation	and	through	

the	energy	decomposition	analysis	(EDA)	of	the	interaction	energy	between	the	cation	

and	the	guanines,	we	reveal	that	desolvation	and	size	of	the	alkali	metal	cation	are	both	

almost	equally	responsible	for	the	order	of	affinity.	

																																																								
1	Parts	of	this	chapter	have	been	published	as:	
Zaccaria,	F.,	Paragi,	G.,	and	Fonseca	Guerra,	C.	(2016)	The	role	of	alkali	metal	cations	in	the	stabilization	of	guanine	
quadruplexes:	why	K+	is	the	best.	Phys.	Chem.	Chem.	Phys.,	18	(31),	20895–20904.	
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Guanine-rich	 sequences	 of	 DNA,	 which	 occur	 at	 crucial	 regulatory	 hotspots	 of	 the	

human	genome,	such	as	 telomeres,	promoter	and	 immunoglobulin	switch	regions,	can	

fold	 up	 into	 a	 non-duplex	 four-stranded	 type	 of	 structure	 (see	 Figure	 3.1)	

[5,7,10,23,55,56].	 These	 guanine	 quadruplexes	 (GQs)	 are	 built	 up	 of	 stacked	 guanine	

quartets	with	cations	 in	between	the	 layers.	The	guanine	quartet	(G4)	consists	of	 four	

guanines	held	together	by	a	Hoogsteen-type	hydrogen-bonding	arrangement.	Because	of	

their	 biological	 relevance	 and	 therapeutic	 perspective,	 the	 GQs	 have	 received	 much	

attention	[9,20,48,57–63].	Furthermore,	in	supramolecular	chemistry	the	self-assembly	

of	guanosine	into	quadruplexes	driven	by	molecular	recognition	and	cations	has	led	to	

different	applications	[64–72].	

	

	

	

Figure	 3.1	 a)	 Guanine	 quartet	 (G4),	 b)	 G4-M+-G4	 and	 c)	 Guanine	 dimer	 with	 sugar-
phosphate	backbone.	

	

In	previous	works	on	the	quadruplexes	[11,12],	our	group	showed	that	the	hydrogen	

bonds	in	G4	experience	a	large	synergetic	effect.	This	cooperativity	in	G4	originates	from	

charge	separation	occurring	with	donor-acceptor	interactions	in	the	s-electron	system,	

and	not,	as	previously	assumed,	with	resonance	assistance	by	the	π	electrons	[73–76].	

Furthermore,	we	showed	that	although	alkali	metal	cations	located	in	the	central	channel	

of	GQs	weaken	the	hydrogen	bonds,	the	synergy	still	persists	in	telomere-like	structures.		
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The	general	idea	on	the	role	of	the	alkali	metal	cation	is	that	by	being	located	between	

two	quartets,	it	generates	cation–dipole	interactions	with	eight	guanines	[77–82].	In	that	

way,	it	is	thought	to	reduce	the	repulsion	of	the	eight	central	oxygen	atoms,	enhance	the	

hydrogen	 bond	 strength	 and	 stabilize	 quartet	 stacking.	 This	has	 been	 rationalized	 by	

looking	 at	 the	 electrostatic	 potential	 map	 of	 G-tetrad	 which	 shows	 a	 significant	

concentration	of	negative	charge	in	the	central	area	of	G-tetrad	[79].	Other	theoretical	

work	 [83–86]	 has	 investigated	 the	 cation-quadruplex	 interaction	 and	 revealed	

polarization	of	charge	towards	the	cation.		

	All	 natural	 and	 supramolecular	 existing	 guanine	 quadruplexes	 display	 this	 locally	

negative	channel	in	the	centre	of	the	structure	whose	most	peculiar	characteristic	is	the	

ability	to	select	over	monovalent	cations.	The	experimental	consensus	[87–89]	regarding	

the	overall	affinity	sequence	of	alkali	metal	cations	is	K+>	Na+,Rb+>>Li+,Cs+	in	water,	and	

many	studies	[6,90,91]	have	tried	to	tackle	the	question	where	does	this	sorting	ability	

come	 from.	 An	 early	 work	 by	 Williamson	 et	 al	 [6].	 suggested	 that	 the	 observed	 ion	

specificity	(related	to	the	ability	to	promote	structure	formation	in	solutions	containing	

telomeric	oligonucleotides)	could	be	simply	explained	by	the	size	of	the	cavity	and	the	

relatively	snug	fit	of	the	concerned	cations.	Later,	Hud	et	al.	[90],	treasuring	Eisenman’s	

theory	[92]	on	equilibrium	selectivity	of	ions	and	the	most	up-to-date	information	about	

transmembrane	ion	channels,	based	their	explanation	for	the	competition	of	the	cations	

for	the	channel	site	on	the	difference	in	Gibbs	free	energies	of	solvation	of	the	alkali	metal	

cations,	 receiving	 theoretical	 support	 by	 Gu	 and	 Leszczynski	 [91].	 Up	 till	 now,	 no	

consensus	has	been	reached	on	this	matter.		

