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The interaction of planar porphyrins (L1), 5,10,15,20-tetrakis (1-ethyl-1-A*-pyridine-4-yl) porphyrin (L2), and 5,10,15,20-tetrakis
(1-methyl-1-A\*-pyridine-4-yl) porphyrin (L3) with G-quadruplex in the presence of Li*, Na*, K*, Rb*, Cs*, Ca?*, and Mg?" ions was studied

by density functional theory and molecular dynamics simulation. Single-point energy calculations were performed on sampled structures

from molecular dynamics simulations. Sampling was performed by the free energy landscape (FEL). Quantum calculations were performed

using the B3LYP density functional method with the 6-31G basis set. Quantum descriptors, frontier orbital energies, ionization energy,

chemical hardness, chemical potential, and the number of transferred electrons were also calculated. The results showed that loops and sheets

of G-quadruplex were involved in the interaction with ligands. The stability of the complex between ligands and G-quadruplex in the presence

of K" and Na" ions was greater than that of the complex in the presence of Cs* and Mg?" ions.
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INTRODUCTION

Since guanines in DNA strands have a propensity to self-
associate and bind to one another, the DNA structure in
guanine-rich telomeric single-stranded regions can fold to
form new intramolecular and intermolecular structures,
known as G-quadruplex (GQ) [1-2]. In these structures, the
four guanine bases come together due to sequence folding so
that a quadruple planar arrangement, called G-quartet, is
formed [1,3-4]. There are eight Hoogsteen hydrogen bonds
on each quartet sheet. These bonds are formed by the bonding
of N; and N, atoms of one guanine to N7 and Os atoms of
another guanine. Each guanine can be considered both a
hydrogen-bond acceptor and donor [5-7]. The overlapping of
two or more quartet sheets is caused by the n-n forces of GQ
structures. GQ formation can play an important role in
facilitating or preventing gene translation and or transcription
[8-9]. In general, GQ can be divided into intramolecular
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groups (single molecule) and intermolecular groups (two and
four molecules). The strands involved in GQ structures can
have different orientations and produce parallel or non-
parallel structures [10-13]. Molecular dynamics simulation
studies show that the presence of cations in the quartet center
contributes to the stability of the structure. The ions can be
placed on the surface or between the quartet sheets,
depending on the type and nature of the ion and the GQ
structure [4,14-16]. Furthermore, the formation of GQ-ligand
complexes can have a significant effect on the stability and
efficiency of GQ. Some ligands facilitate the folding of
strings as well as GQ formation and increase stability while
others facilitate the unfolding of the structure and reduce
stability [17-19]. Ligands can bind to GQ in different ways,
including binding to the surface of G-quartet sheets via n-n
stacking interactions or binding to loops or backbones (due
to the charge transfer between the GQ and the ligand).
Porphyrins, with large organic aromatic rings, are considered
to be important ligands in the GQ-ligand complex due to their
structural properties and wide applications, especially in
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modern drug delivery systems [20-21]. Hemin and vitamin
B12 are among the most prominent of these structures that
express the special status of GQ complexes in living
environments. Studies on GQ complexes with porphyrin
derivatives indicate that these ligands can enhance the
stability of the structures and be used to inform a wide range
of applications for these complexes [22-23]. For example,
these complexes can be used as biosensor probes due to their
ability to bind to metal ions and other analytes [24-25].
DNAzyme and aptameters are examples of such applications,
in which detection is based on non-covalent interactions of
the structure with the target molecule. These interactions
include hydrogen bonds, n-n stacking interactions, Van der
Waals, and electrostatic and hydrophobic interactions. For
example, biosensors are used to detect heavy ions. Increasing
some of these ions in vital human organs can lead to
nucleotide acid dysfunction, immune deficiencies, nervous
system dysfunction, anemia, cardiovascular diseases,
decreased intelligence and learning ability, developmental
damage, and even death. For this reason, many health
organizations worldwide have examined the safety limits of
these ions in medicine, food, and drinking water. Therefore,
the development of a simple and rapid method with high
affinity and specificity is essential to simultaneously monitor
the concentration of metal ions and other analytes. In this
regard, DNAzymed-based biosensors and aptasensors are the
two major groups of functional nucleic acids (FNA) that have
received much attention [26-28].

