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Exploring hon-covalent interactions in guanine-
and xanthine-based model DNA quadruplex
structures: a comprehensive quantum chemical
approacht

Yevgen P. Yurenko,? Jan Novotny,® Vladimir Sklenar®®® and Radek Marek*®°

The study aimed to cast light on the structure and internal energetics of guanine- and xanthine-based
model DNA quadruplexes and the physico-chemical nature of the non-covalent interactions involved.
Several independent approaches were used for this purpose: DFT-D3 calculations, Quantum Theory of
Atoms in Molecules, Natural Bond Orbital Analysis, Energy Decomposition Analysis, Compliance
Constant Theory, and Non-Covalent Interaction Analysis. The results point to an excellent degree of
structural and energetic compatibility between the two types of model quadruplexes. This fact stems
from both the structural features (close values of van der Waals volumes, pore radii, geometrical
parameters of the H-bonds) and the energetic characteristics (comparable values of the energies of
formation). It was established that hydrogen bonding makes the greatest (~50%) contribution to the
internal stability of the DNA quadruplexes, whereas the aromatic base stacking and ion coordination
terms are commensurable and account for the rest. Energy decomposition analysis performed for
guanine (Gua) and xanthine (Xan) quartets B4 and higher-order structures consisting of two or three
stacked quartets indicates that whereas Gua structures benefit from a high degree of H-bond
cooperativity, Xan models are characterized by a more favorable and cooperative m—m stacking.
The results of electron density topological analysis show that Na*/K* ion coordination deeply affects the
network of non-covalent interactions in Gua models due to the change in the twist angle between the
stacked tetrads. For Xan models, ion coordination makes tetrads in stacks more planar without changing
the twist angle. Therefore, the presence of the ion seems to be essential for the formation of planar
stacks in Xan-based DNA quadruplexes. Detailed study of the nature of ion-base coordination suggests
that this interaction has a partially covalent character and cannot be considered as purely electrostatic.
Investigation of the H-bond and ion-base coordination strengths by various independent approaches
agrees well with the results of QTAIM analysis.

striking evidence of the importance of non-covalent inter-
actions is their significance in governing spatial structures and

Non-covalent interactions, including ion-ion, dipole-dipole,
ion-dipole, and dispersion interactions, hydrogen (H) bonding,
steric clashes (SC), are ubiquitous forces that play a paramount
role in all areas of biology and nanoscience."” The most
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driving folding processes in nucleic acids, proteins, and their
assemblies. Moreover, an intricate interplay of various non-
covalent interactions determines, to a great extent, the course
of all biochemical processes inside a living cell,> where the
mutual recognition of biomolecules via non-covalent contacts
occurs. In particular, a comprehensive study of non-covalent
interactions would be beneficial for understanding the poly-
morphism and heterogeneity of DNA, since non-covalent forces
that govern the different forms of DNA are not completely
understood. Although experimental studies provide valuable
insights into the internal characteristics of non-covalent forces,
they are usually hindered by complications arising from environ-
mental effects, as well as competing non-covalent interactions.
Therefore, quantum chemistry investigations of model systems
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can be considered as a unique approach that paves way for
understanding the role of the main non-covalent forces arising
in the forms of DNA and the transition states between them.

Among the possible DNA structures, guanine quadruplexes
(G-quadruplexes) deserve special attention. They are formed in
guanine-rich sequences that occur frequently in eukaryotic
genomes.* It should be noted that direct evidence for the
formation of G-quadruplexes in vivo was absent for a long time.
Only very recently, have Biffi et al. engineered an antibody that
binds specifically to G-quadruplex structures and enables the
direct visualization of G-tetraplex sites in chromosomes.’
In addition, the indirect data also prove convincingly the supreme
biological importance of G-quadruplexes. For instance, proteins
that can bind to G-quadruplexes have been observed,’® as well as
helicases” and nucleases® that act specifically on these structures.
However, the most striking fact is that quadruplexes are most
likely present in the telomeres® of eukaryotic cells. A link between
immortality and telomere maintenance in stem and germ line
cells has been demonstrated.'® The proliferating cancerous cells
are immortal due to the high activity of the telomerase enzyme
maintaining the length of the telomeres. Whereas single-stranded
DNA is a telomerase substrate, G-quadruplex DNA is not. In this
respect, numerous strategies for the inhibition of telomerase,
based on folding single-stranded DNA to G-quadruplexes, have
been proposed.'’*?

The basic unit of G-quadruplexes is a guanine tetrad (G-tetrad),
also known as a guanine quartet or simply G-quartet (Fig. 1).
Guanine (Gua) moieties in quadruplexes are held together by the
following main types of non-covalent interactions:"* (a) hydrogen
bonding (NH---O, NH---N) is responsible for assembling four
guanine units into the G-tetrad; (b) stacking interactions between
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individual tetrads enable the formation of higher assemblies (G4),,;
(¢) coordination of monovalent ions (Na*, K*), which are typically
located in the inter-base regions of the quadruplex pore.**

Several theoretical approaches based on ab initio quantum
chemical calculations,"”™° as well as on regular and adaptive
biasing force molecular dynamics simulations (ref. 28-33 and
references therein), were used to study the structure and
energetics of nucleic acid quadruplexes. These studies revealed
important features of the non-covalent interactions in G-quadruplex
building blocks. For instance, Louit et al.'” analyzed the Hoogsteen
and bifurcated H-bonding networks in G-quartets using Quantum
Theory of Atoms in Molecules (QTAIM) and established that the
Hoogsteen hydrogen-bonding pattern benefits more from coopera-
tivity than the bifurcated one, which is evident from the topological
characteristics of the bond critical points (BCP). Recently, it has
been shown'® that the H-bond cooperativity in G-quadruplexes
originates from the charge separation in the c-electron system
and not from the resonance assistance of the n-electron system.
The substantial values of the calculated trans-H-bond J-coupling
constants "Jy,ny and ™Jyice and their correlation with the
geometric characteristics of the H-bonds'® suggest an impor-
tant covalent contribution to the H-bonding in G-tetrads. Some
authors have considered coordination with metal ions to be
essentially covalent,®® whereas other studies'®*® view it as
purely electrostatic in nature. Recently, the influence of differ-
ent stacking patterns on the stability of stacked G-quartets has
been estimated.”® However, the nature of the n-n stacking in
G-quadruplexes and its contribution to their stability remain
largely unknown.

In addition to their pharmacological applications, DNA
quadruplexes and their modified forms®® are investigated and

Fig. 1 Spatial structures of Gua and Xan tetrads with sodium and potassium ions as optimized in TURBOMOLE at the BLYP-D3/def2-TZVPP level of
theory. Dotted lines denote non-covalent interactions (H-bonds and ion-base coordination) identified by QTAIM analysis and the atom numbering

corresponds to standard nucleic acid nomenclature.”*
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designed as building blocks for materials science, biosensors,
and nanotechnology.'® It should be mentioned that natural
G-quadruplexes can be used in the above-mentioned applications.
However, chemical modifications of the nucleobases and/or a
sugar-phosphate backbone are needed to improve or enhance
specifically desired quadruplex properties, such as conductivity or
the ability to form supramolecular structures. Xanthine®® and its
3-substituted derivatives,”” as suggested recently, can be consid-
ered as promising candidates for quadruplex formation since they
are able to form stable base tetrads, as shown by nano-ESI mass
spectra, NMR spectroscopy, and quantum chemical computations.
Despite the fact that xanthine and its derivatives”” are able to form
quartets, the latter are different from the corresponding guanine
associates in various ways. For instance, the H-bonding network in
xanthine quartets shows little or no cooperativity as compared to
G-tetrads.” In our recent work,*” the idea of a xanthine scaffold
was extended to the construction of artificial N3-xanthosine-
modified DNA quadruplexes. The results of molecular dynamics
simulations indicate several differences between guanine-based
and N3-xanthine-modified DNA quadruplexes, such as preferred
conformational states of the sugar-phosphate backbone and ion-
transporting barriers and mechanisms. In spite of these differ-
ences, our simulations®” demonstrate the considerable stability of
xanthine quadruplexes and imply a good structural compatibility
of the xanthine and guanine tetrads in the DNA quadruplexes.