In	 the	present	paper,	we	show	that	 the	Gibbs	 free	energy	of	solvation	and	the	 ionic	

radius	of	 the	alkali	metal	 cation	are	both	of	 almost	equal	 importance	 for	 the	order	of	

affinity	 for	 the	 cavity	 in	 the	 guanine	 quadruplexes.	 This	 follows	 from	 extensive	
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computational	 analyses	 of	 double-layer	 guanine	 quartets	 and	 natural	 guanine	

quadruplexes	with	sugar-phosphate	backbone	interacting	with	the	monovalent	cations	

(Li+,	 Na+,	 K+,	 Rb+,	 Cs+).	 The	 computations	 are	 based	 on	 dispersion-corrected	 density	

functional	 theory	 (DFT-D)	 [41,42,46,52,93].	 Our	 investigations	 cover	 the	 situation	 of	

quadruplexes	 in	 supramolecular	 and	 biological	 conditions	 in	 aqueous	 solution.	 The	

deformation	energy	of	 the	guanine	quadruplex	 for	accommodating	 the	 cation	and	 the	

energy	decomposition	analyses	(EDA)	[54]	for	the	interaction	between	the	cation	and	the	

guanines	permit	to	estimate	quantum	chemically	the	size	of	the	cations	and	to	analyze	

which	one	fits	best.	Furthermore,	the	destabilization	between	adjacent	oxygen	atoms	on	

the	quadruplex	structure	is	investigated.		

	

3.2.	Computational	Methods	
	
3.2.1.		General	Procedure	
	

	

Figure	3.2.	Formation	energy	of	the	guanine	quadruplexes	in	solvent.	

The	energy	of	formation,	ΔEform,	of	the	guanine	quadruplex	complexed	with	the	cation	

is	defined	as	(see	also	Figure	2):		

	

	 ∆𝐸#$%& = 	𝐸(𝐺+ −𝑀. − 𝐺+)01	– 	8	 • 	𝐸(𝐺)01	– 	𝐸(𝑀.)01 		(3.1a)	

	

where	𝐸(𝐺+ −𝑀. − 𝐺+)01	is	the	energy	of	the	quadruplex	in	its	optimum	and	𝐸(𝐺)01 	is	

the	 energy	 of	 individually	 optimized	 guanine	 bases	 in	 water.	 The	 term	 	𝐸(𝑀.)01		
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expresses	 the	 computed	 energy	 of	 the	 alkali	 metal	 cations	 in	 water.	 For	 the	 empty	

scaffold,	𝐸(𝑀.)01	is	not	contained	in	the	formula.		

The	quartet	has	eight	hydrogen	bonds	pointing	in	the	same	direction	(see	Figure	1a).	

If	the	hydrogen	bonds	in	the	two	layers	are	in	the	same	direction,	it	is	called	a	parallel	

quadruplex	(𝐺+ − 𝑀. − 𝐺+ 	),	 and	 if	 the	 hydrogen	 bonds	 of	 the	 lower	 layer	 point	 in	

opposite	direction	to	the	hydrogen	bonds	in	the	upper	layer,	the	quadruplex	is	named	

anti-parallel,	a-𝐺+ −𝑀. − 𝐺+ .	 The	 parallel	 stranded	 quadruplex	 is	 experimentally	 the	

prevalent	arrangement	under	physiological	conditions	[68]	

The	energy	of	formation	for	the	system	with	the	backbone	is	formulated	as	follows:		

	

∆𝐸#$%& = 	𝐸(𝐺𝑄 −𝑀.)01	– 	4	 • 	𝐸(𝐺𝐺)01	– 	𝐸(𝑀.)01 	 	 	 	(3.1b)	

	

where	 GG	 denotes	 the	 guanosine	 dimer,	 neutralized	 with	 H+	 at	 the	 sugar-phosphate	

backbone	as	counterion	(see	Figure	2.1c).	For	three	central	cations	(Na+,	K+	and	Rb+,	we	

have	also	used	Na+	as	counterion.	These	structures	are	denoted	as	GQ4Na-M+	and	similar	

formulas	as	for	GQ-M+	are	applied.	

	

3.2.2.		Bond	Energy	Analysis	
	
	
The	bond	energy	between	the	alkali	metal	cation	and	the	empty	quadruplex	scaffold	is	

defined	as	follows:		

	

∆𝐸7$89 = 	𝐸(𝐺+ − 𝑀. − 𝐺+)01	– 	𝐸(𝐺+ − [] − 𝐺+)01	– 	𝐸(𝑀.)01 		 	 											(3.2)	

	

where	𝐸(𝐺+ − [] − 𝐺+)01	is	the	energy	of	the	optimized	empty	scaffold	in	water.	
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To	 understand	 the	 different	 factors	 that	 determine	 the	 affinity	 of	 the	 cavity	 of	 the	

quadruplex	for	the	alkali	metal	cations,	we	have	partitioned	the	bond	energy	as	follows	

(see	2.3).		

	

∆𝐸7$89	 = 	Δ𝐸9=>$?@	 + 	∆𝐸B%=B	 + 	∆𝐸C8D	 + ∆𝐸>$?@	 		 	 	 	 											(3.3)	

	

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

between	 the	 solvated	 and	 the	 gas	 phase.	 The	 'aq'	 subscript	 denotes	 the	 COSMO	

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

	

∆𝐸9=>$?@ = 	𝐸(𝐺+ − [] − 𝐺+)E0F	– 	𝐸(𝐺+ − [] − 𝐺+)01	– 	𝐸(𝑀.)E0F– 	𝐸(𝑀.)E0F			(3.4)	

	 	

∆𝐸>$?@ = 	𝐸(𝐺+ −𝑀. − 𝐺+)01 − (𝐺+ − 𝑀. − 𝐺+)E0F	 	 	 													(3.5)	

	

The	preparation	energy,	∆𝐸B%=B	 ,	is	the	energy	required	in	the	gas	phase	to	deform	the	

empty	quadruplex	 scaffold	with	 the	geometry	of	 the	 solvated	 state	 to	 the	geometry	 it	

acquires	when	it	is	coordinated	with	the	metal	cation	in	the	solvated	state.	(The	values	of	

the	preparation	energy	have	been	checked	to	be	almost	phase	 independent,	see	Table	

3.1)		
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Figure	 3.3.	 Partitioning	 of	 the	 bond	 energy	 between	 alkali	 metal	 cation	 and	 empty	
scaffold.	