Theoretical approaches can provide useful information
about the type and quality of the interactions of the above-
mentioned structures that are time-consuming and expensive
to study and are not observable on a laboratory scale. It is not
the

electrochemical activity of compounds using molecular

possible to investigate sensory properties and
dynamics simulations. In such cases, quantum computing can
provide a great deal of information. In this study, the
interactions of porphyrin ligands, 5,10,15,20-tetrakis (1-
ethyl-1-A4-pyridine-4-yl) porphyrin, and 5,10,15,20-tetrakis
(1-methyl-124-pyridine-4-yl) porphyrin with GQ were
determined using molecular dynamics simulations. Quantum
calculations of the GQ structure in the presence of Mg?*, Cs",
Rb*, K*, Na*, Li*, and Ca®?" were also carried out to

investigate the reactivity and stability of the complexes.
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METHODS

The GQ structure with the entry 1KF1 was obtained from
the protein databank [29]. Its sensor property is related to the
sheet-like structure of its guanines. At least, three factors
have been found to play a role in the stability of GQ
sheets: intra-quartet hydrogen bonds, inter-quartet stacking,
and cation coordination. Therefore, it is important to study
the role of cations in the stability of GQ. For this purpose,
lithium, sodium, potassium, cesium, rubidium, magnesium,
and calcium ions were placed in the center of three quartets
of the GQ structure using the software PyMol [30]. Table 1
presents the basis of the designed simulation boxes.

In all designed simulation boxes, the GQ was placed in
the center of the box, and ligands were randomly placed in
the boxes. All boxes were filled with the TIP3P water model.
In the quadruplex structure, there were negatively charged
phosphate groups. In addition, three cations were placed in
the center of the quadruplex sheets. Therefore, the total
system charge was negative. Thus, an appropriate number of
sodium ions was added to each box to neutralize the whole
system. Molecular dynamics simulation calculations were
performed using Gromacs version 5.1.2 and the AMBER
force field ff99SB [31]. Since Gromacs does not have the
force field parameters of the ligands by default, these
parameters were obtained from the AmberTools package
[32]. For this purpose, the ligand structure was optimized
using the density functional theory (DFT) method with the
basis set of 6-31G by the GAMESS software [33]. To control
the optimization of structures, frequency calculations were

Table 1. The Designed Systems (So, Si1, Sz, S3)

System GQ ION Ll L2 L3
So + + - - -
S + + + - -
S» + + - + -
S3 + + - - +

Ion: Li*, Na*, K*, Rb*, Cs*, Ca?*, Mg?*. L1: Porphyrin. L2:
5,10,15,20-tetrakis (1-ethyl-1 A4-pyridin-4-yl) porphyrin.
L3: 5,10,15,20-tetrakis(1-methyl-1A4-pyridin-4-yl)
porphyrin.
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carried out at the same level using the DFT method and no
virtual frequency was observed. To eliminate the frictional
contacts between particles in the simulation boxes, all
systems were minimized in terms of energy using the steepest
descent method. In two steps, the systems were equilibrated
in NVT and NPT ensembles, each for 5 nanoseconds at the
time step of 2 fs, respectively. In the final step, the molecular
dynamics simulation was performed for 500 nanoseconds at
atime step of 2 fs. To increase the accuracy of the simulations
and to avoid the dependency of results on initial conditions,
each simulation was repeated three times under different
initial conditions. The system temperature and pressure were
controlled in all simulation runs using V-rescale and
Berendsen thermostats, respectively [34-35]. The chemical
bond between GQ and the ligands was constrained using the
LINCS algorithm,
molecules were constrained using the SETTLE algorithm

and the chemical bonds of water

[36]. The PME algorithm was used to calculate electrostatic
interactions [37]. Enhanced sampling has always been at the
core of molecular dynamics simulations. The last few
nanoseconds of simulation or those of the equilibrium
condition are averaged and sampled to enhance the quality of
sampling [38-39]. In these methods, although variations in
the quantity, such as Ca-RMSD in the core region, are used,
there is no physical concept in the average of atomic
coordinates [40]. Thus, simulations were sampled by the FEL
[41]. The FEL included the following three main stages:
Calculating the root-mean-square deviation (RMSD) and
the radius of gyration (Rg), examining the possibility of the
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presence of protein configuration in corresponding values of
RMSD and Rg, and calculating the free energy of protein
configurations based on their presence probability values.
The results of the FEL analysis are shown in 3D diagrams in
Fig. 1. In these diagrams, areas with minimum free energy
are shown in blue. Diagrams show that there was a local
minimum free energy in all cases, suggesting that the GQ had
a stable configuration in the presence of ligands.

