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Abstract: G-quartets are supra-molecular structures that consist of four guanine
molecules connected by eight hydrogen bonds. They are additionally stabilized
by metal cations. In this contribution, the excited states of G-quartet and its
complexes with lithium, sodium and potassium were studied by employing
time-dependent density functional theory. The findings indicate that vertical
excitations from the optimized ground state involve transitions from several
bases, whereas excitations from the optimized lowest excited state include
transitions from one base. The charge-transfer character of these states was
analyzed. It was shown that the cations are able to modify positions of the
maxima of the fluorescence spectra of the complexes.
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INTRODUCTION

Self-assembly of guanines leads to formation of square planar G-quartets
(Gg4) which might further stack into G-quadruplexes. These supramolecular struc-
tures allow binding of metal cations into the central cavity that results in more
stable cation-templated structures. The molecular structure of a G-quartet/metal
cation complex is displayed in Fig. 1. The stability of the complex is largely
determined by cation—guanine interaction and Hoogsteen and/or bifurcated hyd-
rogen bonding between hydrogen bond donating and accepting groups. It is
believed that hydrogen bonding accounts for 50 % of the energy responsible for
internal stability of these structures.!

G-quartets are highly selective towards metal cations. In an aqueous sol-
ution, alkali metal stabilization is in the order: Cst > Rb™ > K™ > Nat > Li",
while in the gas phase, the affinities are in the reversed order.? This is a con-
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1022 MILOVANOVIC, PETKOVIC and ETINSKI

sequence of the increasing alkali metal dehydration as going from Li* to Cs*.2,3
It is additionally due to the fact that smaller cations have stronger electrostatic
interactions and thus they reduce the repulsion between oxygen atoms of the
guanines.# Zaccaria and Fonseca Guerra argued that this mutual repulsion of the
oxygens appears to be a secondary effect and thus the cation is primarily required
for the enthalpic stabilization of these complexes.> Some authors®’7 considered
cation—oxygen interaction to be mostly electrostatic in nature whereas others!-8
considered it to be covalent.
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Although excited states of G-quadruplexes were investigated both experi-
mentally®-13 and theoretically,!415 not much is known about how cations tune
their properties. Hua and co-workers showed that alkali metal cations (Na™ and
K*) play an important role in modulating decay pathways of G-quadruplexes.12
In the presence of a potassium cation, G-quadruplex emission stems from excit-
onic mm* states, whereas in the presence of a sodium cation, the emission ori-
ginates from charge-transfer (CT) states. Hua and coworkers argued that such
difference is not due to the original excited electronic states but is a consequence
of different mobility of potassium and sodium cations during electronic relation.
Improta studied the excited states of the G-quartet with two potassium cations at
the M05-2X/6-31G(d) level of theory.!4 He found that the lowest absorption
peak of hydrated guanosine monophosphate at approximately 4.90 eV originates
from two nn” states. The lowest energy transition assigned to the L, state origin-
ates from HOMO to LUMO transition, whereas the higher energy state is the Ly
state, which stems from HOMO to LUMO+1 excitation. Although the energy
difference and relative intensities of these two states were correctly reproduced
with the M05-2X functional, there was a blue-shift of 0.86 eV with respect to the
experimental energies. This energy difference was attributed to the employed
basis set and the lack of solvent—solute interaction as well as vibronic effects in
the employed computational model.
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G-QUARTET EXCITED STATES 1 023

In this contribution, the extent to which alkali metal cations modulate low-
-lying excited singlet electronic states and their charge-transfer character in
G-quartet complexes with metal cations were systematically examined. The goal
was to determine whether various monovalent metal cations might change the
charge-transfer content of the lowest excited singlet state in its minimum. To this
end, the ground and lowest excited singlet electronic states of G-quartet com-
plexes with lithium, sodium and potassium cations were optimized and a detailed
analysis of their charge-transfer character performed.