In this paper, we aim to shed light on the electronic nature
and intrinsic characteristics of the non-covalent interactions in
guanine- and xanthine-based quadruplexes (H-bonding, aromatic
n-n stacking, and metal ion-base coordination). Using simple
molecular models, we apply a large arsenal of current state-of-the-
art quantum chemical techniques including Bader’s QTAIM
theory,*® Natural Bond Orbital (NBO) analysis,*® Energy Decom-
position Analysis (EDA),** Non-Covalent Interaction (NCI) plots,*"**
Grunenberg’s compliance constants theory,**** and charge
analyses. We aim to answer the following questions: (i) to what
degree guanine- and xanthine-based model quadruplexes are
structurally complementary; (ii) how the H-bonding, stacking,
and ion-base coordination influence the formation energies of
model structures; (iii) what are the fundamental physico-
chemical forces that determine the sophisticated network of
non-covalent interactions in quadruplex structures; and (iv) what
is the electronic nature of the non-covalent interactions in the
studied systems and how do these interactions influence each
other. For the first time, we identify and characterize individual
van der Waals contacts arising in model guanine- and xanthine-
quadruplexes and evaluate their role in maintaining the quad-
ruplex structures. We also discuss possible trends for introducing
modifications into the xanthine base in such a way that the
non-covalent interactions in new structures would lead to
quadruplexes with improved properties.

2. Computational methodology

We used the following molecular models for our investigation:
H-bonded base tetrads B4 (B = Gua, Xan); base tetrads with
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Fig. 2 Optimized structures of Gua (left) and Xan (right) (B4)s-2Na* complexes.

coordinated metal ion M" inside a cavity B4-M" (M" = Na', K",
Fig. 1); two H-bonded tetrads stacked on each other, i.e., (B4),;
two stacked tetrads (B4),-M" containing a metal ion located in
the inter-plane region (Fig. S1 in ESIY); three base tetrads
stacked on each other without metal ions inside the cavity
(B4)3; and three stacked tetrads with one or two metal ions
inside the channel, denoted as (B4);-1M" and (B4);-2M", respec-
tively (Fig. 2, Fig. S2 and S3 in the ESIT). Hereafter the general
notation for all one-, two-, and three-tetrad models will be B4,
(B4),, and (B4)s, respectively.

The initial structures of the guanine-based B4, (B4),, and
(B4); complexes were generated from the coordinates obtained
from the Protein Data Bank*® (139 D*’). The metal cations were
placed manually in such a way that they would closely interact
with the internal O6 atoms. The sugar-phosphate backbones
and other base pairs were removed. The bond valencies that
remained unfilled were each terminated with a hydrogen atom.
The xanthine-based models were constructed on the basis of
the guanine-containing structures by using the Chimera mole-
cular modeling system.*®

The starting structures were optimized in the TURBOMOLE
V. 6.3 package using the BLYP exchange-correlation functional®>*'
with the recent D3 empirical dispersion correction® and def2-
TZVPP*® basis set. Earlier studies of the systems of stacked
nucleobase pairs and quartets showed® that the H-bond and
stacking energies obtained with the BLYP functional with
dispersion correction are in excellent agreement with the
energies (MP2 and CCSD(T) complete basis set limit) obtained
from the S22 benchmark database.®® The solvent effects in
water were estimated using the conductor-like screening model
(COSMO),>® with the default values of all of the atomic radii. To
reduce the time needed to optimize the geometry of the (B4);
models, these were pre-optimized in vacuo at the BLYP-D3/def2-
SVP level of theory. The RI-approximation with the auxiliary
basis set def2-TZVPP*” was used to speed up the calculation of
the Coulombic terms. The DFT grid was defined to be m5. The
energetic and geometrical criteria of convergence were set to
10~° Hartree and 10~° A, respectively. The formation energies
were obtained based on the difference between the energy of the
complex and the corresponding optimized components calculated
at the same level of theory, i.e., in the general case:

AEgorm[AB] = E[AB] — E[A] — E[B] (1)

We did not take the basis set superposition error (BSSE) into
account because small BSSE effects are assumed to be absorbed
by the D3 empirical potential.*®
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Because some of the optimized structures appeared to be
non-planar, which is not relevant to real quadruplex systems
where stacked tetrads are almost planar, we performed partial
optimization of some planar structures to find the energy
differences between the non-planar and planar structures, as
well as any distinctions in the structural characteristics. The
planar forms of tetrad assemblies were prepared from opti-
mized structures by orienting them axially in the z-direction
and assigning an identical average z-coordinate to all of the
atoms within a tetrad. To obtain planar structures during
optimization, we set a constrained symmetry group Cs for the
case of the tetrads B4. For higher order structures, i.e., (B4),
and (B4);, an additional dihedral angle § = C8-N1-N1-C8 was
frozen at 180° in each stacked tetrad.

Additionally, all model structures were re-optimized by
means of the ADF program,®® using the same method (BLYP-D3)
in combination with an uncontracted polarized triple-{ basis
set of Slater type orbitals (TZP). The resulting optimized struc-
tures were subjected to energy decomposition analysis (EDA) at
the same level of theory into electrostatic interaction AVeisar,
Pauli-repulsive orbital interactions AEp,y;, attractive orbital
interactions AE,;, and dispersion energy AEgjg, terms:

AEint = AVelstat + AEPauli + AEoi + AEdisp (2)

In eqn (2), the AE, term accounts for charge transfer
(i.e., donor-acceptor interactions between occupied orbitals
on one fragment and vacant orbitals of the other) and polariza-
tion (mixing of vacant and occupied orbitals in one region due
to the presence of another available region). It should be noted
however that molecular orbital-based energy decomposition
analysis may overestimate the polarization and charge transfer
components.®® In the course of energy decomposition we chose
molecular regions in a way that allowed separating and evaluating
the contribution of a particular type of non-covalent interaction
(H-bonding, n-= stacking, or ion coordination) to the stability of
the B4, (B4),, and (B4); complexes.

Non-covalent interactions (H-bonds, van der Waals contacts,
and ion-base coordination contacts) were initially identified by
means of QTAIM*® methodology using the AIMAIIl program.®’
The presence of a critical point (3, —1) (the so-called Bond
Critical Point - BCP), a gradient path between two interacting
atoms, and a positive value of the Laplacian of electron density,
Ap, were considered as indicators of closed-shell non-covalent
interactions (van der Waals contacts, H-bonds, and metal
ion coordination). The wavefunctions for QTAIM analysis
were calculated in the Gaussian 09 suite of programs®' for
TURBOMOLE BLYP-D3/def2-TZVPP geometries at the same
level of theory (using the BLYP functional and def2-TZVPP basis
set imported from the EMSL Basis Set Library).®>%?

To study the charge transfer property in the interacting
orbitals of H-bonds, we resorted to the NBO analysis®® imple-
mented in Gaussian,®’ which interprets the electronic wave
function in terms of a set of occupied Lewis and a set of vacant
non-Lewis localized orbitals. A second-order Fock matrix analysis
was carried out to evaluate the interaction between the donor (i)
and acceptor (j) orbitals. The result of such interaction is a

This journal is © the Owner Societies 2014
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migration of the electron density from the idealized Lewis
structure into a vacant non-Lewis orbital o*. For each donor
(i)-acceptor (j) pair, the stabilization energy is calculated as
follows:

F(i,j)’
& — &

E, = AEij = q; (3)
where g; is the donor orbital occupancy, ¢ and ¢; are diagonal
elements, and F(i,j) is the off-diagonal element of the NBO Fock
matrix.