AD initio analysis was performed on sampling structures
obtained from molecular dynamics simulations. Moreover,
single-point energy calculation was performed on sampled
structures. The DFT method with previous specifications was
used for these calculations.

RESULTS AND DISCUSSION

GQ structures were found to react with ligands in
different ways to form GQ-ligand complexes. Porphyrins,
whose core had a structure similar to that of G-quartet sheets
in GQ (Fig. 2), bound to GQ through the loops and the surface
of quartet sheets.

The stability and reactivity of the systems presented in
Table 2 were investigated using quantum descriptors. Factors
such as the energy of the highest occupied molecular orbital
(EHOMO), the energy of the lowest unoccupied molecular
orbital (ELUMO), and the energy difference between the two
orbitals (Egqp) are among the most important parameters used
in quantum investigations [42]. Eg,p is typically considered as
the distance between the a-HOMO and B-LUMO orbitals.
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Fig. 1. The FLE of the simulated systems in the presence of L1, L2, L3, and K" ions.
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Fig. 2. A comparison of GQ (1KF1) and porphyrin ring
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structures along with the chemical structures of studied
ligands.

If both electron orbitals with the spin a or  are identical in
terms of density distribution, both can be considered as the
descriptors of these electron orbitals. Therefore, in this study,
the gap between a-HOMO and a-LUMO, which is physically
significant, was considered as the criterion for calculating
Eqap [43].

Compounds that have high Egp require more energy to
transmit electrons to the excited state, resulting in greater
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stability. In addition, it has been established that there is a
good linear correlation between the calculated Enomo and the
ionization energy (I), between ELumo and electron affinity
(A), and between Eg,p, and chemical hardness (1), chemical
potential (n), and the number of transferred electrons (AN).
The above-mentioned measurement indices were calculated
from Egs. (1) to (6) using Enomo and Erumo [42], and the
results are listed in Tables 2 and 3.

I="-E nowmo (1)
A =ELumo ()
Egap= ELumo - Enomo (3)
H-= (’;‘” (4)

=2 5)
AN = pigq - —gend (6)

2(MNigana—16qQ)

According to Table 2, among the ligands, L, had the lowest
Egap in most cases (except in the presence of Rb* and Cs*) and
L; had the highest Eg,p in all cases. Since any decrease in Egqap
is associated with a decrease in stability, L, was expected to
be more unstable than the other species and easier to react
with GQ. In all four modes considered for GQ, the calculated
values for Egqp did not differ significantly, and only GQso
showed a slight difference in the presence of Li* and K* ions.
Electron affinity analysis showed that the values of A for
ligands were as follows: L3 < L, < L;. The highest and
lowest values of A among the ligands were -729.14 and
-561.93 kJ mol"!, which were related to the S; system in the
presence of Mg?* and to the S3 system in the presence of K*,
respectively. The difference between electron affinities for
different GQ systems was very small.

The examination of the ionization energy (I) showed that
the values obtained from L, and L3 were significantly
different from those of the other species and were the lowest
among the species studied (L3 < L, < other species). L; had
more ionization energy than the other ligands, indicating that
these values were very close to those obtained from GQs.
The values of global hardness (1)), which is a measure of the
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Table 2. Calculated Quantum Molecular Descriptors (kJ mol!) for the Optimized Systems

