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ABSTRACT

The present study explored the structural and reactivity relationship of halogenated G-C PNA base pairs
using density functional theory (DFT) calculations. The halogens such as F, Cl, and Br are substituted
by replacing H atoms involved in H-bonds of the base pairs. All structures were optimized using the
B3LYP/6-311++G** theory level, and positive frequencies confirmed their equilibrium states. To
understand the structural variations of the considered halogenated systems, the bond distances of R—X,
R—H, and X/He+*Y and the bond angles of R—X¢**Y were analyzed. The obtained structural parameters
and interaction energies are comparable with the previous theoretical reports. In addition, the interaction
energies (Ein) and quantum molecular descriptors (QMD) are also calculated to understand the
difference between halogenated PNA systems and their non-halogenated counterparts. In this study, the
enhancement in the reactivity properties @, y, EAandS of halogenated PNA systems has been
demonstrated, which indicates their improved responsive characteristics in various chemical reactions.
Based on the available results, the halogenated PNA systems, carefully considering their substitutional
position, facilitate better accommodation for the triplex formation of dsDNA/dsRNA. Therefore, it is
concluded that the improved reactivity properties of halogenated PNA base pairs would make them
potential candidates for various biological applications.
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Structure and Reactivity of Halogenated GC PNA Base Pairs — A DFT Approach

1 Introduction

Promoting the formation of halogen bonds in biomolecules is an
effective method for engineering new artificial proteins and
nucleotides (Metrangolo and Resnati 2008). In biomolecules, a
halogen bond can be generally defined as R—Xes¢Y—R’, where "X"
represents a halogen atom in one molecule (R—X) and "Y"
represents an electron-rich group (Y—R') such as oxygen, nitrogen,
and so on (Auffinger et al. 2004). Especially in nucleic acid
systems, for example, halogens can strengthen the base stacking
interaction, paving the way for enhancing the stability of higher-
ordered strands 2017). Furthermore,
Auffinger et al. (2004) have demonstrated the effectiveness of a
brominated DNA complex d(CCAGTACbr’UGG) (br’U, 5-
bromouridine) in ligand binding, molecular recognition events, and
molecular folding. The molecular-level insights of halogenated
Watson-Crick base pairs have been studied by Parker et al. (2012)
and Gomila et al. (2023) using theoretical techniques. They found
that brominated structures form more stable complexes due to their
size and polarizability. Several halogenated drugs, containing
either fluorine or chlorine, or both, have been used commercially
to treat various diseases, including migraine, various cancer types,
cardiovascular disease, vasculitis and multiple sclerosis. These
drugs were sanctioned by the Food and Drug Administration
(FDA) (Inoue et al. 2020; Yu et al. 2021). For example,
vancomycin, a chlorine-containing antibiotic drug, is used to treat
MRSA infections (Alvarez-Martinez et al. 2020). Recently,
anticancer halogenated medicines such as tivozanib, melphalan
flufenamide, sotorasib, asciminib, umbralisib and infringatinib
were approved in 2021 to limit the growth of cancer cells by
controlling various kinds of biological activities (Benedetto Tiz et
al. 2022).

