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Abstract: Accurate calculation of non-covalent interaction energies in nucleotides is crucial for
understanding the driving forces governing nucleic acid structures and functions, as well as
developing advanced molecular mechanics forcefields or machine learning potentials tailored to
nucleic acids. Here, we dissect the nucleotides’ structure into three main constituents: nucleobases
(A, G, C T, and U), sugar moieties (ribose and deoxyribose), and phosphate group. The interactions
among these fragments and between fragment and water were analyzed. Different quantum
mechanical methods were compared for their accuracy in captuing the interaction energy. The non-
covalent interaction energy was decomposed into electrostatics, exchange-repulsion, dispersion,
and induction using two ab-initio methods: Symmetry-Adapted Perturbation Theory (SAPT) and
Absolutely Localized Molecular Orbitals (ALMO). These caculations provide the benchmark for
different QM methods while providing valuable understanding of the roles of various
interamolecular forces in hydrogen bonding and aromatic stacking.

Keywords: nucleotides; ALMO EDA2; SAPT2+(3)/dmp2; dispersion; induction

1. Introduction

Nucleotides are the main building blocks of nucleic acid, either DNA or RNA. Nucleotides are
composed of neutral sugar moiety (deoxyribose in DNA or ribose in RNA), negatively charged
phosphate group, and nucleobase. Nucleobases are either purine (Adenine (A) or Guanine (G) or
pyrimidine (Cytosine (C), Thymine (T), or Uracil (U)) [1]. Nucleic acids are not only essential for the
storage of genetic material, transcription, and translation but also for various cellular processes as
ligand binding, enzymatic function, regulation of different metabolic activities, genomic instability,
apoptosis, and stress response [2-5].

The most common configuration of DNA is the B-DNA duplex [6,7]. Transition from B-DNA
geometry to A-DNA geometry is observed upon adding solvents or interacting with other proteins
or drug molecules [8-10]. Z-DNA form was detected in crystal structures and environments with
high-salt concentration [11-13]. A-form helix is the dominant configuration for RNA as well as
hairpins loops and tertiary structures depending on the sequence and the number of strands [14].
Depending on the B-DNA or A-DNA geometry, the sugar moiety adopts either C2’ endo
conformation or C3’ endo conformation, respectively [15]. On the other hand, RNAs typically exist
in A form. These complex and different configurations of nucleic acids are maintained and stabilized
by the non-covalent interactions among the three main components of the nucleotides. Two main
types of non-covalent interactions are present in the nucleic acid hydrogen bond and stacking
interactions.

Due to the complex nature of DNA and RNA molecules with the dominance of non-covalent
interactions, molecular simulations using the current molecular mechanics (MM) forcefields have
been challenging. Current nucleic acid forcefields treat the non-covalent interactions as a sum of
electrostatics interactions between fixed atomic charges and van-der-Waals interactions accounted
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for by Lennard-Jones potentials [16]. AMOEBA (atomic multipole optimized energetics for
biomolecular applications) employs polarizable atomic multipoles to improve the representation of
electrostatics [17-19]. Drude NA force fields account for polarization in NAs based on classical Drude
oscillators [20-22]. These efforts significantly improved our ability to describe many-body
polarizations. Nonetheless, challenges remain. For example, in the case of stacked aromatic
molecules, any point charge or multipole models are unable to capture electrostatic interactions
between the atomic rings [23]. This is attributed to the lack of charge penetration effect needed to
account for the m-stacking interactions due to the overlapping of the m-electron clouds and atomic
nuclei [24-26]. The improvement in the accuracy of atomic potentials and force field parameters
depends on the quality of the underlying QM benchmarks used.