Ton Species Enomo Erumo Egap n 1]
GQso -763.02 -425.40 377.62 168.81 -594.21
GQs1 -772.30 -429.22 343.07 171.54 -600.76
GQs2 -766.13 -426.50 339.63 169.81 -599.46
Li* GQs3 -771.44 -427.49 343.95 171.97 -594.34
Ligands; -771.07 -719.39 51.67 25.84 -745.23
Ligands -684.12 -673.19 10.93 5.46 -678.65
Ligands; -578.33 -564.24 14.08 7.04 -572.99
GQso -769.64 -428.86 340.78 170.39 -599.25
GQs1 -765.08 -434.57 330.51 165.25 -599.82
GQs2 -764.16 -423.43 340.73 170.36 -593.78
Na* GQs3 -765.22 -425.79 339.43 169.71 -595.50
Ligands; -765.76 -720.42 45.33 22.67 -743.09
Ligands, -686.71 -673.86 12.85 6.42 -680.29
Ligands; -593.18 -575.00 18.18 4.41 -581.15
GQso -767.18 -428.43 388.74 169.37 -597.80
GQs1 -769.08 -429.89 339.19 169.60 -599.49
GQs2 -764.78 -422.10 342.68 171.34 -599.61
K* GQs3 -767.17 -432.54 334.14 167.07 -599.98
Ligsnds; -764.51 -722.48 42.03 21.01 -738.77
Ligands, -681.58 -672.39 9.19 4.59 -672.39
Ligands; -600.57 -561.93 38.63 19.32 -581.25
GQso -767.77 -425.60 342.18 170.96 -596.68
GQs1 -768.45 -430.85 337.60 168.80 -599.65
GQs2 -772.58 -428.34 344.24 174.48 -600.46
Rb* GQs3 -757.53 -431.16 326.36 163.18 -594.34
Ligands; -764.62 -721.43 43.19 21.60 -743.03
Ligands, -688.75 -680.90 7.85 3.92 -684.82
Ligands; -595.47 -588.33 7.13 3.57 -591.90
GQs0 -769.21 -427.82 341.38 170.69 -598.52
GQs1 -766.73 -428.73 337.98 168.99 -597.74
GQs2 -770.58 -425.68 344.89 172.44 -599.46
Cs* GQs3 -772.75 -427.22 345.53 172.76 -599.98
Ligands; -765.58 -718.76 46.82 23.41 -742.17
Ligands, -690.62 -667.72 22.90 11.45 -679.05
Ligands; -591.03 -582.86 8.17 4..08 -586.95
GQs0 -761.37 -427.99 333.37 166.69 -594.68
GQs1 -767.01 -434.62 332.38 166.19 -600.81
GQs2 -765.81 -425.88 339.93 169.96 -597.09
Ca*" GQs3 -771.27 -422.91 348.36 174.18 -597.09
Ligands; -756.77 -716.93 39.84 19.92 -736.85
Ligands, -692.77 -680.66 11.32 5.66 -687.11
Ligands; -594.07 -580.35 13.72 6.86 -587.21
GQs0 -766.21 -426.56 339.65 169.82 -596.38
GQs1 -773.42 -434.40 339.02 169.51 -603.91
GQs2 -769.46 -427.92 341.54 170.76 -598.69
Mg?* GQs3 -767.00 -428.56 338.45 169.22 -597.78
Ligands; -773.07 -729.14 4393 21.96 -751.11
Ligands, -688.69 -680.84 3.79 1.90 -686.73
Ligands; -585.55 -576.75 8.80 9.09 -584.09
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resistance of a chemical species to changes in its electronic
structure, were generally higher for GQ than the ligands,
indicating that the ligands were generally softer than GQs,
had higher reactivity and lower stability, and could more
easily enter into chemical reactions. Among GQs, the
highest and the lowest n values (174.48 kJ mol' and
163.18 kJ mol”!, respectively) in the presence of Rb™ were
found in GQsz and GQs3. Among the ligands, L; had higher
1 values than the other two ligands. The highest and lowest n
values among the ligands were 25.84 and 1.90 kJ mol"', which
corresponded to L; in the presence of Li" ion and L; in the
presence of Mg?" ion, respectively.

The chemical potential (i), which is one of the most
important parameters in evaluating the reactivity of systems,
was studied to investigate the tendency of electrons to leave
the equilibrium. The two ligands L; and L had the highest pn
values among all species, respectively. The lowest and the
highest p values for L; were found to be -736.85 kJ mol!
(for Ca?") and -751.11 kJ mol' (for Mg?"), respectively.
Moreover, -672.39 kJ mol! was the lowest and -687.11 and
-686.73 kJ mol-! were the highest p values for L, and were
related to K*, Ca?’, and Mg?", respectively. The p values
obtained for L3 and GQs were approximately the same.