The H-bond energies were evaluated in several ways. The
most straightforward method was the use of the Espinosa-
Molins-Lecomte (EML)** formula based on the electron density
distribution at the (3, —1) BCPs of the H-bonds:

Egg = 0.5V(1) (4)

where V(r) is the value of the local potential energy density
(virial field) at the (3, —1) BCPs. Because the formula (4) with
the coefficient 0.5 provides only a rough evaluation of the
H-bond energy (sometimes smaller values of the coefficient
are required to obtain the best fit)®> we also applied the
relationship suggested by Nikolaienko et al®® to estimate
formation enthalpies (in kcal mol ") for the NH- - -O hydrogen
bonds: Exp...0o = —2.03 + 225p°°F, where p®°F is the electron
density at BCP (in atomic units). This relationship was derived
by comparing the QTAIM and vibrational characteristics of
~2901 conventional hydrogen bonds in 4424 conformers of
DNA-related biomolecules. We could not use this alternative
methodology to estimate the energies of the NH- - -N hydrogen
bonds in Gua-containing structures because, to the best of our
knowledge, there are no reliable literature data relating the BCP
characteristics of NH- - -N bonds and their enthalpies that have
been tested on a large number of H-bonds of this type.

The relative strengths of the H-bonds and ion coordination
interactions in the guanine and xanthine tetrads were addi-
tionally estimated by using Grunenberg’s compliance constants
formalism.**** In contrast to force constants, the numerical
values of compliance constants do not depend on the coordi-
nate system. The physical meaning of compliance constants is
deduced from their definition as the partial second derivative
of the potential energy due to an external force:

2
Ci=prr- ®)
)fif

The H---O/N and M"---O distances (where O/N are the
H-bond acceptor and the oxygen coordinating with the metal
ion M') were used as internal coordinates for the calculation
of the Cj constants. In other words, compliance constants
measure the displacement of an internal coordinate resulting
from a unit force acting on it. As follows from this definition,
a lower numerical value of the compliance constant represents
a stronger bond. The compliance constants were calculated by
using the Compliance 3.0.2 program.**** It should be noted
that we were unable to apply this methodology to evaluate the
strengths of the van der Waals contacts between stacked bases
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in the (B4), and (B4); models. This complication stems from
the fact that this methodology requires the calculation of the
Hessian for these large structures, which was computationally
infeasible in our case.

Finally, the strength and location of the non-covalent inter-
actions in model quadruplex structures was studied using NCI
analysis,*"*> which is based on the dependence between the
reduced electron density gradient s(r) and the sign(4,)p, where
Ay is the second eigenvalue of the electron density Hessian and
p is the electron density. This method allowed us to identify the
regions where the non-covalent interactions arise and allowed
us to decide if the interactions are stabilizing or not.

3. Results and discussion

3.1. Energetic preferences and structural characteristics of
model quadruplex structures

It is important to note that any nucleobase B that can poten-
tially form artificial G-compatible quadruplex structures should
satisfy several requirements: (i) steric compatibility with Gua;
(ii) the ability to form stable H-bonded quartets; (iii) feasibility
of ion coordination inside the central pore of a quadruplex
without major hindrances; (iv) the formation of helical stacks
connected by a relaxed sugar-phosphate backbone; (v) the
quadruplex formation should be energetically favorable, ie.,
the formation energies of quadruplex structures with base B
should be comparable with energies for the corresponding
Gua-containing structures. Taking into account these simple
criteria, we will examine some geometrical and energetic pre-
ferences of xanthine-based model quadruplex structures and
compare their properties with guanine-containing models.

We start with a brief comparison of some specific properties
of Gua and Xan bases. Both bases have two H-bond accepting
and H-bond donating sites. They are also able to form stable
Hoogsteen base pairs through two H-bonds, which is important
for the stability of base quartets. The partial atomic charges for
Gua and Xan monomeric units optimized at the BLYP-D3/def2-
TZVPP level of theory were estimated by two different methods
(Table 1). The charge analysis allowed the following conclu-
sions: (i) the O6 charge values in Gua and Xan bases are rather
close, which points out that the O6 of Xan can be a good
H-bond acceptor. The slightly lower O6 charge of Xan indicates
that this base has an intrinsic tendency to form somewhat
weaker coordination bonds with Na*/K" ions; (ii) the O2 atom of
Xan has a greater negative charge relative to O6 and thus can be
a stronger H-bond acceptor. However, the H-bonding capability

Table 1 Table of atomic charges calculated for Gua and Xan monomeric
units (ESP-Kolmann and NBO charges)

06 H1 02 NH2 N7/H7
G ESP —0.6387  0.4153 0.4019/0.4060 —0.7031
NBO —0.6294 0.4211 0.4052/0.4122  —0.4470
X ESP —0.6195 0.4038 —0.6618 0.4039
NBO —0.6043 0.4296 —0.6246 0.4447
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of both oxygens can vary, being influenced by the environment
(presence of ion(s), solvent, stacking); (iii) the charges of the
H1 atoms are similar in both monomeric units, which indi-
cates a similar degree of polarity of the H-bond donating
moieties N1H.

To characterize the steric compatibility of the Gua and
Xan bases, we calculated their van der Waals volumes for
optimized geometries (Table S1 in the ESIt) by using the Vega
Z7Z program.®” The close values of these volumes (114.9 A® for
Xan and 116.7 A® for Gua) imply good steric compatibility of the
Gua- and Xan-based quadruplexes. We checked this statement
by calculating the van der Waals volumes for higher order
Gua- and Xan-containing structures, tetrads B4 and two stacked
tetrads (B4), with/without ions (Fig. 1 and 2, Fig. S1-S3 in the
ESIT). It turned out that even for two stacked tetrads with
Na'/K" the maximal difference in the volumes of Gua- and
Xan-based structures does not exceed 5% (Table S1, ESI}).
However, it should be noted that the steric complementarity in
real Gua- and Xan-containing quadruplexes is also determined
by the conformational preferences of their sugar-phosphate
backbone, which are not included in our simple models.

To evaluate the energetic preferences of formation of the
Gua- and Xan-based structures, we calculated the formation
energies (Table S2 in the ESIY) for the optimized B4, (B4),, and
(B4); structures with or without Na'/K" ion(s). The influence of
the environment was taken into account by using the COSMO
model.>® The obtained results (Table S2, ESIf) indicate that
formation energies for the hollow Gua and Xan B4, (B4),, and
(B4); models (—33 kcal mol ™, —89 keal mol ', —139 keal mol "
for Gua and —30 keal mol ™", —87 kecal mol™, —145 kcal mol™*
for Xan B4, (B4),, and (B4); complexes, respectively) are similar.
These values are close to those reported in ref. 18. It is
interesting that whereas the formation of Gua quartets and
two stacked Gua quartets is slightly more favorable, the system
of three stacked Xan quartets (X4); appears to be more stable
than the (G4);. This fact can be rationalized by the more
favorable stacking between parallel Xan tetrads. It becomes
more pronounced as the number of stacked tetrads increases
(see below). However, the addition of Na'/K" ions has substan-
tially more stabilizing influence on Gua-containing structures
vs. Xan-based models, which can be partially explained by the
higher negative charge of the O6 atom in Gua (Table 1).