(Kolat and Tabarrini

Moreover, studies have shown that the incorporation of 5-
bromocytosine, 5-halo-2'-deoxyuridines bromodeoxyuridine and
iododeoxyuridine as nucleoside into the cellular DNA can potentially
act as a photosensitizer to detect the breakages and cross-links in
DNA strands (Wang and Lu 2010; Zdrowowicz et al. 2016).
Chemically modified nucleic acid structures have received notable
attention in scientific investigation since their usage has been found
in in vivo applications (Ochoa and Milam 2020). In this approach,
Peptide nucleic acid (PNA), an artificial oligonucleotide, was
modeled by Nielsen et al. (1992) and found interesting biological
applications since it is the best compensation for phosphate backbone
in DNA. The same group examined the rival biostability of the PNA
H-T10-LysNH2 against proteases using various bodily fluids such as
cellular extracts in human serum and bacterial and ascites tumour
cell extracts (Demidov et al. 1994). Patil et al. (2018) formed the
triplex strand by using double-stranded RNA (dsRNA) with single-
stranded PNA (ssPNA), wherein the utilization of halouracil
complexes showed a significant impact on strengthening the adjacent
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bases via H-bond interactions, enhancing well-ordered triplex
strands. On the other hand, studies revealed that the incorporation of
halogens into the peptide/protein complexes is capable of
conformational stabilization due to the directionality and strength
compared to that of an analogous H-bond, proving their
implementation in protein engineering (Danelius et al. 2017).
Considering the influential role of halo-modified nucleic acid
constituents for various biological purposes, we systematically
designed a peptidic chain linked 9 halogenated GC base pairs, named
GpnaCrna-F?, GenaCrna-F2, GenaCrna-F2, GenaCena-ClY, GenaCrna-
CP, GpnaCena-ClP, GenaCona-BrY, GenaCrna-Br? and GenaCrna-Br
to explore their structure and reactivity relationship properties
applying quantum chemical techniques. Thus, the main purpose of
this study is to focus on revealing the structure and reactivity
properties of halogenated PNA base pairs, emphasizing their
substitutional positions.

2 Materials and Methods
2.1 System setup and computational methods

Halogenated PNA base-pair structures were systematically
designed by the substitution of halogens (X=F, ClI, and Br, where s
in X° represent the position of the halogen atom in H-bonds, as
numbered in Figure 1) at each possible site of the H-bond. In
contrast, the peptide linkage N-(2-aminoethyl)-glycine is
connected via the N*" position of Guanine and the N** position of
Cytosine. Totally, 9 halogenated GC PNA base pair structures such
as  GpnaCena-F',  GenaCena-F?,  GenaCena-F?,  GenaCena-Cl,
GenaCrna-Cl8, GenaCrna-ClP, GenaCrna-Br', GpnaCena-Br® and
GenaCena-Br® were obtained (Figure 1). As Density functional
theory (DFT) being extensively used to study the H-bonded
systems and organic molecules (Fonseca Guerra et al. 2000) for
providing reliable results, we have chosen B3LYP functional (Lee
et al. 1988) for the present work to study the structure and
reactivity relationship of halogenated PNA systems. All considered
structures were constructed using Chemcraft software
(https://www.chemcraftprog.com) and are optimized at B3LYP/6-
311++G** level of theory with the help of the Gaussian 09W
program suite (Gaussian 09, A Revision 2016). Positive
frequencies confirmed the equilibrium state of the ground state
structures. The following analyses were conducted to examine the
structure and reactivity of halogenated PNA base pairs: structural
parameters, interaction energies (Eix) and quantum molecular
descriptors (QMD). In addition, molecular electrostatic potential
(MESP) was generated for the optimized structures using the
Gaussview 5.0 package (Dennington et al. 2009). The plots of
MESP were generated in atomic units (Hartrees), and an isodensity
surface value was fixed at 0.004 electrons/bohr? for all the systems
studied (Figure 2). The theoretical description of the present work
is provided below.
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Figure 1 optlleed structures of GPNACPNA-FI, GPNACPNA-FZ, GPNACPNA-Fs, GPNACPNA-Cll, GPNACPNA'CIZ, GPNACPNA'Cls, GPNACPNA'Brl, GPNACPNA'Br2 and GpNACpNA-Br3
obtained at B3LYP/6-311++G** level of theory.
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Figure 2 Electrostatic potential maps of GpNACpNA'Fl, GpNACpNA-FZ, GPNACPNA-F3, GpNACpNA-Cll, GPNACPNA-CF, GPNACPNA-Cls, GpNACpNA-Brl, G|:|\|/.\C|:|\u.\'BI'2 and GPNACPNA'BF3
whereas the isodensity surface value was fixed at 0.004 electrons/bohr® obtained from optimized structures at B3LYP/6-311++G** level of theory.
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The interaction energy was calculated for all the considered
systems using the counterpoise procedure (AE;T,), which was