	
	
Table	3.1	Preparation	energy	of	the	empty	scaffold	in	the	gas	phase	and	in	solution.	a	

System	 M+		 ∆𝐸B%=B,E0F	 	 ∆𝐸B%=B,01	 	

G4-M+-G4	 Li+	 12.9	 13.0	
	 Na+	 10.5	 11.8	
	 K+	 5.5	 5.3	
	 Rb+	 4.5	 3.6	
	 Cs+	 6.2	 4.1	
	 	 	 	

GQ-M+	 Li+	 11.3	 11.4	
	 Na+	 10.4	 11.4	
	 K+	 5.7	 5.1	
	 Rb+	 0.9	 2.4	
	 Cs+	 1.8	 1.8	

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

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

	

∆𝐸C8D = 	𝐸(𝐺+ − 𝑀. − 𝐺+)E0F	– 	𝐸(𝐺+ − [] − 𝐺+)E0F	– 	𝐸(𝑀.)E0F		 (3.6)	

	

where	 the	 E(G4-M+-G4)gas	 and	 E(G4-[]-G4)gas	 are	 computed	 in	 the	 gas	 phase	 for	 the	

geometries	of	the	solvated	state.	This	approximation	is	justified	as	the	actual	interaction	
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between	the	alkali	metal	cation	and	the	guanine	bases	occurs	at	the	inner	centre	of	the	

quadruplex,	 which	 is	 shielded	 by	 the	 backbone	 and	 other	 bases	 from	 the	 aqueous	

environment	(the	relative	negative	charge	of	the	cavity	prevents	water	from	accessing).		

Equations	 2	 to	 6	 presented	 for	 the	 two	 parallel	 layers	 of	 guanine	 quartets,	 that	 is	

without	 sugar-phosphate	 backbone,	 are	 also	 used	 for	 the	 anti-parallel	 layers	 and	

quadruplexes	with	a	backbone,	neutralized	by	H+	or	Na+.	The	G4-M+-G4	 is	replaced	by,	

respectively,	a-G4-M+-G4,	GQ-M+	or	GQ4Na-M+	and	the	empty	scaffold	G4-[]-G4	is	replaced	

by,	 respectively,	a-G4-[]-G4,	 	GQ	or	GQ4Na,	where	GQ	 (or	GQ4Na)	 stands	 for	 the	guanine	

quadruplex	with	sugar-phosphate	backbone.		

	

	

3.2.3.		Voronoi	Deformation	Density	Analysis	
	
	
The	Voronoi	Deformation	Density	(VDD)	method	allows	us	to	analyze	the	electronic	

redistributions	within	polyatomic	fragments	when	a	chemical	bond	is	formed	between	

these	 molecular	 fragments	 [94,95].	 We	 have	 computed	 the	 VDD	 changes	 in	 atomic	

charges	for	the	alkali	metal	ions	in	the	central	cavity.	∆QM+	is	computed	as	the	(numerical)	

integral	of	the	deformation	density	∆r(r)	associated	with	the	formation	of	the	quadruplex	

from	the	empty	scaffold	and	the	metal	cation	in	the	volume	of	the	Voronoi	cell	of	cation	

M+	 (eq.	3.8a	 and	3.8b).	The	Voronoi	 cell	 of	M	 is	defined	as	 the	 compartment	of	space	

bounded	by	the	bond	midplanes	on	and	perpendicular	to	all	bond	axes	between	nucleus	

M	and	its	neighbouring	nuclei.	

	

	 									(3.8a)	

	

∆Q
M+ = − ρ

G4 -M+ -G4
(r)− ρ

G4 -[]-G4
(r)− ρ

M+ (r)( )dr
Voronoi cell of M+  in G4 -M+ -G4

∫



	 33	

	 	 								(3.8b)	

	

∆QM+	monitors	how	much	charge	flows	out	of	(∆Q	M+	>	0)	or	into	(∆Q	M+	<	0)	the	Voronoi	

cell	of	cation	M+	as	a	result	of	the	chemical	bond	formation	between	fragment	M+	and	G4-

[]-G4	or	GQ	in	the	quadruplex.		

	

	 3.3.	Results	and	Discussion	
	
3.3.1.	Structure	and	Energy	of	Formation		
	
	
To	study	the	interaction	between	the	different	alkali	metal	ions	and	the	guanine	bases	

in	the	natural	occurring	quadruplexes,	we	have	investigated	computationally	two	model	

systems:	 G4-M+-G4	 and	 GQ-M+	 (see	 Figure	 3.4).	 The	 latter	 contains	 also	 the	 sugar-

phosphate	backbone,	which	is	terminated	by	H+	to	compensate	the	negative	charge	of	the	

phosphate	or	Na+	[96,97].	The	geometrical	parameters	and	the	energies	of	formation	are	

presented	in	Table	3.1.	

The	most	stable	complex	is	obtained	with	the	potassium	cation,	fully	consistent	with	

the	experimental	findings.	The	difference	between	K+	and	Na+	of	~1	kcal/mol	(shown	in	

both	backbone	models)	is	completely	in	line	with	the	experiments	by	Wong	and	Wu	[87].	

The	 rest	 of	 the	 order	 of	 affinity	 is	 also	 nicely	 reproduced	 by	 our	 computations.	 The	

energies	 of	 formation	 for	 the	 Na+	 and	 Rb+	 are	 larger	 than	 for	 Cs+	 and	 Li+	 cations.	