H-bonding, n-n stacking, and ion-base coordination are
considered to be the most important non-covalent interactions
that determine the structure of quadruplexes. In this regard,
it is important to know to what extent each type of non-covalent
interaction contributes to the energetic stability of the DNA
quadruplexes. To tackle this question, we tried to estimate the
role of the individual contributions for our models (Gua and
Xan tetrads, two stacked tetrads, and three stacked tetrads)
by means of energy decomposition performed in ADF.>® The
obtained results (Fig. 3, Table S3, ESIt) for (B4), suggest that
in the case of two stacked tetrads with ions, the H-bonding
plays a dominant role in stabilizing the model quadruplex
structure (its contribution is around 50%) whereas stacking
and ion coordination make up 10-14% and 34-41% of the total
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Energy decomposition analysis of (B4),-M*
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Energy decomposition analysis of (B4)5-2M*
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Fig. 3 Relative contributions (in %) of hydrogen bonding, stacking, and coordination to the internal stability of (B4),-M* (left) and (B4)z-2M™* (right) models.
The interaction energies AE; were obtained by energy decomposition analysis in the ADF®® suite of programs at the BLYP-D3/TZP level of theory in vacuo
(for a definition of AE;, see formula (2)). The geometries were optimized at the same level of theory using the COSMO solvent model of water.

interaction energy, respectively. In this context, it is crucial to
find out whether these ratios remain the same in the case of
real DNA quadruplexes, where more stacked tetrads are pre-
sent. Energy decomposition analysis of the interaction energies
in (B4); models with two Na'/K" ions (Fig. 3, Table S3, ESI{)
suggests that in larger stacks with several ions the H-bonding
contribution remains approximately the same (~50%), while
the balance between coordination and stacking shifts slightly
towards the latter due to the repulsion between the cations inside
the central channel. For instance, in the (X4);-2K" structure the
H-bonding, stacking, and coordination contributions are 55%,
21%, and 24%, respectively. The results of energy decomposition
analysis for these simple models (two stacked tetrads and three
stacked tetrads with one and two cations, respectively) can, in
principle, be extrapolated to larger DNA quadruplex stacks
since every tetrad in DNA quadruplexes interacts with 2 (for
internal tetrads) or 1 (external) neighbor(s), and up to 1 cation
can be sandwiched between tetrad layers. Therefore, H-bonding
is estimated to contribute approximately 50% to the internal
stability of the DNA quadruplex in the absence of the sugar-
phosphate backbone (Fig. 3), whereas the stacking and coordination
terms are commensurable and correspond to the remaining ~ 50%
of the internal stability, neglecting any equilibria in the solvent.
As far as geometrical characteristics are concerned, some
optimized structures exhibit a noticeable non-planarity. Since
base tetrads in real quadruplexes are mainly planar, we tried to
evaluate any possible impact of non-planarity on the topologies
and energetics of Gua- and Xan-based quadruplex models. First
of all, planar structures were built from optimized geometries
using the procedure described in the Computational method-
ology section. Some of the resulting planar structures, namely
G4, X4, (G4),, (X4),, (G4),'Na', and (X4),-Na', were partially
optimized with the dihedral angle 0 constrained to 180°

This journal is © the Owner Societies 2014

Table 2 Characterization of the tetrad planarity

Structure RMSD AE  Structure RMSD AE
G4 0.07 01 X4 0.49 1.1
(G4), 0.21/0.10 0.3 (X4), 0.23/0.28 1.8
(G4),Na*  0.08/0.09 0.1 (X4),Na“"  0.09/0.18 1.2
(G4);Na"  0.05/0.08/0.08 (X4);:Na"  0.24/0.22/0.11
(G4);-2Na"  0.12/0.01/0.07 (X4);-2Na*  0.23/0.15/0.07
(G4); K" 0.11/0.05/0.05 (X4)5-K* 0.25/0.22/0.24
(G4);-2K"  0.12/0.02/0.09 (X4)32K"  0.22/0.22/0.22

(for a definition, see Computational methodology). Then the
root-mean-square deviations (RMSD) were calculated for indi-
vidual base quartets in the fully optimized and planar com-
plexes. The latter included six of the above-mentioned partially
optimized structures, as well as several selected planarized
(B4); structures, which, however, were not energy minimized in
view of the computational limitations. The results (Table 2) show
that the xanthine tetrad X4 and xanthine quartets in (X4);-1Na"
and (X4);-1K" structures manifest the greatest deviations from
the planar form. In contrast, guanine-containing structures adopt
an almost planar conformation with the exception of the lower
tetrad in the (G4), model. The energy differences AE between the
planar and non-planar configurations appeared to be very small.
The maximum AE (1.8 kecal mol ") is observed for the xanthine
complex (X4),. Therefore, reasonable RMSD values and small
energy differences (AE) confirm that fully optimized structures
can be considered as very good models of tetrad stacks in DNA
quadruplexes.

In addition, twist angles, corresponding to the angular
rotation that is needed to get from one base tetrad to the
next, were calculated for the optimized geometries (Table 3).
In the case of two stacked Gua and Xan tetrads with a hollow
cavity - (G4), and (X4), - the values of the twist angles are rather
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Table 3 Equilibrated twist angle for Gua and Xan (B4), and (B4)s models

Structure Top twist Bottom twist
(G4), 31

(X4), 29

(G4),-1Na*/1K" 46/45

(X4),-1Na*/1K" 29/28

(G4);-1Na'/1K" 40/35 43/44
(G4)3-2Na'/2K" 41/46 44/44
(X4);-1Na"/1K* 28/28 31/29
(X4);-2Na*/2K* 28/29 28/28

close - 31° and 29°, respectively. However, in the Gua (B4), and
(B4); models with Na'/K" ion(s) the values of the twist angles
between tetrads exceed 40°, whereas in the corresponding Xan
complexes they remain close to 30°. Therefore, Na*/K" coordi-
nation affects the topology of the Gua-containing structures but
has only a small effect on the Xan complexes. It should be
remarked that in real G-quadruplex DNA structures the twist
angle between two adjacent quartets may vary from ~10° to
~50° depending on the conformation of the sugar-phosphate
backbone and the type of connecting loops (diagonal, lateral, or
propeller).®®

It should also be mentioned that in optimized quartets Na*
adopts a nearly planar position whereas K" is located well above
the base plane of the tetrad (the distance from the K' to the
mean plane of the tetrad built by the least square fit method is
equal to 2.01 A and 1.97 A in the case of the G4-K" and X4-K"
structures, respectively). In addition, the guanine and xanthine
base quartets in the G4-K" and X4-K' optimized complexes
adopt a bent-down saddle-shaped form, in contrast to the
planar tetrads in the G4-Na'" and X4-Na' structures. These facts
agree well with the previous results.*>'8>%>7

However, in the (B4), and (B4); models both Na* and K*
cations are sandwiched between two tetrad planes. In the
(G4);-2Na* complex the distance between the two Na' cations
is 3.50 A, the corresponding distance between the two K ions
in (G4);-2K" is equal to 3.57 A. As far as the (X4);-2Na* and
(X4);-2K" structures are concerned, the distances between the
two metal ions are 4.04 A and 3.76 A, respectively. The longer
Na'---Na'/K'-- K" distances in the Xan-containing (X4);-2M"
models as compared to those containing Gua, (G4);-2M’, are
evidence that the repulsion between the two Na'/K" ions inside
the cavity is stronger in the case of the former models. Thus,
the Gua-containing quadruplexes have a somewhat greater
intrinsic propensity to coordinate monovalent cations.