The AN index, which describes the charge transfer, was
calculated from Eq. (6) for systems Si, S,, and S3, and the
results are listed in Table 3.

The AN values obtained for the above three systems were
negative, revealing that the direction of the charge current in
them was from ligand to GQ. Therefore, GQ was considered

Table 3. The Calculated Partial Number of Electrons
Transferred from Ligands to GQ in 3 Systems

Ion AN
Sl S2 S3

Li* -2.79 -2.29 -1.94
Na* -2.83 -2.30 -1.98
K* -2.71 -2.24 -2.19
Rb* -2.77 -2.24 -2.08
Cs* -2.78 -2.34 -1.97
Mg? -2.77 -2.26 -2.05
Ca? -2.75 -2.28 -1.98
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Fig. 3. The calculated distance between the corresponding
guanines of 1KF1.

as the electron acceptor and the ligands as the electron donor
in all the systems. In general, S; and S; had the lowest and
highest value of AN (transferred electron), respectively.
Since in the GQ structure, the four G-quartet sheets were
overlapped by m-n staking forces at a certain distance, the
study of these forces provided useful information about the
GQ structure and its variation in different conditions and
environments. The distance between the corresponding
guanines on the adjacent G-quartet sheets was measured in
all systems, and the results are presented in Table 4. Also, the
distance of the 1KF1 sequence sheets, the file of which was
extracted from the PDB database, was measured as a
reference, as shown in Fig. 3. Any deviation from these
values, which together were considered to be the standard
state, was considered to indicate a change in the stability of
the GQ structure in the presence of various ions and ligands.
According to the values obtained from Table 4, the structure
of GQ in Sy changed less in the presence of K™ and Na* ions
than in the presence of other ions. The maximum deviation
from the ground state (1KF1) occurred due to the presence of
Mg?* ion. The images obtained from molecular dynamics
simulation showed that the guanines involved in the
formation of sheets were displaced. The distance between the
3-3 guanines of the first and the second sheets and the 4-4
guanines between the second and third sheets (dpown) Was
greater than 6 A (6.41 and 6.03, respectively). The upper 3-3
guanines in the presence of lithium ions had a distance of
3.36 A from each other, which was far from the base state.
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Table 4. The Calculated Distance between Corresponding Guanines in Different Systems

System So Si S> S3
Guanine
ION dup dbown dup dbown dup dbown dup dbown
number

1-1 4.98 4.79 4.77 5.29 3.59 5.21 4.16 4.81
. 2-2 4.53 5.24 3.88 4.06 5.23 4.50 5.04 4.54
H 3-3 3.36 4.55 3.85 5.23 5.73 5.00 3.84 5.18
4-4 4.61 4.48 4.08 4.93 4.28 4.55 3.73 5.29
1-1 4.81 4.74 4.75 4.27 3.99 4.94 3.84 5.30
Na' 2-2 4.99 4.59 4.52 4.69 4.46 5.61 4.23 4.72
3-3 5.13 4.78 5.13 5.09 4.13 4.64 3.67 4.58
4-4 5.19 4.74 4.73 5.21 4.24 5.10 4.06 4.88
1-1 5.51 4.98 4.48 4.64 4.73 4.43 4.12 4.92
. 2-2 4.76 4.49 5.25 4.94 5.26 4.89 3.62 5.05
a 3-3 4.71 4.66 4.46 5.09 4.40 4.60 4.07 4.68
4-4 4.43 4.82 4.70 4.53 5.13 5.08 3.75 5.44
1-1 4.52 4.53 4.25 4.90 4.86 4.70 4.73 5.19
Rb* 2-2 4.53 5.05 4.54 4.63 4.66 4.83 4.04 5.61
3-3 4.44 5.02 4.15 4.53 4.84 4.21 4.19 4.70
4-4 5.07 5.10 3.93 4.92 5.23 4.85 5.52 4.79
1-1 3.81 5.01 6.43 4.27 3.96 4.85 4.74 4.54
- 2-2 3.87 4.88 3.63 4.76 431 4.80 4.79 4.49
3-3 4.39 5.25 4.69 4.33 3.72 5.52 4.98 4.83
4-4 4.84 4.41 3.87 4.96 4.09 5.08 4.27 3.67
1-1 5.43 4.37 5.78 4.79 5.12 5.14 7.23 4.32
Mg 2-2 5.18 5.47 5.31 6.31 5.03 4.95 5.35 4.84
3-3 6.41 4.37 3.97 4.66 5.09 4.93 5.39 5.05
4-4 4.78 6.03 6.44 4.66 9.82 4.20 6.34 4.01
1-1 4.30 4.43 4.75 4.58 5.19 4.82 5.23 4.73
Cat 2-2 4.74 4.55 4.68 4.86 5.43 4.47 3.71 5.01
3-3 4.11 4.67 4.55 4.69 5.05 4.70 4.58 5.09
4-4 4.58 5.11 5.02 441 4.67 4.71 5.09 5.04