Improvement	of	the	computational	order	of	affinity	is	likely	obtained	by	more	realistic	

systems	consisting	of	 three	 layers	and	two	cations.	Cs+,	which	 is	 too	 large	to	 fit	 in	 the	

cavity,	 pulls	 away	 the	 oxygen	 atoms	 out	 of	 the	 plane	 of	 the	 quartet	 (see	 Figure	 3.4).	

Therefore,	 two	 Cs+	 might	 be	 as	 difficult	 to	 accommodate	 as	 two	 Li+	 in	 a	 3-layer	

∆Q
M+ = − ρ

GQ-M+ (r)− ρGQ
(r)− ρ

M+ (r)( )dr
Voronoi cell of M+  in GQ-M+

∫
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quadruplex,	resulting	in	the	same	computed	affinity	as	expected	from	the	experiments	

[6].	

The	computed	values	 for	 the	distances	between	the	central	cation	and	the	oxygens,	

d[O-M+]	are	close	to	the	experimental	values.	For	GQ4Na-Na+,	the	computed	average	value	

is	2.70	Å	and	2.65	Å	in	the	crystal	structure	[62]	and	for	GQ4Na-K+,	the	computed	average	

value	is	2.83	Å	and	the	experimental	values	are	2.78	Å	from	a	NMR	structure	[63]	and	

2.81	Å	from	a	crystal	structure	[48].	The	small	discrepancies	can	be	attributed	to	the	use	

of	a	two-layer	system	in	the	computations.	

Another	important	finding	is	that	the	parallel	and	the	anti-parallel	double	layers	show	

the	same	trend	of	affinity.	Furthermore,	the	simplified	model	of	the	experimental	setting,	

that	is	without	the	sugar-phosphate	backbone	(as	in	G4-M+-G4),	the	values	for	the	energy	

of	formation	follow	the	same	trend	as	the	values	for	GQ-M+	and	GQ4Na-M+	and	are	also	

very	 close	 to	 the	 experimental	 order	 of	 affinity.	 This	 finding	 justifies	 the	 use	 of	 the	

guanine	quartets	alone	 in	the	studies	of	cation-quadruplex	 interactions	and	opens	the	

possibility	to	compute	quantum	chemically	stacked	systems	with	many	layers.	
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Table	3.2	Energies	of	formation	and	geometrical	parameters	of	the	quadruplexes.a	

System	 M+	 d[O-M+]b	 Rc	 N2(H)•••N7d	 N1(H)•••O6e	 ∆𝐸#$%& 	

G4-M+-G4	 no	metal	 3.10	 3.60	 2.88	 2.80	 -84.4	
	

Li+	 2.13	 3.10	
	 	

-122.9	
	

Na+	 2.67	 2.91	 2.84	 2.82	 -138.4	
	

K+	 2.80	 3.22	 2.87	 2.83	 -138.8	
	

Rb+	 2.93	 3.58	 2.89	 2.84	 -132.7	
	

Cs+	 3.12	 4.11	 2.90	 2.85	 -124.2	

a-G4-M+-G4	 no	metal	 3.14	 3.60	 2.90	 2.82	 -86.2	
	

Na+	 2.75	 3.08	 2.86	 2.81	 -135.4	
	

K+	 2.84	 3.27	 2.89	 2.83	 -137.3	
	

Rb+	 2.95	 3.53	 2.91	 2.84	 -131.6	
	

Cs+	 3.12	 4.04	 2.92	 2.86	 -123.8	

GQ-M+	 no	metal	 3.03	 3.60	 2.88	 2.81	 -62.5	
	

Li+	 2.11	 3.34	
	 	

-100.2	
	

Na+		 2.69	 3.00	 2.84	 2.81	 -114.5	
	

K+		 2.82	 3.33	 2.88	 2.82	 -115.4	
	

Rb+	 2.95	 3.64	 2.90	 2.84	 -111.1	
	

Cs+	 3.14	 4.16	 2.90	 2.86	 -103.1	

GQ4Na-M+	 no	metal	 3.09	 3.60	 2.90	 2.82	 -67.6	
	

Na+	 	2.70	 3.01	 2.86	 2.82	 -119.1	
	

K+	 	2.83	 3.33	 2.89	 2.84	 -120.4	
	

Rb+	 2.95	 3.60	 2.91	 2.85	 -115.1	
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.	
c	Difference	in	average	z-coordinate	of	the	upper	and	lower	oxygen	atoms.	
d	Average	outer	hydrogen	bond	distance	N2(H)•••N7.	For	Li+,	this	value	is	not	presented,	as	the	quartets	
are	not	equal	(Li+	lies	in	the	middle	of	one	of	the	quartets).	
e	Average	inner	hydrogen	bond	distance	N1(H)•••O6.	
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Figure	3.4	Structures	of	G4-[]-G4	and	G4-	M+-G4	(on	the	left),	GQ	and	GQ-M+	(on	the	right	
column)	where	M+	 is	a	 alkali	metal	cation	(optimized	at	 the	ZORA-BLYP-D3(BJ)/TZ2P	
level	of	theory).	
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3.3.2.	Partitioning	of	the	Bond	Energy	
	
	
To	shed	light	on	the	obtained	order	of	affinity	of	the	quadruplex	for	the	alkali	metal	

cations,	we	have	partitioned	the	bond	energy	(see	equation	2.2),	into	different	terms	that	

are	often	mentioned	as	the	determining	factors	for	the	experimental	order	of	affinity:	the	

desolvation	of	the	cation	and	the	size	of	the	cation.	In	the	computations,	we	can	take	all	

factors	 governing	 desolvation	 and	 solvation	 of	 the	 quadruplex	 and	 the	 cation	 into	

account,	Δ𝐸9=>$?@	 	and	∆𝐸>$?@	 	.	