It is noteworthy that Gua and Xan-containing (B4); systems
are characterized by almost the same diameter of the central
channel (pore). For instance, in both the (G4);-2K" and the
(X4);-2K" structures the distance between opposite 06 atoms is
~4.60 A in the central tetrad and ~4.78 A in the upper and
lower tetrads (the corresponding distances for the (G4);-2Na"
and (X4);-2Na* models are 4.43 A and ~4.52 A). So, the pore
diameter is rather affected by the nature of coordinating
ions (e.g., K'-containing models are characterized by a larger
diameter as compared to systems containing Na') than by the
nature of the base (Gua and Xan). This fact serves as an
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additional argument for the compatibility of Gua- and Xan-
based DNA quadruplexes.

3.2. H-bonding in Gua and Xan models

To elucidate the H-bonding in model DNA quadruplexes, we
applied several independent methods including energy decom-
position analysis (EDA), electron density topological analysis
based on Quantum Theory of Atoms in Molecules (QTAIM),*®
NBO analysis,*® and compliance constant theory.**"** First, we
resorted to EDA calculations (Table 4), which enable arbitrarily
selecting two or more regions within a molecule or a complex,
and decomposed the interaction energy between them into four
parts: an electrostatic term AV,sa, the Pauli repulsion of electron
shells AEp,;, the orbital interaction AE,;, and the dispersion
contribution AEgsp. First, the simplest models - the H-bonded
Hoogsteen base pairs Gua, and Xan, — were analyzed (Table 4).
The interaction energy for the latter pair (—19.06 kcal mol ") is
noticeably greater than for Gua, (—16.14 kcal mol *). However,
when two base pairs are combined to form a tetrad, the G-tetrad
is much more stabilizing (—55.95 kcal mol ') than the xanthine
tetrad (—38.94 kcal mol™"). This is in agreement with the
reported H-bond cooperativity in G-tetrads, which originates
from the different H-bonding mechanisms in both tetrads and
the different H-bond directions.”® The energy decomposition
analysis indicates a high degree of covalency for the hydrogen
bonds in the base pairs and the tetrads. The relative contribu-
tions of the orbital interactions in Gua, and Xan, (—15.76 and
—18.93 kecal mol ") are almost equal to the total interaction
energies (—16.14 and —19.06 kcal mol ', respectively). Thus,
the orbital interactions play a crucial role in the formation of
H-bonds since the pure electrostatic contributions (—24.34 keal
and —25.93 kecal mol ! for Gua, and Xan,, respectively) would
not even compensate for the destabilizing Pauli repulsion con-
tributions (28.64 and 30.17 kcal mol ™", respectively). This fact
also holds true in the case of base quartets.

QTAIM analysis of the individual interactions in all B4 and
(B4), models was performed (Table S4 in the ESIt). We did not
consider (B4); models for this type of analysis because (B4),
complexes with ions include, in principle, all three basic types
of non-covalent interactions between bases (H-bonding, n-n
stacking, and ion coordination) that arise in DNA quadruplexes.
Table S4 (ESIT) summarizes the results of QTAIM and geometric
analyses by including the types of interaction, the numbers,
and the ranges (from the minimal to maximal value) for BCP
and geometrical characteristics.

Detailed QTAIM and geometric analyses of individual H-bonds
and ion-base coordination interactions in tetrad models (Table S4,
ESIt) lead to the following observations: (i) in the G4 tetrad the
N1H- --06 hydrogen bond is noticeably stronger than N2H-: - -N7,
whereas in the X4 structure both types of H-bond (N1H- - -O6 and
N7H---02) are characterized by close energy values; (ii) the
coordination of a metal ion M' (M" = Na*, K') weakens the
internal N1H- - -O6 hydrogen bond in both tetrads, however, this
effect is more pronounced for the Gua tetrads; (iii) the H-bonding
angles correlate with the H-bond energy, i.e., larger values of
H-bond angle (Table S4, ESI{) correspond to stronger bonds.
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Table 4 Energy decomposition analysis (EDA) of interaction energies AE;, between different regions of Gua and Xan-based quadruplex models. Model
regions were chosen in a way that allows separating the contributions of the different types of non-covalent interactions. The optimization of the
geometry and subsequent EDA were performed at the BLYP-D3/TZP level of theory. The energy unit is kcal mol™*

Base Type of non-covalent interaction — Model/optimized structure® AEy; AEpaai AVelstat AEgisp AFEin. = SAE; VDD? (ion)
G H-bonding B + B/B, -15.76  28.64 —24.34 —4.69  —16.14 —
B2 + B2/B4 —42.47  59.57 —62.41 —10.64  —55.95 —
Stacking B4 + B4/(B4), —9.27  44.71 -11.97 —57.23 —33.76 —
B4 (int) + 2*B4 (ext)/(B4); —19.50  95.94 —25.41 —120.77  —69.74 —
Ion coordination B4 + Na'/B4-Na* —38.11  23.40 —90.72 —5.60 —111.04 —0.085
(B4), + Na*/(B4),-Na* —41.61  9.54 —102.64 —13.92  —148.63 —0.078
(B4); + Na*/(B4);-1Na" —44.64  13.30 —111.17 —14.41  —156.92 —0.076
(B4);Na' + Na'/(B4);2Na"  —44.47 11.40 —56.64  —13.82 —103.53 —0.082
B4 + K'/B4K" —29.26  23.10 —70.65 —-7.33 —84.13 —0.063
(B4), + K'/(B4), K" —40.55  28.29 —98.86 -15.04 —126.16 —0.058
(B4); + K'/(B4);-1K" —44.07  32.09 —104.45 —14.96  —131.39 —0.059
(B4);'K" + K'/(B4);2K" —42.74  32.13 —52.76  —-16.36  —79.73 —0.063
X H-bonding B + B/B, —18.93  30.17 —25.93 —4.37  —19.06 —
B2 + B2/B4 —38.34  60.40 —51.87 —9.13 —38.94 —
Stacking B4 + B4/(B4), —9.38 4191 —16.41 —58.14  —42.02 —
B4 (int) + 2*B4 (ext)/(B4); —19.27 87.19 —33.22 —119.74  —85.04 —
Ton coordination B4 + Na'/B4-Na* —37.76  24.79 —71.05 —5.51 —89.53 —0.080
(B4), + Na*/(B4),-Na* —42.53  12.51 —77.43 —13.20 —120.65 —0.078
(B4); + Na'/(B4);-1Na" —43.42 13.36 —81.75 —13.84 —125.65 —0.078
(B4);-Na® + Na*/(B4);-2Na* —43.87 16.04 —30.85 —14.44  —73.12 —0.080
B4 + K'/B4K" —28.74  25.11 —55.30 —7.08 —66.01 —0.061
(B4), + K'/(B4), K" —41.10  33.89 —75.96 —14.43 —97.59 —0.060
(B4); + K'/(B4)3-1K" —42.60 34.78 -79.74  —14.76  —102.32 —0.060
(B4); K" + K'/(B4);-2K" —41.47  34.85 —24.85 -16.37  —47.85 —0.064

“ B + B - formation of Hoogsteen base pair from two bases, B2 + B2 - formation of tetrad from two H-bonded Hoogsteen base pairs, B4 + B4 —
formation of a hollow (B4), system from two tetrads, B4 (int) + 2*B4 (ext) - interaction of an internal tetrad with two external tetrads in a three-
stacked system, B4 + Na" and B4 + K" - formation of tetrads with a coordinated ion by adding sodium or potassium cations, respectively, (B4), + Na*
and (B4), + K" - formation of (B4), models with a coordinated ion by adding sodium or potassium cations, (B4); + Na" and (B4); + K" - interaction
of a stacked three-tetrad system with a coordinated Na'/K" cation, (B4);-Na'/K" + Na'/K'- interaction of a stacked three-tetrad system with Na*/K"
when the other ion is located inside the channel. ® Voronoi deformation density of the Na*/K" cation in a complex.