Here we applied five different high-quality QM methods to the non-covalent interactions of
nucleic acid based on Symmetry-Adapted Perturbation Theory (SAPT) and Absolutely Localized
Molecular Orbitals (ALMO): SAPTO0 with jun-cc-pVDZ, SAPT2+ with aug-cc-pVDZ, SAPT2+(3)/dmp2
with aug-cc-pVDZ, SAPT2+(3)/dmp2 with aug-cc-pVTZ, and ALMO EDA2 (original energy
decomposition) with B97M-V and aug-cc-pVTZ. Nucleotides were divided into three main
components based on the difference in the chemical structure and charge (Figure 1). First, the three
most probable configurations of the negatively charged dimethyl phosphate: DMP gg, DMP gt, and
DMP tt. Second, the neutral C 2’endo deoxyribose sugar moiety, the most common in B-DNA
structure, and the neutral C3’endo ribose sugar moiety, the most common structure in the RNA and
the A-DNA. The main non-covalent interaction that governs the bonding of the last two moieties is
the hydrogen bond. The third component of nucleotides are the nucleobases, which interact with
both hydrogen bonds and stacking interactions. The interaction of the three main components of the
nucleotides with the water molecule over a wide range of locations and distances was studied to
probe the hydrogen bond interaction aspect of the nucleotides. Besides the interaction with the water
molecule, the stacked nucleobases (intrastrand) and the hydrogen-bonding nucleobases (interstrand)
were examined. ALMO EDA2 was found to be consistent among selected DFT methods and
independent of the basis sets used. On the other hand, the three levels of SAPT investigated (SAPTO,
SAPT2+, and SAPT2+(3)/dmp2) showed high dependence on the basis set used. Upon studying the
interactions of the intrastrand stacked nucleobases, interstrand nucleobases, and the three main
fragments with water and nucleobases, the two of the best ab-initio methods for the nucleotides are
ALMO EDA2 (B97M-V) with aug-cc-pVTZ basis set with original energy decomposition scheme and
SAPT2+(3)/dmp2 with aug-cc-pVTZ. By examining the energy components of the interactions among
the various constituents of nucleotides, it was found that exchange-repulsion dominates within the
neutral sugar moiety. Electrostatic attraction is also strong, largely offsetting the repulsion. Similar
trends were observed for neutral nucleobases’ interaction with water. As expected, electrostatics were
more significant in the charged DMP interaction with water molecules. In all these cases, there is a
large cancellation between the electrostatic attraction and exchange-repulsion, and as a result the
attractive induction and dispersion are responsible for stabilizing the molecular complexes with
water, highlighting the significance of explicit consideration of induction effect. For interstrand or
intrastrand nucleobase dimers, however, dispersion was found to be the most important while
electrostatics is slightly attractive, and induction is insignificant.
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Figure 1. Nucleotides dissected into three main constituents based on the difference in the chemical
nature: Dimethyl phosphate, Sugar Moiety, and Nucleobases.

2. Results
2.1. Benchmarking of Small Molecules
2.1.1. Various Theoretical Methods

Nucleotides mainly compromise two types of interactions: stacking interactions between the
nucleobases and hydrogen bond interactions involving nucleobases, sugar moiety, phosphate group
and water solvent. To determine the best theoretical method to study the interaction energies in such
a complex system, benchmarking was done on 6 hydrogen-bond forming compounds, Ethylamine-
water (CCN-Wat), Methanethiol-Water (CS5-Wat), Ethylamine-Methanethiol (CCN-CS), Methanol-
Water (CO-Wat), Methanol-Ethanethiol (CCS-CO), and Chlorobenzene-Ethylamine (BenCl-CCN),
and 6 stacked molecular dimers, Pyrrole-Pyrrole, Benzene-Imidazole, Benzene-Benzene,
Fluorobenzene-Fluorobenzene, Fluorobenzene-Imidazole, Chlorobenzene-Chlorobenzene. For these
dimers, interactions energy at the MP2 (Mgller-Plesset perturbation), CCSD(T) Coupled Cluster
Theory through perturbative triples and Complete Basis Set CBS CCSD(T) were previously reported
in the DE Shaw database [27]. Here we compared these methods with 1) DFT based Absolutely
Localized Molecular Orbitals Energy Decomposition Analysis, ALMO EDA2, with the original and
the new energy decomposition schemes [28-31] and 2) different level of theory of Symmetry-Adapted
Perturbation Theory (SAPT): SAPTO, SAPT2+, and SAPT2+(3)/dmp2 [32-34]. The aug-cc-pVTZ basis
set was used for both ALMO and SAPT calculations. These methods also offer value interaction
energy components that allows us better understanding the driving force for intra- and
intermolecular complexes and developing accurate atomic potentials for molecular simulations. The
most accurate method here, CBS CCSD(T), is used as the benchmark. The interaction energies of the
hydrogen-bond forming compounds from the different methods were comparably similar with most
deviation observed in SAPTO and MP2 methods (Figure 2a). MP2 method was found to
underestimate the interaction energies compared to CBS CCSD(T), with most difference of 0.7
kcal/mol observed in the interaction energy of CCN-CS dimer. SAPTO overestimated the interaction
energies with the biggest deviation from CBS CCSD(T), -1.0 kcal/mol, in BenCI-CCN. SAPT2+
performed well for most of the hydrogen-bond forming dimers except for CCN-CS, where the
difference from CBS CCSD(T) was -0.57 kcal/mol. In summary, all the tested methods showed
relatively small deviation compared to CBS CCSD(T). The best performance was given by
SAPT2+(3)/dmp2 and ALMO EDA2 with both old and new energy decomposition scheme — the
maximum deviation from CBS CCSD(T) is 0.1 kcal/mol (Figure 2a).