int

proposed by Boys and Bernardi (1970). It is defined as follows,

AE(Y, = Eas — (Ea) inas— (Es) inag ®

where Eag is the total energy of the base pair, (Ea) in as represents
the energy of nucleosidel in the base pair (with the orbitals of
nucleoside2 superimposed), and (Eg) in ag represents the energy of
nucleoside 2 in the base pair (with the orbitals of nucleosidel
superimposed)

2.1.1 Quantum molecular descriptors (QMD)

Studying the quantum molecular descriptors (QMD), including
ionization potential (IP), electron affinity (EA), Chemical potential
(), Chemical hardness (1), Chemical softness(S), Electrophilicity
(w), and Electronegativity (X) would provide an insightful
understanding of the reactive sites of various molecular systems
(Chattaraj et al. 2006; Padmanabhan et al. 2007; Uppuladinne et al.
2013; Jerbi and Springborg 2018). The QMD of all the considered
systems were calculated based on Koopmans' theorem, which
states that the negative energy of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
is related to the IP and EA, respectively:

IP = -HOMO
EA = -LUMO

Additional descriptors: The formula for Electronegativity
(x), Chemical potential (p), Chemical hardness (n), Chemical
softness(S) and Electrophilicity (@) by using the IP and EA, as
shown below,

(IP+EA)

Electronegativity () = “—;

Chemical potential (u) = —y

Chemical hardness (n) = %EM

Chemical softness(S) = %
2

Electrophilicity (@) = ;_n

3 Results and discussion

Based on DFT calculations, the structural parameters, interaction
energies and quantum molecular descriptors of all halogenated
PNA base pair systems such as GpnaCpna-F', GpnaCena-F2
GenaCrna-F®, GenaCena-Cl',  GenaCena-CF, GenaCena-ClY,
GpNACpNA-Brl, GPNACPNA-BTZ and GPNACPNA-BI’S, were calculated at
the B3LYP/6-311++G** level of theory and tabulated in Table 1
and 2.

Rajamani et al.
3.1.1 Structural Parameters

The structural parameters such as bond distance of R—X, R—H and
X/Hes+Y (A) and bond angle (°) (X=F, CI and Br) for all optimized
structures were measured and are shown in Table 1. The bond
distances of R—X and R—H for all halogenated structures were
found to be between ~1.332A to 1.855A and ~0.991A to 1.040A,
respectively. The bond distance of XeeeY for all considered
structures varied from ~1.762 to 5.253A. Halogenation at position
#2 affects the adjacent H-bond, causing N—He*+O stretching by
about 4.449A for Cl and 5.253A for Br substitutions. Substituting
the halogens at either #1 or #3 position leads to stronger nucleoside
interactions than at position #2 in the base pair geometry. The bond
distance Xe*Y of halogenated PNA structures increases by about
~0.1A to 0.4A when compared to their natural counterparts, as by
Parker et al. (2012). The bond angle R—Xee*Y of GpNACpNA-FZ,
GrnaCena-Cl',  GenaCona-Cl%,  GonaCena-CE, GenaCona-Br,
GPNACPNA-BI’Z and GPNACPNA-BI’3 was found to be '”1600-1720,
resulting in coplanar structures that are more favourable for the
proper orientation of the c-hole, as given in the ESP plot in Figure
2. The R—XeeeY of GPN,'.\CPNA-F1 and GPNACPNA-F3 were found to
be ~70.8° and 48.7°, respectively, indicating that their planarity has
been distorted due to the unequal charge distribution (Figure 2).
The size of the halogen atom significantly affects the bond
distances X/Hee*Y by elongating about ~0.002A to 3.294A. The
exhibited intra/inter-atomic R—X, R—H and also the X/HeesY
distances and bond angle R—XeeY of Cl and Br substituted
structures are found to be in the probable range for the formation
of o-hole, as per studies shown the stability of the halogen bond
depends on proper orientation of the o-hole which is associated
with the covalent bonding region of R—Xee*Y (Shields et al. 2010;
Seidler et al. 2022; Smirnov et al. 2023).