To take into account the influence of aromatic n-n stacking
on H-bonding in Gua and Xan quartets, the H-bonding in
hollow (G4), and (X4), structures was characterized using the
QTAIM methodology. In the cases of both Gua and Xan models
we expected that the energies of the individual H-bonds would
increase under the presence of stacking. However, it turned out
that for the (G4), structure the energies of the N1H---06 and
N2H- - -N7 hydrogen bonds within two stacked tetrads do not
substantially change compared to the optimized G4 quartet
(Table S4, ESIT). This can be due to the fact that the individual
tetrads in the hollow (G4), complex exhibit an appreciable
degree of non-planarity (Table 2), which weakens the H-bonds
and counterbalances the possibly favorable impact of aromatic
n-n stacking on the H-bond strengths.

To tackle this problem, we compared the H-bond energies in
the planarized G4 and (G4), structures (Table S4 in the ESIf).
It was found that the sum of the H-bond energies in the
(G4), planar structure (151.96 kcal mol ' according to EML
formula (4)) exceeds double the total H-bond energy in G4
(71.69 kcal mol™'), which documents that m-n stacking
enhances the H-bonding in Gua quadruplex structures. As far
as the corresponding xanthine models are concerned, the
strengths of both types of H-bond (N1H---O6 and N7H---02)
in the upper and lower tetrads is increased in the (X4), complex
relative to the X4 quartet. Therefore, stacking between parallel
tetrad layers has a similar effect on the H-bonding in both the
(G4), and (X4), models.

This journal is © the Owner Societies 2014

In contrast to the X4-Na® and G4-Na" quartets, the ion
coordination in the central cavity of the (G4),-Na" and (X4),-Na"
models does not substantially influence the total energy of the
H-bonds. This can be explained by the fact that metal ion
coordination further increases the tetrad planarity in two-stack
complexes, which gives rise to stronger H-bonds and compen-
sates for the weakening of the N1H---O6 hydrogen bonds due
to the polarization of electron density around O6. However, in
the case of (G4),’ K" and (X4),'K', the situation is totally
different: the 06---K" contacts are stronger than the 06---Na"
(due to the steric requirements of K', see BCP characteristics),
which weakens both types of H-bond (N1H-: --06 and N7H- - -02)
and subsequently leads to a decrease in the total H-bond energy.
Thus, QTAIM analysis of the local M"- - -06 interactions shows
that K" tends to bind a bit more strongly to O6 atoms as
compared with Na" cation, although the global effect (the total
interaction energies of the ions with the whole system) is also
governed by other factors, such as Pauli repulsion and cation
interaction with other parts of the system. It should be noted
that the presence of n-m stacking and ion coordination in the
(B4), models affects the strength of the individual H-bonds as
compared to tetrads B4. For instance, whereas in the G4 tetrad
the N1H---O6 hydrogen bond is stronger than the N2H---N7
bond, in (G4),-Na' these two H-bonds are characterized by
approximately the same strength (Table S4, ESIt). The situation
is different for the corresponding xanthine-containing models:
both of the H-bonds in X4 (N1H---O6 and N7H.--O2) are
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characterized by close energy values, but in (X4),-Na® one of
them (N1H.- - -06) is stronger (Table S4, ESIT).

All of the H-bonds in Gua and Xan quadruplex model
structures manifest a highly directional character, with AH- - -B
angles close to 180° (Table S4, ESIT). As far as the distances
dy...p between the hydrogen (H) and the acceptor B (B = O, N)
atoms are concerned, they correlate perfectly with the BCP
characteristics: smaller dy...p distances correspond to greater
values of electron density p, the Laplacian of electron density
Ap, and the H-bond energy calculated by using the EML
formula. Since the EML formula (4) is known to overestimate
H-bond strengths,®®® we resorted to an alternative way of
evaluating the NH---O hydrogen-bond energies by using the
empirical relationship from ref. 66 (for details, see Computa-
tional methodology and Table S4 footnote, ESIt). It turned out
that the use of this approach yields much smaller H-bond
energy values compared to the EML formula. However, the
quantitative trends are well preserved. Therefore, an H-bond
energy calculated by the EML formula can be considered as an
upper limit of the real H-bond energy.

To further investigate the H-bonding interactions in model
DNA quadruplexes, we performed Natural Bond Orbital (NBO)
analysis of the H-bonding interactions in model Gua- and Xan-
based DNA quadruplexes (Table S5 in the ESIt). The results
show a substantial charge transfer LP — BD* from one (in the
case of nitrogen) or several (in the case of oxygen) Lewis
electron lone pairs (LP) of the H-bond acceptor atom to the
anti-bonding orbital (BD*) corresponding to H-bond donor
group NH. The amount of the charge transfer can be expressed
in terms of the BD* orbital populations, which range from
0.045 to 0.064. Thus, our data unambiguously confirm the
important contribution of the covalent component to the
H-bonding reported recently.'® As far as stabilization energies
E, are concerned, they are higher than the Eygp energies
calculated by formula (4). However, E, and Eyp agree qualita-
tively since they both reflect the order of strength for the
H-bonds. The correlation coefficient between E, and Eyg is
equal to 0.83 (Fig. S4 in the ESIY).

To check the dependence of the H-bond characteristics on
the geometry/density functional/basis set type, we obtained
optimized geometries of the (G4)-Na', (G4)-K', (X4)-Na‘, and
(X4)K" tetrads in Gaussian 09 at the B3LYP-D/6-31++G(d,p)
level of theory (Table S6 in the ESIt). As a result, the geometries
of all of the tetrads, except (G4)-K', appeared to be similar to
TURBOMOLE structures. As far as (G4)-K' is concerned, the
difference between the Gaussian and TURBOMOLE structures
lies in the fact that the latter exhibits a much greater degree of
non-planarity, with the K" ion located well above the tetrad.
In contrast, the Gaussian structure is much more planar and
the ion takes a position closer to the O6 atoms. Comparison of
the H-bond energies calculated by the EML formula and the E,
NBO stabilization energies of the LP — BD* donor-acceptor
interactions, shows that despite some differences in the absolute
values, the qualitative and even quantitative trends are preserved
(Tables S4 and S6, ESIt). The weaker H-bonds in the (G4)-K"
Gaussian structure compared to the related TURBOMOLE
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complex are explained by the above-mentioned differences in
the geometries, especially the smaller distance separating the
K" and 06 atoms, which enfeebles the N1H---06 hydrogen
bond strength.

In addition, we estimated the relative strengths of the
H-bonds by means of Grunenberg’s compliance constant
analysis.**™** As a result, the compliance constants for the
H-bonds fall into the 2.681 to 7.500 A per mDyn range (higher
values of compliance constants correspond to weaker inter-
actions, Table S6 in the ESIY). Therefore, the compliance
constants reproduce well the energetic order of the H-bonds,
which makes them suitable for evaluating the strengths of the
non-covalent interactions in DNA quadruplexes.

The NCI plot analysis*"** also allowed us to reveal differences
in the H-bonding inside Xan and Gua tetrads [(G4),-Na® and
(X4),Na* were taken as examples, Fig. 4]. The blue regions
appearing between the hydrogen and the H-bond acceptor
indicate the presence of strong interaction. In the case of the
(X4),-Na" structure, the blue color is more intense for the
N1H- - -06 as compared to the N7H- --O2 hydrogen bond (Fig. 4),
which points out the greater strength of the N1H---06 bond.
The sign(4,)p values for the N1H- - -06 and N7H- - -O2 hydrogen
bonds in (X4),Na' are —0.010 and —0.012 au, respectively.
In contrast, in the (G4),-Na' structure both H-bonds with
sign(4,)p values of —0.010 au are manifested by blue iso-
surfaces of approximately the same intensity, which indicates
close H-bond energy values. This result agrees well with the
QTAIM data (Table S4, ESIf). It is worth mentioning that,
in addition to H-bonding, green regions, corresponding to

Fig. 4 Total NCl surfaces (top) of (a) (G4),-Na* and (b) (X4),-Na* structures
with details (bottom) highlighting the differences between Gua and Xan in
the H-bonding and stacking regions. The NCI analysis was performed using
promolecular densities. The cutoff for the reduced density gradient(s) is
0.4 au and the color scale is—0.03 < p < 0.03 au.
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weak (van der Waals) interactions, appear between Xan and
Gua base pairs in the tetrads (Fig. 4).