Furthermore,	we	can	determine	the	effect	of	the	size	of	the	cation	on	the	preparation	

energy	∆𝐸B%=B	 	and	 the	 interaction	between	 the	 cation	and	 the	scaffold,	∆𝐸C8D	 	(equation	

2.7).	The	preparation	energy	will	be	smaller	when	the	size	of	the	cation	fits	better	into	

the	central	cavity	of	quadruplex	and	the	interaction	energy	will	be	larger	for	the	cation	

with	 the	 best	 coordination	 with	 the	 negatively	 charged	 oxygen	 atoms.	 The	 different	

components	 of	 the	 bond	 energy	 are	 presented	 in	 Table	 3.3	 and	 Figure	 3.5	 gives	 a	

graphical	 representation	 of	 these	 results	 for	 the	 G4-M+-G4	 (quadruplex	 without	

backbone).		
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Table	3.3	Partitioning	of	the	bond	energy	of	guanine	scaffold	with	cation.	a	

System	 M+	 ∆𝐸7$89
	 	 ∆𝐸B%=B	 	 ∆𝐸B%=B,HI$89

	 	b	 ∆𝐸B%=B,
>DJKL

	 	 ∆𝐸C8D	 	 ∆𝐸>$?@.
9=>$?@

	
	

G4-M+-G4	 Li+	 -38.5	 12.9	 11.4	 1.5	 -161.5	 110.1	
	

Na+	 -54.0	 10.5	 7.3	 3.2	 -152.1	 87.6	
	

K+	 -54.4	 5.5	 3.8	 1.8	 -128.8	 68.8	
	

Rb+	 -48.3	 4.5	 2.5	 2.0	 -115.5	 62.7	
	

Cs+	 -39.8	 6.2	 2.4	 3.8	 -99.6	 53.6	
	 	 	 	 	 	 	 	

a-G4-M+-G4	 Na+	 -49.2	 10.2	 3.2	 7.0	 -145.8	 86.4	
	

K+	 -51.1	 6.6	 3.2	 3.4	 -126.6	 68.2	
	

Rb+	 -45.4	 5.8	 0.3	 5.5	 -114.7	 63.5	
	

Cs+	 -37.6	 8.6	 1.3	 7.3	 -99.2	 53.0	
	 	 	 	 	 	 	 	

GQ-M+	 Li+	 -37.9	 11.3	
	 	

-165.7	 116.5	
	

Na+	 -52.2	 10.4	
	 	

-156.6	 94.0	
	

K+	 -53.2	 5.7	
	 	

-134.7	 75.9	
	

Rb+	 -48.8	 0.9	
	 	

-119.1	 69.4	
	

Cs+	 -40.9	 1.8	
	 	

-104.4	 61.7	
	 	 	 	 	 	 	 	

GQ4Na-M+	 Na+	 -50.2	 10.7	
	 	

-170.9	 110.0	
	

K+	 -51.4	 5.1	
	 	

-148.8	 92.2	
	

Rb+	 -46.2	 5.3	
	 	

-137.3	 85.9	
a	Energies	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory.	

b	Preparation	energy	of	the	lower	and	upper	G4	layer.		

 

The	bond	energies	obtained	for	the	different	simplified	systems,	G4-M+-G4	with	M+	is	

Li+	to	Cs+,	match	excellently	the	trend	of	bond	energies	of	the	guanine	quadruplexes	that	

include	the	sugar-phosphate	backbone	neutralized	by	H+	or	Na+	(see	Table	3.3).	These	
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results	permit	computational	analysis	of	the	coordination	of	the	cations	with	the	guanine	

quadruplexes	excluding	the	sugar-phosphate	backbone.		

	 In	all	cases,	the	large	interaction	energy	is	compensated	by	the	large	desolvation	

energy.	Figure	3.5	shows	that	the	sum	of	Δ𝐸9=>$?@	 	and	∆𝐸>$?@	 	follows	almost	exactly	the	

trend	of	the	experimental	desolvation	energy	of	the	alkali	metal	cation	(blue	dotted	line)	

[87–89,98].	The	preparation	energy	is	small	compared	to	the	other	components	of	the	

bond	energy	and	does	not	change	as	much	as	the	interaction	energy	or	the	desolvation	

energy	going	from	Li+	to	Cs+.	The	preparation	energy	becomes	smaller	as	the	size	of	the	

cation	becomes	larger,	and	then	increases	again	for	Cs+	as	this	cation	does	not	fit	anymore	

in	the	cavity	(see	increase	of	∆𝐸B%=B,>DJKL	 	in	Table	3.3).	This	result	can	be	understood	from	

cation-oxygen	distances	d[O-M+]	and	 inter-plane	distance	R	 as	presented	 in	Table	3.2.	

These	parameters	determine	the	size	of	the	central	cavity.	In	the	empty	scaffold,	G4-M+-

G4,	these	distances	amount	to	respectively	3.10Å	and	3.60Å.	The	sodium	cation	decreases	

the	size	of	the	central	cavity	to	respectively	2.67Å	and	2.91Å	whereas	cesium	enlarges	

the	cavity	to	3.12Å	for	d[O-M+]	and	4.11Å	for	R	(see	also	Figure	3.5	for	the	deformation	

of	the	central	cavity	in	the	quadruplex).	For	the	larger	cations,	K+	and	Rb+,	the	size	of	the	

central	 cavity	 is	 closer	 to	 the	 size	 of	 the	 cavity	 in	 the	 empty	 scaffold	 and	 thus,	 these	

cations	give	less	distortion	of	the	empty	scaffold.		
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Figure	3.5	Partitioning	of	the	bond	energy	(kcal/mol)	between	the	alkali	metal	cation	
and	the	empty	scaffold	of	G4-[]-G4.	The	blue	dotted	line	represents	the	desolvation	of	the	
cation	(experimental	values	in	kcal/mol).	