COMPUTATIONAL DETAILS

The ground state geometries of the G4—M complexes were optimized with the M06-2X
functional, !¢ which correctly describes the dispersion interactions important for hydrogen
bond description. The excited states were computed using the time-dependent density func-
tional theory with a long-range corrected CAM-B3LYP functional.!”:!® This functional pro-
vides a balance description of local and charge-transfer states. It also outperforms the M06-2X
functional in the energy values of the excited state.!® Split valence 6-31+G(d,p) and 6-31G
basis sets20-24 were employed for the ground and excited state optimizations, respectively.
Vertical excitation spectra were calculated with cc-pVDZ correlation consistent basis set?® for
guanines and TZVP basis set26 for the metal cations. Geometry optimizations were performed
without symmetry restrictions. All electronic structure calculations were realized using the
Gaussian 16 program package.?’

Characterization of excited state properties was performed by employing the Multiwfn
program.?82° The interfragment charge transfer (IFCT) methodology was applied and the
natural transition orbitals (NTOs) computed. The IFCT method is based on the analysis of the
transition density matrix. This matrix is used to obtain the interfragment charge transfer mat-
rix M, the diagonal elements of which represent the magnitude of electron redistribution on a
particular atom in the corresponding excited state upon excitation from the ground state. The
off-diagonal elements represent the magnitude of the electron redistribution between different
atoms (i.e., fragments if block matrices are considered). By summing up certain values of
these matrix elements, the local excitation and charge-transfer content (in fractions) for pre-
defined fragments in the system could be estimated for each excited state. Thus, the following
descriptor was defined:

XM
i,je(G .M —G,,.M)

>,

i,j

X =

(M

The sum in the denominator in Eq. (1) runs over all matrix elements while the sum in the
numerator defines the quantity X as follows: X represents local excitation (LE) content if i and
j run over block diagonal matrices that represent only the contribution of excitations within
each fragment (single guanine unit, G;, Gy, = 1, 2, 3, 4; see Fig 1.) and metal ion (M), i.e.,
G1-Gl, G2—G2, G3—G3, G4—G4 and M—M; X represents the charge-transfer content if
summing all block non-diagonal elements, for example, contribution from G1—M or
G4—G3. The charge-transfer content can be divided into three parts: CTyeighpor if Only
charge-transfer excitation contributions between the neighboring fragments are considered,
i.e.,, G1-G2, G1->G4; CTgjagona if contributions are only between diagonal guanine frag-
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1024 MILOVANOVIC, PETKOVIC and ETINSKI

ments G1, G3 and G2, G4; CT,y., depicting the charge transfer between guanines and metal
ion. The descriptors satisfy the following equation:

LE+CT=LE+ CTneighbour + CTdiagonal + CTera = 1 )
RESULTS AND DISCUSSION
The ground state geometry

The optimized structures of Gy, G4-Lit, G4—Na™, G4—K™' are presented in
Fig. 2 (additional data are given as Supplementary material to this paper). Their
most important geometrical parameters are collected in Table I. The G4 structure
is almost planar and it has the C4 symmetry group. The average distance
between oxygen atoms and their geometrical center is 2.95 A. The
N;-H;---O1 and No—Hj---N3 hydrogen bond lengths amount to 1.91 and 2.46 A,
respectively. Alkali metal cations have a significant impact on the structure of the
complexes. The presence of the cations decreases the repulsion between the oxy-
gen atoms and thus decreases the lengths of the hydrogen bond. The later effect
results in stronger hydrogen bonds. In addition, different cationic radii are res-
ponsible for different geometrical parameters of the complexes. The Gy4-Lit
geometry is close to the S4 symmetry group. The average distance between the
oxygen atom and lithium cation is 1.99 A. The N;-H;---O; and Np—-Hj---N3
hydrogen bond lengths are equal to 1.99 and 1.83 A, respectively.
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Fig. 2. The G4 and G4,—M (M = Li*, Na*, K*) structures with top and side view. The indicated
hydrogen bond lengths and O;—M distances are given in A.
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The dihedral angle between the oxygen atoms has a value of 35.2°
indicating a highly twisted structure. The G4—Na™ structure is much less distorted
compared to the G4—Li* one and it has approximately S4 group symmetry.
Dihedral angle between the oxygen atoms is equal to 0.4°. The N1—-Hj---O1 and
N»>—H»---N3 bond lengths increase and decrease relative to those of the complex
with lithium cation, respectively. The structure with potassium cation has similar
properties to those of the complex with sodium cation. The symmetry of the
G4-K* geometry is close to that of the C4 group. Smaller ionic radius of Li* and
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G-QUARTET EXCITED STATES 1 025

Na' allow these ions to be positioned in or near the center of the Gy structure,
whereas K* is located out of the plane defined by the G4 structure (see Fig. 2).