https://doi.org/10.20944/preprints202406.0349.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 June 2024 d0i:10.20944/preprints202406.0349.v1

The interaction energies obtained from the various theoretical methods were found to vary much
more significantly for the stacked complexes (Figure 2b) compared to the hydrogen-bond forming
complexes. CCSD(T), MP2, SAPTO0, and SAPT2+ overestimated the interaction energies compared to
CBS CCSD(T) with most deviation observed for SAPTO0. The interaction energy of BenCl-BenCl dimer
obtained from the various methods was found to be associated with the maximum difference
compared to CBS CCSD(T) interaction energies. For example, SAPTO interaction energy deviated
from the CBS CCSD(T) value by 2.54 kcal/mol and for MP2 method the deviation was 1.77 kcal/mol.
BenF-BenF and BenF-Imidazole interaction energies also showed large variations among different
methods. This showcases the limitation of these methods with the halogen substituted aromatic
systems in general. The best theoretical method with the least deviation from CBS CCSD(T) for the
stacked molecules was found to be SAPT2+(3)/dmp2, with maximum of 0.2 kcal/mol observed in
BenCl-Ben(l], followed by ALMO EDA2 with the original energy decomposition with maximum
deviation of 0.36 kcal/mol observed in BenCl-BenCl, and then ALMO EDA2 with the new energy
decomposition with maximum difference of 0.54 kcal/mol observed in BenF-BenF (Figure 2b).

(a) (b)

Hydrogen-bond Forming Compounds Stacked Compounds
=20 —o— SAPT2+(3)/dmp2 -2 —o— SAPT2+(3)/dmp2
25 o~ SAPT2+ -3 o SAPT2+

-8~ SAPTO -~ SAPTO

|
&

=&~ ALMO EDA2 (original)
—&— ALMO EDA2 (new)
-~ CCSD(T)

o~ CBS CCSD(T)
—o— MP2

—&— ALMO EDA2 (original)
—&— ALMO EDA2 (new)
—o— CCSD(T)

o~ CBS CCSD(T)
-o— MP2

1 1
o w

IE (kcal/mol)
|

IE (kcal/mol)
1

1
@

I
©

CS-wat
CCN-CS
CO-Wat
CCSs-CO
Pyrrole-Pyrrole 4
BenF-BenF
BenF-Imidazole 4
BenCl-BenCl

CCN-Wat
Benzene-Benzene 4

BenCI-CCN
Benzene-Imidazole

Figure 2. Benchmarking of the interaction energies of different small molecules using various
theoretical methods, mainly different levels of SAPT (SAPT0, SAPT2+, and SAPT2+(3)/dmp2) and
ALMO EDA2 (B97M-V) with original and new energy decomposition against CBS CCSD(T). All the
calculations were performed using aug-cc-pVTZ basis set. (a) Interaction energies of hydrogen-bond
forming compounds as obtained from different methods; (b) Interaction energies of stacked
compounds.