	

For	G4-M+-G4,	the	preparation	energy	of	the	quadruplex	scaffold	can	be	partitioned	in	

a	 preparation	 of	 the	 upper	 and	 lower	 G4	 quartet,	∆𝐸B%=B,HI$89	 	,	 and	 the	 preparation	

involving	the	stacking	interaction	between	two	G4	units,	∆𝐸B%=B,>DJKL	 .	The	latter	has	the	

smallest	value	for	K+	of	1.8	kcal/mol,	which	corresponds	to	a	better	fit	for	K+.	However,	

the	energy	differences	in	∆𝐸B%=B,>DJKL	 	are	so	small	compared	to	the	other	energy	terms,	

that	∆𝐸B%=B,>DJKL	 is	not	 the	decisive.	∆𝐸B%=B,HI$89	 	goes	 from	7.3	kcal/mol	 to	2.4	kcal/mol	

from	Na+	 to	Cs+.	 (The	 smallest	 cation,	Li+,	 cannot	be	 compared	 to	 the	other	ones	as	 it	

coordinates	in	the	middle	of	a	quartet	and	not	in	the	middle	between	two	quartets	as	the	

other	cations).	The	outer	hydrogen	bond	distance,	N2(H)•••N7,	elongates	from	2.84	to	

2.90Å	and	the	inner	hydrogen	bond,	N1(H)•••O6,	from	2.82Å	to	2.85Å	for	Na+	to	Cs+	Both	

hydrogen	bond	distances	increase	with	the	size	of	the	cation,	as	expected.				However,	the	

outer	hydrogen	bonds	start	for	Na+	with	a	distance	of	2.84Å,	which	is	smaller	than	for	the	
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empty	scaffold	and	for	Cs+	it	has	a	distance	of	2.90Å,	almost	the	same	as	for	the	empty	

scaffold	(2.88Å).	The	inner	hydrogen	bond	is	always	larger	for	these	cationic	complexes	

than	in	the	empty	scaffold.		

In	the	empty	scaffold	(with	no	backbone),	adjacent	oxygen	atoms	in	the	same	plane	are	

at	a	distance	of	3.33Å	from	each	other.	We	have	investigated	whether	these	oxygen	atoms	

experience	 a	 repulsive	 interaction	 between	 each	 other	 as	mentioned	 in	 the	 literature	

[77].	 For	 that	 purpose,	we	 have	 substituted	 all	 the	guanines	 in	 the	 empty	 scaffold	 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	Table	3.4	and	Figure	

3.6).		

	

Table	3.4	Energy	Decomposition	Analysis	for	eight	formaldehydes.	a	

System	 Δ𝐸C8D 	 Δ𝐸MJN?C	 Δ𝑉=?>DJD 	 Δ𝐸$C	 Δ𝐸9C>B 	

[H2CO]8		 0.0	 9.1	 6.8	 -5.7	 -10.1	

Pair	(in	same	layer)	 0.0	 0.9	 0.1	 -0.3	 -0.7	

Diagonal	(in	same	layer)	 0.4	 0.1	 0.5	 0.0	 -0.1	

Stack	(on	top	of	each	other)	 0.3	 0.5	 0.6	 -0.2	 -0.7	

Stack	far	 0.0	 0.2	 0.3	 -0.1	 -0.3	
a	Energies	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory.	
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Figure	3.6	Top	and	side	view	of	the	(H2CO)4–(H2CO)4	stack.	Oxygen	atoms	with	a	star	are	
in	the	top	layer.	

	

The	 computed	 interaction	 energy	 between	 these	 eight	 formaldehydes	 amounts	 to	0.0	

kcal/mol	 (see	 Table	 3.4).	 This	 is	 due	 to	 the	 cancelation	 of	 the	 small	 repulsive	 and	

attractive	 energy	 terms.	 ( Δ𝐸MJN?C =	 9.1	 kcal/mol,	Δ𝑉=?>DJD =	 6.8	 kcal/mol,	 Δ𝐸$C =	 -5.7	

kcal/mol	 and	Δ𝐸9C>B=	 -10.1	 kcal/mol).	 The	 alkali	metal	 cation	 in	 the	 central	 cavity	 is	

therefore	not	needed	to	relieve	electrostatic	repulsion	between	the	oxygen	atoms.	The	

empty	scaffold	 forms	a	stable	structure.	The	metal	cation	 is	however	essential	 for	 the	

much	larger	energy	of	formation	it	provides	in	aqueous	solution	(see	Table	3.1).	This	is	

in	line	with	experimental	findings	that	the	quadruplexes	cannot	be	formed	in	the	absence	

of	metal	cations	[10].	

To	completely	investigate	the	effect	of	size	and	desolvation	of	the	cation	on	the	affinity	

of	 the	 quadruplexes	 for	 the	 different	 cations,	 we	 have,	 besides	 summing	 up	 the	

desolvation	 and	 solvation	 energy	 terms,	 also	 taken	 the	 interaction	 energy	 and	 the	

preparation	energy	together.	Note,	that	the	latter	sum	follows	the	trend	of	the	interaction	

energy.	 Figure	 3.5	 clearly	 shows	 that	 both	 desolvation	 (represented	 by	 the	 sum	 of	

Δ𝐸>$?@.9=>$?@ )	 and	 'size'	 of	 the	 cation	 (represented	 by	 Δ𝐸C8D +	Δ𝐸B%=B )	 are	 of	 equal	
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importance	to	determine	the	affinity.	They	are	almost	compensating	each	other	resulting	

in	a	very	shallow	behaviour	of	the	bonding	energy.			