3.1.2 Influence of halogenation on the interaction energy (Eint)

The interaction energies (Ein) of all the halogenated PNA base
pairs, including GPNACPNA-Fl, GPNACPNA-FZ, GPNACPNA-FS,
GenaCrna-Cl',  GenaCena-ClP,  GenaCona-CI, GenaCona-BrY,
GenaCrna-Br? and GpnaCrna-Bre, were calculated at the B3LYP/6-
311++G** level of theory and are evaluated with the available
results (Table 1). The calculated Eiy of all the halogenated PNA
structures is tabulated concerning their substitutional positions (#1,
#2, and #3), along with the results for halogenated DNA base pairs.
The range of Ein for all halogenated PNA base pairs varies from -
30.9kcal/mol to -6.9kcal/mol, whereas their respective H-bonded
base pair has -29.53kcal/mol, as reported by Parker et al. (2012).
The ascending order Eiy;, according to the position of halogen atom
placed in considered systems, is as follows: GpnaCena-F® <
GenaCrna-F'<  GenaCpna-Cl'<  GpnaCrna-Brt <GPNACPNA'C|3<
GPNACPNA-BI’3 < GPNACPNA'C|2< GPNACPNA'BrZ < GPNACPNA'FZ- Itis
noted that the Ein of GenaCpna-Br*and GenaCena-CIF ¥ found to be
almost similar at approximately 16.71kcal/mol and 16.31kcal/mol,
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Table 1 Inter/Intra-nucleoside H/X bond distances (A) R—X and R—H covalent bond length (A), X/HeesY bond distance (A), R—XeesY
bond angles © (degrees) and interaction energies (Ei) for optimized halogenated PNA base pair geometries at B3LYP/6-311++G**
level of theory

Base pair bonds R—X/A R—H/A X/HeeeY/A Oldeg %”r‘: \:ICI;T/;Z‘G“ I(_:llr:t IZ\(/: 2:}5::)'%

#1 1.382 - 2.978 70.8

GenaCrna-F* #2 - 1.025 1.916 161.8 -20.94 -
#3 - 1.017 2.132 164.9
#1 - 0.994 4.135 169.5

GpnaCrna-F2 #2 1.332 - 3.342 122.7 -6.69 -
#3 - 1.000 2.654 112.0
#1 - 1.033 1.762 175.7

GrnaCrna-F? #2 - 1.040 1.838 173.0 -30.93 -
#3 1.383 - 1.789 48.7
#1 1.723 - 2.627 165.4

GenaCoena-CIt #2 - 1.017 2.663 164.4 -17.68 -18.72
#3 - 1.021 1.900 163.9
#1 - 1.016 2.145 161.8

GenaCorna-CI? #2 1.753 - 2.631 160.6 -11.83 -12.09
#3 - 1.008 4.449 160.4
#1 - 1.024 1.834 171.9

GenaCena-CP #2 - 1.022 2.615 163.1 -16.36 -16.68
#3 1.746 - 2.643 164.3
#1 1.830 - 2.937 156.6

GenaCona-Brt #2 - 1.000 2.914 163.8 -16.71 -24.16
#3 - 1.000 2.017 162.9
#1 - 0.998 2.321 161.3

GenaCrna-Br? #2 1.855 - 3.010 150.7 -10.68 -18.02
#3 - 0.991 5.253 151.7
#1 - 1.001 1.980 171.8

GenaCrna-BPP #2 - 1.000 2.869 161.8 -15.27 -20.39
#3 1.844 - 2.894 156.7

$The interaction energy (Eint) values of halogenated GC base pair structures with plain forms obtained at B3LYP/6-31G* level of theory by