TABLE I. Geometrical parameters for G, and G4~M (M=Li", Na*, K*) structures

Structure Bond distance, A Bond angle, °

Gy 2.95 1.91 2.46 151.7 131.8 04

G4-Li* 1.99 1.83 1.96 152.6 167.7 352
G4Na* 2.26 1.88 1.91 161.8 176.2 04

G4 K" 2.61 1.90 1.93 168.1 170.4 1.1

8Average distance between four oxygen atoms and alkali metal ion. For an empty G4 scaffold, the average
distance of the O-geometrical center is taken; baverage inner hydrogen bond distance; average outer hydrogen
bond distance; daverage inner hydrogen bond angle; ®average outer hydrogen bond angle; fdihedral angle
defined by the four O oxygen atoms

Vertical excitation spectrum

Vertical excitation energies, oscillatory strengths, excited state descriptors
and fragment contributions to excitations of the first eight states of G4 and G4—M
complexes are collected in Table II. Electronic coupling and degeneracy of the
excited states of the multiple guanine bases in the examined systems is res-
ponsible for presence of the delocalized states in these supramolecular structures.
Many different canonical orbitals contribute to electronic transitions and thus it is
difficult to understand how the electron density is modified upon excitations. On
the other hand, natural transition orbitals provide a compact description of the
electronic excitations and a small number of orbitals are needed to describe the
transitions. The lowest four states are the combination of different monomer-like
L, transitions, whereas the next four states belong to monomer-like Ly, transit-
ions. Although the transitions include charge-transfer, there is no net charge
separation.

The G4 absorption spectrum has two distinct maxima located at 5.22 and
5.65 eV. The exciton coupling is found to be less than 0.01 eV. Only the first
state of the L, transition is stabilized by 0.04 eV with respect to the other three
states. The lowest absorption band originates from transitions to the bright S, and
S3 states, which are delocalized over the diagonal guanine monomers G1, G3 and
G2, G4, respectively. Local excitations contribute to half of all the transitions.
The dominant CT contributions are diagonal, whereas the excitations between
neighboring guanine monomers account for only 7 %. The Sy and Sy states are
dark states and thus do not contribute to this absorption band. These two states
stem from the orbitals that are delocalized over all the guanine monomers. Their
excitations have mostly neighboring CT character. The four L states have
similar properties to those of the L, states but in this case, the dark states are the
third and four states in the Ly, group.
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1028 MILOVANOVIC, PETKOVIC and ETINSKI

The presence of alkali metal cations in G-quartet results in a red-shift of the
lower energy absorption band. This spectral displacement amounts to 0.17, 0.20
and 0.18 eV for the G4-Li", G4-Na*t and G4-K* complexes, respectively. Thus,
the cation radiuses are not correlated with the band shift of the L, state. On the
other hand, the cation radiuses correlate with the contribution of the guanine to
metal excitations. These contributions are approximately 1, 2 and 3.5 % for the
G4-Lit, G4—Na' and G4—K* complexes, respectively.

The CTinetal contributions mostly arise at the expense of CThejghbour cOntent
making the LE and CTgjagonal components almost unchanged. The Ly states
undergo a blue-shift which amounts to less than 0.05 eV in all three cases.
Similarly to the L, states, these shifts are not correlated with the cation radii. The
CTetal contribution to Ly, states accounts by less than 0.5 % in the G4-Li* and
G4—Na' systems and by less than 2.0 % in the G4—K™'. Metal ions change the
ordering of the bright and dark Ly, states compared to the empty quartet scaffold.
The Sg and S7 states become bright states responsible for the high-energy abs-
orption band. The LE content is comparable to the one of the L, states except for
the G4—Na™ system that has a different character of the S¢ and S7. The Sg and Sy
bright Ly, states of the G4—Na™ system exhibit a high CT content that amounts to
72.8 %. The characters of the S5 and Sg states are not significantly influenced by
the alkali metal ions in the G4—M complexes and they remain dark with a CT
content of 75 %.