	

3.3.3.	Energy	Decomposition	Analysis	

	

In	the	previous	section,	we	have	pinpointed	that	the	desolvation	of	the	cation	and	the	

size	of	the	cation	are	of	equal	importance.	The	latter	is	represented	by	the	preparation	

energy	of	the	empty	quadruplex	scaffold	and	the	interaction	energy	between	the	cation	

and	the	empty	scaffold.	To	get	a	better	understanding	of	the	interaction	between	cation	

and	quadruplex,	we	have	decomposed	Δ𝐸C8Dinto	physically	meaningful	energy	terms	(see	

Table	3.5	and	Figure	3.7).	The	energy	decomposition	for	all	model	systems	follows	exactly	

the	 same	 trend.	 The	 interaction	 energy	 in	 all	 systems	 (simplified,	 parallel	 and	 anti-

parallel	 and	 full	with	 H+	 or	 Na+	 to	 compensate	 for	 the	 negatively	 charged	 phosphate	

groups)	suddenly	drops	from	Na+	to	K+,	which	counterbalances	the	smaller	desolvation	

energy	of	K+.	In	the	parallel	simplified	models,	Δ𝐸C8D 	amounts	to	-152.1	kcal/mol	for	Na+	

and	for	K+	to	-128.8	kcal/mol.	This	decrease	of	interaction	is	not	caused	by	the	smaller	

electrostatic	interaction	or	smaller	orbital	interaction	as	they	become	only	2.7	kcal/mol	

and	1.5	kcal/mol	 less	binding	 in	 the	 case	of	G4-M+-G4	(see	Table	3.3	 for	 the	 systems).	

Clearly	the	Pauli	repulsion,	which	increases	by	21.5	kcal/mol	from	Na+	to	K+	for	G4-M+-

G4,	is	responsible	for	the	decrease	in	interaction	energy	from	Na+	to	K+	(see	also	Figure	

3.6).	Note,	that	this	sudden	increase	only	occurs	from	sodium	to	potassium,	but	not	from	

K+	to	Rb+	or	Rb+	to	Cs+.	
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Table	3.5	Energy	Decomposition	Analysis	and	charge	transfer	between	M+	and	guanine	
scaffold.a	

System	 M+	 Δ𝐸C8D	 Δ𝐸MJN?C	 Δ𝑉=?>DJD	 Δ𝐸$C	 Δ𝐸9C>B	 Δ𝑄P+	 Pvirtuals	 eLUMO

[M+]	

G4-M+-G4	 Li+	 -161.5	 11.9	 -110.3	 -55.1	 		-8.0	 -0.137	 0.25	 -7.4	
	

Na+	 -152.1	 10.9	 -107.0	 -43.3	 -12.6	 -0.079	 0.25	 -7.7	
	

K+	 -128.8	 32.4	 -104.3	 -41.8	 		-15.0	 -0.058	 0.13	 -6.3	
	

Rb+	 -115.5	 37.4	 		-97.4	 -39.3	 -16.2	 -0.054	 0.15	 -6.2	
	

Cs+	 -99.6	 40.8	 -86.7	 -37.1	 -15.9	 -0.060	 0.12	 -5.7		 	 	 	 	 	 	 	 	 	

a-G4-M+-G4	 Na+	 -145.7	 8.0	 -99.6	 -40.9	 -13.3	 -0.080	 0.24	 -7.7	
	

K+	 -126.6	 28.0	 -99.3	 -40.1	 -15.1	 -0.056	 0.10	 -6.3	
	

Rb+	 -114.6	 35.9	 -95.5	 -38.7	 -16.3	 -0.053	 0.13	 -6.2	
	

Cs+	 -99.2	 41.2	 -86.7	 -37.7	 -15.9	 -0.060	 0.12	 -5.7		 	 	 	 	 	 	 	 	 	

GQ-M+	 Li+	 -165.7	 13.2	 -112.8	 -58.3	 	-7.7	 -0.142	 0.27	 -7.4	
	

Na+	 -156.6	 11.1	 -109.3	 -45.2	 	-13.1	 -0.079	 0.26	 -7.7	
	

K+	 -134.7	 29.9	 -106.2	 -43.2	 -15.2	 -0.057	 0.15	 -6.3	
	

Rb+	 -119.1	 35.2	 -97.1	 -40.9	 -16.5	 -0.054	 0.17	 -6.2	
	

Cs+	 -104.4	 39.1	 -88.0	 -39.4	 -16.1	 -0.059	 0.14	 -5.7		 	 	 	 	 	 	 	 	 	

GQ4Na-M+	 Na+	 -170.9	 10.1	 -123.1	 -44.8	 -13.0	 -0.079	 0.25	 -7.7	
	

K+	 -148.7	 28.9	 -119.5	 -42.9	 -15.2	 -0.057	 0.12	 -6.3	
	

Rb+	 -137.2	 35.0	 -114.9	 -40.9	 -16.5	 -0.054	 0.14	 -6.2	
a	Energies	and	geometries	computed	at	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory.	

b	Pvirtuals	is	the	sum	of	the	gross	Mulliken	population	of	the	LUMO	till	LUMO+9.	
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Figure	3.7	Energy	decomposition	of	the	interaction	energy	(kcal/mol)	between	the	alkali	
metal	cation	and	the	empty	scaffold	of	G4-[]-G4	(see	equation	2.6)	

	