3.3. Aromatic n-n stacking

Aromatic base stacking can be described as a combination of
the three most basic contributions to molecular interactions,
namely, electrostatic interaction, London dispersion attraction,
and short-range repulsion.®

To cast light on the stacking in guanine- and xanthine-based
model systems we resorted to energy decomposition analysis. For
this purpose, the interaction energy between two stacked base
tetrads (G4 + G4 and X4 + X4) was estimated and decomposed. It
is interesting that in the case of the xanthine tetrads the stacking
interaction is more favorable (—42.02 kcal mol ) compared to the
G-tetrads (—33.76 kcal mol ). This fact should be considered
when constructing artificial DNA quadruplexes based on xanthine
and its derivatives. Whereas natural G-quadruplexes benefit from
a high degree of H-bonding cooperativity, the xanthine tetrads are
characterized by stronger n—r stacking interactions. The decom-
position of the interaction energy for Gua and Xan complexes
consisting of two stacked tetrads shows that in both cases
the contributions of the orbital interaction (—9.27 kcal in
(G4), vs. —9.38 kcal mol™" in (X4),) and the dispersion term
(—57.23 keal mol ™" in (G4), vs. —58.14 keal mol ™" in (X4),) are
almost equal. The Pauli repulsion that accounts for steric clashes
is smaller for the xanthine stack (41.91 kcal mol ') than for the
guanine-based model (44.71 kcal mol™"). But the most striking
difference lies in the electrostatic part, which is more stabilizing
for the xanthine model (—16.41 kcal mol " vs. —11.97 keal mol "
in case of (G4),). To check whether this tendency holds true for
higher order stacked structures (which are more relevant to real
DNA quadruplexes), the interaction energies between three stacked
tetrads in (G4); and (X4); systems were estimated (Table 4). The
interacting regions were chosen in the following way: the first
region was the middle (internal) tetrad in a stack interacting with
the upper and lower (external) tetrads which formed the second
region. As a result, the more favorable stacking of xanthine is even
more pronounced in the higher order (B4); model (the interaction
energy of the xanthine middle tetrad with two external tetrads is
—85.04 keal mol™", whereas the corresponding value for the
guanine model is —69.74 kcal mol ", Table 4). As for the previous
(B4), model consisting of two stacked quartets, the decisive role in
the more pronounced stacking of (X4); belongs to the greater
electrostatic attraction and smaller Pauli repulsion. It should be
emphasized that the decomposition of the Gua and Xan structures
into H-bonding, stacking, and ion coordination contributions
(Table S3, ESIt) indicates that Xan-based model DNA quadruplexes
benefit from stacking cooperativity, whereas a similar effect
is absent for Gua-containing complexes. For instance, the
stacking contribution to the stability of the (B4);-2Na" model
(—88 kcal mol ™, Table S3, ESI{) is noticeably greater than the
doubled stacking contribution for the (B4),-Na® complex
(=76 keal mol ). This 12 keal mol " difference cannot be explained
by different degrees of overlap of the stacked tetrads because the
twist angles for the (B4),Na" and (B4);-2Na" structures are practi-
cally the same (Table 3). Therefore, we can conclude that whereas
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Gua-containing quadruplexes benefit from H-bond cooperativity,®
Xan models are characterized by cooperativity of stacking.

As the second step in the investigation of stacking in model
quadruplexes, QTAIM analysis of the individual van der Waals
(vdW) contacts arising between nucleobases in parallel tetrad
layers of the (B4), system, was applied (Fig. S1, ESIt). These vdW
contacts can be responsible for the electrostatic interaction and
short-range repulsion components of the stacking. In general,
five types of vdW contacts were identified (C---C, N---N, N---C,
O---N, and O- - -O, Fig. S1, ESIt). It should be noted that all vdW
contacts are characterized by positive values of the electron
density Laplacian (Table S4, ESIf), and can therefore be con-
sidered as closed-shell interactions. According to NPA charge
analysis (Table S7 in the ESIY), as expected, two types of vdW
contacts (N°~---C°" and C°*---C°") are attractive, and the other
three are repulsive (0°---0°", N°~...N°", and O°~-.-N°").

QTAIM analysis shows that ion coordination to the Gua
(B4), system has a profound influence on the vdW contacts. For
instance, the numbers and types of vdW constants are similar
in the (G4),-Na* and (G4),-K" structures, which strongly differ-
entiates them from the (G4), model. This can be explained by
the fact that ion coordination leads to a significant increase
(Table 3) in the twist angle (from ~30° to ~45°), which has a
strong effect on the vdW contacts formed between parallel
tetrads. In (X4),-M" complexes, on the contrary, the presence
of M" in the central channel does not substantially alter the
twist angle but increases only the degree of planarity of the
stacked tetrads. The latter yields the formation of new inter-
tetrad vdW contacts, e.g., the 06- - -06 in (X4),-Na", which were
absent in the less planar (X4), (Table S5, ESIT).

In addition to using fully optimized structures, we also
performed QTAIM analysis of the vdW contacts in selected
planarized tetrads and two stacked tetrads (Table S4 in the
ESIT). Despite the small H-bond energy differences at the level
of tetrads, the number, types, and strengths of the vdW inter-
actions in the planar and non-planar (G4),-Na* and (X4),-Na*
structures are very similar (Table S4, ESIT). This demonstrates
that fully optimized two stacked tetrads with ions - (B4),M" -
can be considered as very good models of planar tetrad stacks
in DNA quadruplexes.

We also performed NCI plot analysis employing promole-
cular densities for the Gua and Xan (B4), models with Na"
cation, ie., (G4),-Na" and (X4),-Na'. Total views and detailed
fragments of the NCI surfaces are shown in Fig. 4. It is clear
that the area of the green isosurface (corresponding to the
stacking) in (X4),-Na' is greater and its color is more intense
than the corresponding surface in (G4),-Na". This indicates that
in (X4),-Na" stacking is more stabilizing due to the higher
degree of overlap between the parallel tetrads (determined by
the twist angle), and also due to the natural propensity of the
xanthine nucleobase to form stronger stacking interactions in
DNA quadruplexes. A possible explanation of such a propensity
lies in the fact that in addition to the four purine heterocyclic
nucleobases, the Gua and Xan tetrads in the (G4),-Na" and (X4),-Na"
models (Fig. 4) also contain four pseudoaromatic rings”*”" formed
by H-bonds between neighboring bases. In the case of the (X4),-Na"
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structure the effect of stacking between the pseudoaromatic
rings in the parallel tetrads is stronger (Fig. 4b) due to the
greater energy of the N1H- - -06 hydrogen bond (~ 12 kcal mol *
according to the EML formula; the energy of the other H-bond is
~10 kcal mol™', Table S4, ESIf), whereas in (G4),-Na* the
N1H:--0O6 and N2H---N7 hydrogen bonds are more or less of
equal strength (~ 10 kecal mol ™", Table S4, ESIT). We assume that
this difference in H-bonding strength leads to the formation of
stronger pseudoaromatic rings in (X4),-Na' and, consequently,
contributes to the more favorable stacking between them as
evidenced by the extended green NCI surface in this area for the
(X4),'Na" model as compared to (G4),-Na* (Fig. 4, bottom).