While the sheets were slightly displaced in the presence of  presence of other ions despite displacements relative to
lithium ions, they did not show a noticeable change in the 1KF1. In system S1, it was observed that the changes in the
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presence of the ligand were greater than those in the absence
of the ligand. In this system, the K™ and Na* ions had the
nearest values to 1KF1, and the shapes of the sheets were well
preserved. In the presence of Ca?* and Rb* ions, with slight
changes in the structure and distance between the sheets, the
G-quartet guanine order was almost unchanged. However,
values less than 4 A and more than 5 A were observed for
other ions and the deviation from the ground state was higher
for these ions than the reference ions.

The GQ structure in system S1, containing Cs* and Mg?*,
was completely changed. In system S, except for the ion
Mg?*, where the upper sheet guanine was completely
dissociated and had a distance of 9.82 A from the second
sheet guanine, the other ions do not cause a significant
change in the structure of G-quartet sheets despite the
changes between the sheets relative to 1KF1. In general,
despite the variations in the intersheet spacing in this system,
the GQ structure in the presence of all ions was better
preserved than in other systems and the sheets were in better
order.

In system S;, the measured values were quite different
from 1KF1 in the presence of Mg?* ion and the GQ structure
was lost. In the presence of Cs™ ion, however, the deviation
in the space between the sheets was not significant relative to
1KF1 and the GQ structure was completely changed (Fig. 4).

G1-Gl

Fig. 4. The calculated distance between the corresponding
guanines of 1KF1 in the presence of Cs* ion.
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As regards the other ions, the GQ structure did not undergo
any significant changes and the sheets were regular and close
to the ground state.

CONCLUSIONS

To investigate the structural and sensory properties of
GQ-ligand complexes, m-n stacking interactions, energy
changes, electronic changes of the GQ structure, and three
porphyrin-based ligands were studied by quantum computing
in three systems, namely, So, Si, S, and S3; and in the
presence of different ions. The ligand and ions caused
changes in the structure of GQ relative to the ground state.
An examination of the m-n forces showed that L, and L3
complexes retained the GQ structure more stable than did the
GQ-L; complex despite the variation in the space between the
quartet sheets. Energy calculations showed that L; (a
porphyrin-based ligand consisting of only a non-substituted
ring) was generally less inclined to interact with GQ whereas
the other two ligands, with a substitution on the porphyrin
ring, interacted more easily with GQ. Experimental studies
on GQ and porphyrin derivatives have also shown that the
substituent on the porphyrin ring facilitates loops and sheets
attachment as well as GQ-ligand binding. For example, a
study of two ligands, called TMPyP4 and TPrPyP4, showed
that TPrPyP4, with a larger substituent, had generally
stronger interactions with GQ [23,44-46]. The ionization
energy analysis also showed that the calculated energy of L,
was similar to that of GQ, which could be due to the structural
similarity of L; to the G-tetrad plane. The AN values,
indicating the rate of charge transfer between the species
involved, showed that the direction of the electron current in
the studied systems was from the ligand to GQ. In this study,
the highest charge transfer was observed in system S;. The
electronic and structural changes in the biological
environment are the basis of biosensors, in which the
detection is made by measuring an identifiable change or
signal. Given that the performance evaluation of a
biochemical sensor depends on the interactions at the
molecular level, the information obtained in this study can be
useful in designing and manufacturing biosensors with high
selectivity and specificity for use in specific biological

applications.
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