The first excited state

The properties of the first excited singlet state are not only important due to
their relation with fluorescence but they might also provide insight into the
electronic relaxation of the molecule. Hua and co-workers argued that the fluor-
escence of G-quadruplexes in the presence of sodium and potassium cations ori-
ginates from states with different charge-transfer properties.12 It is questionable
whether these properties remain for isolated G-quartets, or are a consequence of
G-quartet stacking. Adiabatic and vertical excitation energies, oscillator strengths,
excited state descriptors and fragment contributions to the S; state of G4 and
G4—M complexes are presented in Table III. The vertical excitation energies cor-
respond to the energy differences between the S and ground state at the opti-
mized geometry of the S state. The optimized geometries of the S; states of G4
and G4—M complexes are given in Fig. 3, whereas the most important geometric
parameters are collected in Table IV. Natural transition orbitals reveal that the
electronic excitation is localized on a single guanine fragment so that the trans-
ition mostly involves a local excitation. The charge transfer character is very
small and it does not change upon cation substitution. Thus, it was concluded that
the properties of the Sp states of G-quartet and G-quadruplex are different. It is
proposed that the relaxation of the excited state of G-quartets proceeds via guan-
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G-QUARTET EXCITED STATES 1 029

ine monomers and does not include all bases. It is likely that the lifetime of the
excited state of the G-quartet is similar to that of an isolated guanine.

TABLE III. Adiabatic and vertical excitation energies, oscillator strengths, excited state
descriptors and fragment contributions to the S; state of G4, and G,~M (M = Li*, Na*, K")
complexes

E E . Fragment
Structure e\/; e\\; j LE CT (T, neighbour CT, diagonal CTmetal contrzigbutions
Gy 497 347 0.11 0979 0.021 0.018 0.003 98% G3—G3

Gg-Lit 497 443 0.17 0939 0.061 0.042 0.008 0.010 96% G4—G4
G4Na" 496 435 0.17 0938 0.062 0.034 0.007 0.021  97% G2—G2
G4K" 4.89 325 0.10 0.944 0.056 0.023 0.005 0.028  99% G2—G2

no metal Li' Na' K

2 @270

Fig. 3. The structures of G4 and G4,—M (M = Li*, Na*, K*) of the optimized state of S; with
top and side view. The indicated hydrogen bond lengths and O1-M distances are given in A.

The adiabatic energies of Gy, and the Gy4—Li" and G4—Na't complexes
amount to approximately 5 eV. The complex with potassium cation has 0.07—
—0.08 eV lower adiabatic energy than the other three systems. On the other hand,
the vertical excitation energies drastically vary with the cation species. The low-
est value (3.25 eV) is found in the complex with potassium cation. The vertical
excitation energy of the G4 complex is 0.22 eV higher. The complexes with
lithium and sodium cations have vertical energies that are approximately equal to
44¢eV.

Therefore, there is a large difference in the maxima of the fluorescence
spectra between the examined complexes. These discrepancies are correlated
with the differences between optimized geometries of the ground and the first
excited states. In addition to Hoogsteen hydrogen bonds, the G4 structure also
exhibits bifurcated hydrogen bonds in the S; state, i.e., the Op atom is the hyd-
rogen bond acceptor for two bonds. The G4 geometry loses its planarity in the
excited state. The average distance between oxygen atoms and their geometric
centers decreases in the excited state by 0.25 A. Thus, the ground state energy of
the Gy structure is strongly destabilized at the S; state optimized geometry. The
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1030 MILOVANOVIC, PETKOVIC and ETINSKI

complexes with the cations exhibit smaller geometrical changes in the optimized
S state than the G4 structure. Yet, the largest distortions between these com-
plexes are found for the structure with potassium cation — its dihedral angle
between the oxygen atoms changes by 5.8 degrees.