The	energy	decomposition	also	reveals	that	the	interaction	between	the	cation	and	the	

guanines	is	not	a	pure	electrostatic	interaction.	The	orbital	interaction	is	about	half	the	

size	of	the	electrostatic	interaction	(see	Table	3.5)	and	together	with	the	dispersion,	the	

three	 terms	 account	 for	 the	 bonding	 components	 in	 this	 coordination.	 The	 main	

contribution	 to	 the	 orbital	 interaction	 is	 the	 donation	 of	 electronic	 density	 from	 the	

highest	occupied	orbitals	of	the	guanines	to	the	lowest	unoccupied	orbitals	of	the	alkali	

metal	cation.	The	 largest	donor-acceptor	 interactions	occur	 for	 the	smaller	cations	Li+	

and	Na+,	as	they	have	smaller	distance	to	the	oxygens	(see	d[O-M+]	in	Table	3.2).	The	VDD	

change	in	atomic	charge,	∆QM+,	amounts	to	-0.137	electrons	for	Li+	to	-0.060	for	Cs+	and	

Pvirtuals	 (sum	 of	 the	 gross	Mulliken	 population	 of	 the	 LUMO	 till	 LUMO+9)	 equals	 0.25	

electrons	for	Li+	to	0.12	electrons	for	Cs+.	Both	confirm	the	charge-transfer	interaction	

between	guanines	and	cation.		

The	distance	between	the	metal	cation	and	the	oxygen	atoms	of	the	guanines	increases	

from	Li+	to	Cs+.	This	has	a	direct	effect	on	the	electrostatic	and	orbital	interaction	as	they	
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are	distance	dependent.	Table	3.5	shows	that	the	energy	of	the	LUMO	of	the	cation	does	

not	correlate	with	the	orbital	interaction.	However,	if	K+	is	computed	in	the	scaffold	of	

Na+,	that	is	K+	in	a	smaller	cavity	(GQNa),	and	Na+	in	the	scaffold	of	K+,	that	is	in	a	larger	

cavity	(GQK),	the	orbital	interaction	follows	the	trend	of	the	LUMO	of	the	cation.	At	the	

same	d[O-M+],	the	orbital	interaction	is	larger	for	K+	than	for	Na.	The	lower	LUMO	of	K+	

gives	 a	 stronger	 donor-acceptor	 interaction	 and	 thus	 a	 larger	 orbital	 interaction.	 The	

differences	are	however	small	(see	Figure	3.8).	

	

 
 
Figure	3.8	Interaction	energy	and	the	different	energy	terms	of	the	decomposition	for	
Na+	and	K+	in	each	other’s	scaffold	(GQNa	and	GQK)	with	the	sugar-phosphate	backbone	
(kcal/mol).	

 
The	effects	on	the	electrostatic	interaction	are	more	pronounced.	At	the	shorter	d[O-

M+]	distance,	the	electrostatic	interaction	for	K+	amounts	to	–120.6	kcal/mol,	whereas	for	

Na+	it	is	-109.3	kcal/mol.	The	only	reason	for	the	potassium	cation	that	it	does	not	come	

closer	to	the	oxygen	atoms	of	the	guanines	is	the	Pauli	repulsion.	In	the	smaller	cavity	

(GQNa),	the	Pauli	repulsion	for	K+	is	20.6	kcal/mol	larger	than	in	the	bigger	cavity	(GQK).	
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But	for	Na+,	the	Pauli	repulsion	becomes	only	4.7	kcal/mol	smaller	in	the	bigger	cavity.	

The	larger	cation,	that	is	the	more	diffuse	cation	K+,	hits	the	repulsive	wall	of	the	Pauli	

repulsion	between	its	own	electrons	and	the	lone	pairs	of	the	oxygen	atoms,	and	thus,	in	

a	way,	fits	worse	than	the	smaller	Na+.	

	

3.4.	Conclusions	
	
	
In	 this	 paper,	 we	 studied	 with	 dispersion-corrected	 density	 functional	 theory	 the	

affinity	 of	 guanine	 quadruplexes	 for	 alkali	 metal	 ions.	 The	 self-assembly	 of	

supramolecular	model	 systems,	 that	 is	 a	 parallel	 and	 an	 anti-parallel	 double	 layer	 of	

guanine	quartets	and	a	short	 telomeric	quadruplex,	were	studied	 in	aqueous	solution.	

This	self-assembly	process	benefits	from	the	assistance	by	the	alkali	metal	cations.	The	

computational	 results	 are	 very	 close	 to	 the	 experimental	 order	 of	 affinity	 and	 the	

strongest	coordination	was	computed	for	K+,	which	is	known	to	be	the	preferred	alkali	

metal	ion	by	the	supramolecular	and	telomeric	quadruplexes.		

Partitioning	of	the	bond	energy	between	cation	and	quadruplex	into	energy	terms	that	

can	be	associated	with	(de)solvation	and,	with	the	size	of	the	cation,	allowed	us	to	shed	

light	on	an	ongoing	debate	on	the	relevance	of	these	two	factors	for	the	experimentally	

observed	affinity.	The	computations	revealed	that	desolvation	and	size	of	the	cation	are	

of	equal	 importance.	As	we	descend	the	 first	group	of	 the	periodic	 table	starting	 from	

lithium,	the	desolvation	of	the	cation	gradually	becomes	smaller,	however	at	the	same	

time,	the	attractive	interaction	between	the	cation	and	the	quadruplexes	also	diminishes.	

This	 translates	 into	 a	 shallow	minimum	of	 the	 bond	 energy	 of	 the	 cation-quadruplex	

system,	with	its	stationary	point	located	at	K+.	The	deformation	of	the	quadruplex	is	small,	

particularly	 in	 the	 case	of	K+,	Rb+	(and	Cs+),	 for	which	 the	 central	 cavity	of	 the	empty	