2.1.2. Comparison of DFT Methods

As some of the tested theoretical methods were inconsistent in the case of the stacked complexes
compared to the hydrogen-bond forming complexes, further analysis was performed on the stacked
compounds using different DFT levels of theory. Four different DFT methods B97M-V, wB97M-V,
wB97X-V, and wB97X-D3 were tested and contrasted with CBS CCSD(T) and DLPNO/CCSD(T) an
approximate CBS CCSD(T) method. This additional comparison is also performed due to the superior
performance of both the original and the new energy decomposition schemes of ALMO EDA2, based
on DFT calculation, for the hydrogen-bonding and stacked complexes. The interaction energies
obtained from the four tested DFT level of theory were found to be very similar to each other and to
CBS CCSD(T) interaction energies for the stacked molecule (Figure 3). BO7M-V showed the most
deviation from the CBS CCSD(T) method, and yet the maximum error (pyrrole-pyrrole) is only 0.36
kcal/mol. Interestingly, pyrrole-pyrrole was the dimer showing the largest variation among the
different DFT methods, except for wB97X-D3 where the largest error was associated with BenCl-
BenCl molecule. wB97X-D3 method was found to be the most consistent with CBS CCSD(T) with
maximum difference of 0.21 kcal/mol among the test sets. Overall, the results indicate that all these
DFT methods tested here produce satisfying interaction energies that closely match the CBS CCSD(T)
results (Figure 3).
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Figure 3. Benchmarking of different levels of DFT theory (B97M-V, wB97M-V, wB97X-V, and wB97X-
D3) for the stacked molecules against CBS CCSD(T) method.

2.1.3. Basis Set Dependence

The superior performance of ALMO EDA2 (B97M-V) with original energy decomposition
scheme and SAPT2+(3)/dmp2 methods for both stacked and hydrogen-bond forming compounds
was based on using aug-cc-pVTZ basis set. Benchmarking of the basis set dependence of both ALMO
and SAPT methods is also crucial. Three different basis sets of aug-cc-PVTZ, aug-cc-PVDZ, and jun-
cc-PVDZ were used for the five stacked molecules using different levels of theory: SAPT0, SAPT2+,
SAPT2+(3)/dmp2, and ALMO EDA2 (Figure 4).
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Figure 4. Basis set dependence of ALMO EDA2 generation with B97M-V, SAPTO, SAPT2+, and
SAPT2+(3)/dmp2 in the stacked molecules using jun-cc-PVDZ, aug-cc-PVDZ, and aug-cc-PVTZ.
Thus, using higher level of SAPT or large basis set do not guarantee better accuracy. Empirically, it
was determined that SAPTO with jun-cc-pVDZ basis and SAPT2+ and SAPT2+(3)/dmp2 with aug-cc-
pVDZ are in reasonable agreement with ALMO EDA2, with an average deviation of 0.2 kcal/mol for
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all stacking energies. The maximum difference among the three SAPT methods was 0.3 kcal/mol,
observed for BenCl-BenCl.

ALMO EDA2 was found to be independent of the basis set used, where the maximum difference
in the interaction values for all 5 stacked molecules obtained from different basis sets is around 0.1
kcal/mol. This reflects the robustness of the DFT methods such as BO7M-V.

The situation with SAPT is complicated. Using the larger basis sets aug-cc-pVTZ and aug-cc-
pVDZ with SAPTO resulted in overestimation of the interaction energy by 3.0 kcal/mol on average,
especially for halogen substituted benzene molecules, compared to SAPTO with the smallest basis set
jun-cc-pVDZ. Surprisingly, SAPTO with jun-cc-pVDZ resulted in interaction energies that are more
consistent with those obtained from ALMO EDA2. In higher levels of SAPT, SAPT2+ and
SAPT2+(3)/dmp2, using jun-cc-pVDZ resulted in underestimation of the interaction energy for all the
stacked molecules, by ~2.0 kcal/mol for the 5 stacked dimers. The interaction energies from using
aug-cc-pVDZ with SAPT2+ were closer to those obtained from ALMO compared to using aug-cc-
pVTZ basis set. The maximum difference of using the two basis sets is around 0.58 kcal/mol, observed
in BenCl-BenCl molecule. The performance of SAPT2+(3)/dmp2 with aug-cc-pVDZ was slightly
better, compared to ALMO energies, than with aug-cc-pVTZ. The difference between the two basis
sets aug-cc-pVTZ and aug-cc-pVDZ in the highest level of theory SAPT2+(3)/dmp2 was found to be
less compared to SAPT2+.