J Parker et al. (2012).

respectively. The Eix of chlorinated structures, such as GpnaCena-
CI', GpnaCrna-Cl, and GpnaCena-CE varies slightly from their
respective natural counterparts, with values of -11.83kcal/mol, -
16.36kcal/mol and -16.71kcal/mol showing a difference of
approximately -0.24kcal/mol to -1.04kcal/mol. In the case of
brominated structures such as GenaCena-Br*, GenaCena-Br? and
GrnaCrna-Bre, the Ein values were found to be -16.36 kcal/mol, -
10.68 kcal/mol and -15.27 kcal/mol, while the E;i, values for their

respective natural counterparts as by Parker et al.(2012) were
found to be -24.16 kcal/mol, -18.02kcal/mol and -20.39kcal/mol
respectively. Among all the substitutional positions, it is evident
from Table 1 that position #2 has the highest Eiy, approximately -
6.9kcal/mol, -11.83 kcal/mol, and -10.68kcal/mol for GpnaCrna
with F, ClI and Br. Therefore, position #2 is the most favourable
position for stronger interactions while stabilizing the adjacent
bases to form higher-order strands.
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3.1.3 Quantum molecular descriptors (QMD)

Based on Koopmans' theorem, we have calculated the QMD,
including ionization potential (IP) and electron affinity (EA),
Electronegativity (X), Chemical potential (i), Chemical hardness
(), Chemical softness(S),and Electrophilicity (w) for all the
considered systems in the present work using the B3LYP/6-
311++G** level of theory. The QMD of halogenated PNA
structures are tabulated in Table 2 along with the non-halogenated

Rajamani et al.

PNA base pair results obtained B3LYP/6-31G*//B3LYP/6-
311++G* level of theory (Indumathi et al. 2020). The IP of
GenaCrna-Fl, GpnaCena-F?,  GenaCena-FP,  GenaCena-Cl,
GpnaCrna-Cl2, GpnaCrna-ClP, GpnaCrna-Br, GenaCena-Br? and
GenaCrna-Bre ranges between ~5.66eV and 6.18eV whereas the
non-halogenated GpnaCena System is higher about ~7.32eV as by
Indumathi et al. (2020). The Bar graph showing the calculated
QMDs of all the halogenated PNA systems (GpnaCpna-Fl
GenaCrna-F?, GenaCena-FP,  GenaCena-ClY,  GpnaCena-Cl%,

Table 2 Reactivity descriptors: IP, EA, p, 1, ®, S and y of halogenated PNA base pairs obtained at BSLYP/6-311++G**
level of theory

Base pair . Enowo . ELumo . P .EA . H @
(in Hartrees) (in Hartrees) (ineV) (ineV) (ineV) (inev)

GpnaCrna-F -0.217 -0.085 5.90 231 -4.105 1.795 4.708 0.557 4.105
GpnaCrna-F? -0.219 -0.060 5.96 1.63 -3.795 2.165 3.347 0.462 3.795
GpnaCona-F? -0.224 -0.070 6.10 1.90 -4.000 21 3.810 0.476 4.000
GpnaCrna-CIt -0.208 -0.073 5.66 1.99 -3.825 1.835 3.973 0.545 3.825
GpnaCona-CI? -0.227 -0.054 6.18 1.47 -3.825 2.355 3.102 0.425 3.825
GpnaCrna-CP -0.228 -0.053 6.20 1.44 -3.820 2.38 3.075 0.420 3.820
GpnaCrna-Brt -0.210 -0.061 5.71 1.66 -3.685 2.025 3.347 0.494 3.685
GpnaCena-Br? -0.227 -0.060 6.18 1.63 -3.905 2.275 3.347 0.440 3.905
GpnaCrna-Br -0.224 -0.059 6.10 1.61 -3.855 2.245 3.293 0.445 3.855

*GpnaCrna - - 7.32 0.39 -3.849 3471 2.134 0.288 3.849

$The compared reactivity descriptors values of GPNA-CPNA obtained at B3LYP/6-31G*//B3LYP/6-311++G** level of theory by

Indumathi et al. (2020).