TABLE IV. Geometrical parameters for G4 and G4~M (M = Li*, Na*, K) structures in the S,
optimized state

Structure Bond distance, A Bond angle, °

d[O1-M]* N1-HI---O1® N2-H2.--N3¢ zZNIH101¢9 £ZN2H2N3¢ dihgooof
Gy 2.70 1.77 2.21 160.6 148.5 -1.6
G4-Li* 2.04 1.69 1.82 158.4 170.5 31.5
G4Na* 2.26 1.74 1.81 165.4 174.6 -1.2
G4 K" 2.61 1.77 1.85 168.8 170.8 4.7

8Average distance between four oxygen atoms and alkali metal ion. For empty G4 scaffold average distance of
O1-geometrical center is taken; baverage inner hydrogen bond distance; average outer hydrogen bond distance;
daverage inner hydrogen bond angle; ®average outer hydrogen bond angle; fdihedral angle defined by the four
O oxygen atoms

CONCLUSIONS

G-quartet complexes with alkali metal cations are supramolecular structures
stabilized by cation—guanine interaction and hydrogen bonding. Smaller cations
are positioned in or close to the plane defined by G-quartet, whereas larger
cations are located out of the plane. Due to the degeneracy caused by multiple
guanines, the vertical excitations of G-quartet complexes are not localized on one
but involve several guanines. It was found that electronic transitions have local
excitation and charge-transfer character that includes neighbor and diagonal
contributions. Although the transitions include charge-transfer, there is no net
charge separation. The lowest four states are found to be the combination of
monomer-like L, excitations, whereas the next four states have monomer-like Ly,
excitations. In the presence of the alkali cations, the L, and L, transitions exhibit
red- and blue-shifts, respectively. The shifts are not sensitive to the nature of the
cation. The lowest excited singlet state at its minimum is localized on one guan-
ine monomer and its charge-transfer character is approximately equal for all
complexes with the cations. The existence of localized excitation implies that the
excited state lifetime of the G-quartet is similar to that of an isolated guanine
monomer. Although all examined complexes have very similar adiabatic
energies, their vertical excitation energies at the S; minimum differ considerably.
These differences are attributed to distortions of the complex geometries at the S;
minimum. Consequently, alkali metal cations tune the fluorescence spectra
maxima of the G-quartet complexes.
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SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.
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U3BOJ
CBOJCTBA IIOBYBEHUX EJIEKTPOHCKHX CTAbA KOMITJIEKCA KBAPTETA I'YAHHHA
CA KATJOHUMA AJTKAJTHUX METAJIA

BPAHUCIIAB K. MUWJIOBAHOBUR, MUJIEHA. M. TIETKOBWR 1 MUXAJJIO P. ETUHCKH
Yuusepsutietni y Beoipagy — @axyniuetn 3a pusuuxy xemujy, Cygeniticku wipi 12—16, 11158 Beoipag

G-KBapTeTH Cy CyIpa-MOJIEKYJICKe CTPYKTYpe Koje Ce CacToje off YeTUPH 'yHaHHHA I10Be-
3aHa momohy ocaM BOZOHHYHUX Be3a. OHe Cy NOmaTHO CTabMIMN30BaHE METATHHUM KaTjOHHMA.
Y oBoM pany npoy4yaBamo nodyhena crama G-KBapTeTa U BUXOBHUX KOMIUIEKCA Ca TUTHjYMOM,
HaTPHjyMOM M KaJlHjyMOM KopucTehr BpeMEeHCKH 3aBHCHY TeOpHjy MyHKLIHOHANA eleKTPOH-
cke ryctuHe. Hauu pe3ysTaTy yKasyjy Ia BepTHKanHa nodyhrBama U3 ONTHMH30BaHOT OCHOB-
HOI' CTawma YK/byuyjy mpenase usmehy Hexonuko 0asa, nok mnodyhuBama M3 ONTHMH30BAHOT
HajHIKe modyheHor cTama ybydyjy npenase ca jenHe Hase. AHaIM3WpaH je yneo mpeHoca
HaeleKkTpucamwa y TUM cTambuMa. [Tokasanu CMo Jja KaTjoHH MOTY Aa MOAUGUKYjYy MOIoXkaje
MakcuMyMa (hIIyOpOCLIEHTHHX ClleKTapa KOMIUIEKCa.

(ITpumsmseno 25. okrodpa, peBunupaHo 2. fenemdpa, mpuxsaheno 24. genemdpa 2019)
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