3.4. Ion coordination

We explored the characteristics of the ion-base coordination
interaction by energy decomposition analysis using several
models. The simplest model was the Gua/Xan tetrad with
coordinating ions Na" and K', which were considered as two
separate regions. The results indicate that these ions tend to bind
more strongly to the guanine-containing structures in comparison
with the xanthine-based complexes. This difference is explained
straightforwardly by the greater negative partial charge of the 06
atom in the guanine base unit (Table 1). In contrast to guanine, the
06 atom in xanthine is less negative due to the presence of the
competing electronegative O2 atom. This leads to 21.51 kecal mol "
(for Na*) and 18.12 keal mol " (for K*) differences in the metal ion
coordination energies between the Gua and Xan tetrads G4-M" and
X4-M" (absolute values of the Na'/K" ion interaction energies with
tetrads are listed in Table 4). The corresponding differences
between the (G4),M" and (X4),-M" structures are even more
substantial (27.98 kcal and 28.57 kcal mol ' for the (B4),
models with Na* and K" cations, respectively).

In general, the absolute values of the energy of ion binding
to model quadruplex structures are higher for Na* than for K.
The reason for this stronger binding of Na' is its smaller ionic
radius, which results in a smaller contribution by Pauli repul-
sion (Table 4). Although DNA quadruplexes were experimentally
found to bind preferentially K" ions over Na', this effect is now
attributed to the lower dehydration energy of K™ as compared to
that of Na'.”” The interaction energy of ions with (B4); slightly
exceeds the corresponding binding energy for (B4),. Thus, it
may be expected that the ion coordination can become even
more favorable in the case of real DNA quadruplexes, where
many stacked tetrads are present.

However, we estimated the interaction energy of the ions with
Gua and Xan systems (G4);-2M" and (X4);-2M" when another ion
of the same type is present inside the pore (Table 4). As expected,
the availability of another Na'/K" ion in the quadruplex channel
drastically decreases the interaction energy of the second ion
with the rest of the system due to electrostatic repulsion between
the ions (Table 4). The most pronounced decrease is observed in
the case of the (X);-2K' structure. Analysis of the individual
coordination energy terms indicates that this type of non-
covalent interaction is dominated by the electrostatic term
AVestat and the orbital interaction contribution AE,;. The latter
is commensurable with the electrostatic part, ranging from 30 to
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80% Of AV, j4ar- For the (X4);-2M" system, AE,; exceeds AV,geqc by
more than 10 keal mol ™. This fact clearly shows that the Na*/K"
interaction in Gua and Xan quadruplexes cannot be viewed as
purely electrostatic, as previously stated.'® To provide insight
into the process of charge transfer from the DNA quadruplex to
the metal ion, we analyzed the values of the Voronoi deformation
density (VDD) charges.”? The VDD charge Q, associated with a
particular atom directly monitors how much charge flows, due to
chemical interaction, out of (Q4 > 0) or into (Q4 < 0) the Voronoi
cell of atom A, that is, the region of space that is closer to nucleus
A than to any other nucleus.”® The obtained data (Table 4) show
negative VDD values for the ions, which clearly indicate the
direction of the charge transfer (from the quadruplex to the
metal ion). It should be mentioned that more negative values of
VDD charges are observed for the Na' than for the K' ion in
corresponding structures. In general, the values of the VDD charges
for Na" ions range from —0.076 to —0.085 for different Gua/Xan
quadruplex models, whereas the interval for K" is —0.058 to —0.064.

It is important to note that this polarization and charge
transfer should also be taken into account during the force field
parameterization for molecular dynamics (MD) studies of DNA
quadruplexes. It seems that the optimal value for the Na/K"
charge in MD force fields should be less than +1. However, the
choice of the appropriate value for the Na'/K" charge in MD
force fields will improve only the treatment of the electrostatic
term and will not account for any possible quantum effects
associated with the charge transfer.

4. Conclusions

In this work we performed a comprehensive and systematic
investigation of the structural and energetic features of model
guanine (Gua)- and xanthine (Xan)-containing DNA quadruplexes.
All types of non-covalent interactions and their contributions to
the internal quadruplex stability were analyzed. We applied a large
arsenal of modern state-of-the-art independent computational
techniques, such as Quantum Theory of Atoms in Molecules
to identify and characterize individual hydrogen bonding,
06- - -Na'/K" coordination, and van der Waals interactions; Natural
Bond Orbital Analysis to study the orbital donor-acceptor inter-
actions of hydrogen bonds; Energy Decomposition Analysis to
separate the contributions of hydrogen bonding, m-r stacking,
and ion coordination; Compliance Constant Theory to quantify the
relative strengths of hydrogen bonding and coordination contacts;
and Non-Covalent Interaction plots to decouple the complex
balance of forces that define non-covalent interactions in
model DNA quadruplex structures.

The results point to an excellent degree of structural and
energetic compatibility between the two types of model quadru-
plexes. This fact stems from both the structural features (close
values of van der Waals volumes, pore radii, geometrical
parameters of hydrogen bonds) and the energetic characteris-
tics (the formation energies for the tetrads, the two- and three-
stacked tetrad models, and the ion binding energies are rather
similar). Therefore, xanthine can be considered as an excellent
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candidate for constructing artificial DNA quadruplexes that can
be used in different areas of bio- and nanotechnology.

Energetic analysis indicates that hydrogen bonding makes
the greatest (~50%) contribution to the stability of model DNA
quadruplexes, whereas the aromatic base stacking and ion
coordination terms are commensurable and account for the
remaining ~ 50%.

From the point of view of non-covalent interactions, Gua- and
Xan-based models are somewhat different. Whereas Gua quadru-
plexes strongly benefit from H-bond cooperativity,'® Xan struc-
tures are characterized by cooperativity of the stacking. This stems
from the fact that, unlike the corresponding Gua complexes, the
stacking energies in Xan three-stacked tetrad models, ie., (B4)s,
are noticeably greater than the doubled stacking energies in the
Xan (B4), models consisting of two stacked parallel tetrads. It can
thus be expected that in real Xan-based DNA quadruplexes the
stabilizing effect of stacking can be even more pronounced as
compared to our simple models and can partially compensate for
the lack of H-bond cooperativity.

Detailed investigation of the Na'/K" coordination suggests
that despite the dominating electrostatic contribution, this
interaction has some degree of covalency and therefore cannot
be considered as purely electrostatic.

QTAIM analysis of the non-covalent interactions reveals that
the presence of stacking enhances hydrogen bonding in both
Gua and Xan structures. Ion coordination deeply affects the
non-covalent interactions in Gua models by weakening the
hydrogen bonds and altering the twist angle, which changes
the character of the van der Waals contacts between parallel
stacked tetrads. In contrast, in the Xan models the coordina-
tion does not alter the twist angle but modulates the hydrogen
bonds and the van der Waals contacts by planarizing the
stacked tetrads and enfeebling the internal hydrogen bonds.
From this fact it can be inferred that the presence of an ion
inside the channel is essential for the formation of planar
stacked Xan-based DNA quadruplex structures.

To sum up, xanthine and its derivatives represent very
promising candidates for the design of artificial quadruplexes
or tetrad-based quadruplex-binding ligands. The molecular
design of xanthine derivatives with even more favorable hydrogen
bonding, stacking, and ion coordinating properties compared
to xanthine and which preserve the steric compatibility with
G-quadruplexes should result in improved stability and ion-
conducting properties of xanthine-derived DNA quadruplexes
and quadruplex-binding ligands. This research is currently
underway in our laboratory.
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