QUANTUM MOLECULAR DESCRIPTORS

IP EEA

In eV

Figure 3 The IP, EA, W, X1, Sand wineVs plOtted for GpNACpNA'Fl, GPNACPNA'FZ, GpNACpNA'F3, GpNACpNA'Cll, GPNACPNA-Clz,
GPNACPNA'CP, GPNACPNA'Brl, GPNACPNA'BFZ and GpNACpNA'Br3 obtained at B3LYP/6-311++G** level of theory.
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GpnaCrna-ClP, GenaCena-Br, GpnaCena-Br? and GenaCena-BrY)
along with the non-halogenated Gpna-Cena System is given in
Figure 3. The decrement in IP by about ~1.12eV to 1.66eV,
indicating halogenated PNA structures required less energy for
removing electrons than non-halogenated PNA systems. The
halogenated systems' EA is about ~1.05eV to 1.92eV higher than
the GenaCena System. While comparing EA among halogenated
PNA systems, GpNACpNA-Fl, GpNACpNA-F3 and GpNACpNA-Cll have
the highest EA, about ~2.31eV, 1.90eV and 1.99eV, respectively.
The chemical potential (u) of #1 and #3 of fluorinated GenaCena
and #2 and #3 of Brominated GpnaCena are higher, about ~-
0.006eV to -0.256eV, than others. Further, the increment of the w
value from about ~0.941eV to 2.674eV showed the ability of
halogenated GenaCena Systems reactivity has enhanced compared
to the non-halogenated PNA base pair systems. In addition, the
highest y is observed for #1 and #3 of fluorinated GpnaCpna, and
#2 and #3 of Brominated GpnaCrna Structures and were found to be
~4.110eV, 4eV, 3.864eV, and 3.918eV respectively. The
remaining structures, such as GpnaCpna-F?, GpnaCena-Cl,
GPNACPNA-Clz, GPNACPNA-CP, and GPNACPNA-BI':l are found to be
slightly lowered by about~0.012eV to 0.149eV, when compared to
the non-halogenated GpnaCena Systems. Also, the n for
halogenated GpnaCpna base pair is found to be lower, about
~1.016eV to 1.575eV, whereas the S of halogenated GpnaCrna
base-pair structures are found to be higher, about ~0.132eV to
0.269eV than the non-halogenated GpnaCena Systems. From the
results of QMD, a significant effect on GpnaCena Systems upon
halogenations was observed in enhanced reactive properties by the
increment of @, y, EAandS indicating their readiness towards
the immediate chemical reactions.

Conclusion

The present work highlights the halogenation effect on GpnaCrna
base pair systems concerning their positions by employing density
functional theory (DFT). We found the size of the halogen atom
affects the bond distance and the planarity of the base pairs based
on the structural analysis. Additionally, we found that the CI and
Br substituted systems are most favourable for the spatial
orientation of the o-hole and maintaining good stability. However,
we found that the quantum molecular descriptors that reveal the
halogenated GpnaCrna Systems are more susceptible to chemical
reactions than their natural counterparts. Therefore, we concluded
that halogenation in peptide nucleic acid systems significantly
impacts both the structure and reactivity properties when compared
to non-halogenated PNA. This study helps to understand the
molecular characteristics of the halogenation effect on PNA base
pair systems concerning substitutional position. Also, this study
investigated how using various chemically modified PNA
structures with halogenation could facilitate the progression of
well-ordered triplexes for therapeutic applications. Our report on
the structure and reactivity properties of halogenated PNA base
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pairs shows that it is worth understanding the physiochemical
properties of such systems in therapeutic applications. Hence, our
future study will explore the chemical properties, especially in the
biological environment, by applying molecular dynamics
simulation and experimental studies.
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