2.2. Total Interaction Energies of The Main Three Constituents of Nucleotides

Based on the benchmarking so far, we applied the following five protocols to examine the
interaction energies of nucleotide fragments: ALMO EDA2 (B97M-V, original scheme), SAPTO with
jun-cc-pVDZ, SAPT2+ with aug-cc-pVDZ, and SAPT2+(3)/dmp2 with either aug-cc-pVTZ or aug-cc-
pVDZ.

2.2.1. Sugar Moiety

To probe the hydrogen binding interaction around the sugar moiety, three different
configurations of a water molecule interacting with C2 ‘endo deoxyribose was selected based on the
optimal docking scores obtained from alISS workflow [35] and on the uniqueness of the water position
(Figure 5). In Watl and Wat5 configurations, the water molecules form hydrogen bond with the
oxygen moiety of the 5-membered ring sugar moiety and with the terminal hydroxyl group. Both
configurations interact with different angles with the sugar moiety but with the similar distances 1.8
or 1.9 A. Wat13 configuration forms a single hydrogen bond with the hydroxyl group attached to C3’
at 1.9 A. Similarly, three different configurations of the water molecule interacting with C3’ endo
ribose sugar moiety were selected (Figure 5). Wat 1 configuration forms hydrogen bond with the
oxygen of the 5-membered ring and the hydroxyl group attached to the C3’, Wat 3 configuration
forms hydrogen bond with the oxygen in the ring and the terminal hydroxyl group, and Wat 9
configuration forms hydrogen bond with the terminal hydroxyl group and the hydroxyl group
attached to C2’. To probe the interaction energy surface, the water probe was moved away from the
minimum energy distance along the vector connecting the two molecular centers of mass. For each
distance, the single point interaction energy of sugar-water was calculated.

do0i:10.20944/preprints202406.0349.v1
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Figure 5. Representative structures for the C2’ endo deoxyribose sugar and C3" endo ribose sugar
interact with water probe at different positions. The distances correspond to the equilibrium distance
obtained from MP2 optimization of the structures with 6-31G* basis.

Deoxyribose Watl and Wat5 configurations were found to have lower energy compared to
Watl13 configuration due to the additional hydrogen bond formed. Wat5 configuration has slightly
lower energy than Watl configuration by about 0.6 kcal/mol. For clarify, only Wat 1 and Wat13
energy profiles are shown in Figure 6a.

Ribose Watl configuration was associated with the lowest energy followed by Wat3
configuration then Wat9 configuration. This indicates that forming hydrogen bond with the oxygen
of the ring is crucial to have the lowest energy configurations. SAPT2+(3)/dmp2 with aug-cc-pVDZ
resulted in the most inconsistent interaction energies compared to the other methods with an average
difference of 1.2 kcal/mol at the equilibrium distance for all three configurations. This suggests that
SAPT2+(3)/dmp2 with aug-cc-pVDZ should not be recommended for QM benchmark for the nucleic
acid, even though the stacking calculations above indicated this protocol was “reasonable.” Similar
to deoxyribose-water interaction curve, SAPTO with jun-cc-pVDZ, SAPT2+(3)/dmp2 with aug-cc-
pVTZ, and ALMO EDA2 generation were found to be very consistent in the predicted interaction
energies, except in Wat9 configuration (Figure 6b). The stabilization energy is about —6 or -7 kcal/mol
for a single hydrogen-bond and about —11 kcal/mol for double hydrogen-bonds. The only exception
was observed in Wat9 configuration, SAPT2+ with aug-cc-pVDZ was found to be more consistent
with the other protocols compared to SAPTO, with average difference of 0.2 kcal/mol between the
two protocols for the different distances.
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Figure 6. Interaction energy curve of the sugar moiety with different positions of water molecule at
various percents of the equilibrium COM distance (0.95, 1.0, 1.0, 1.05, 1.1, and 1.3 times of equilibrium
separation). (a) Interaction energy curve of C2" endo deoxyribose sugar with water; (b) Interaction
energy curve of C3’ endo ribose sugar with water.

The interaction energy components were obtained from SAPT2+(3)/dmp2 and ALMO EDA2
(original scheme) B97M-V aug-cc-pVTZ (ATZ) for the equilibrium structures of deoxyribose and
ribose sugar moieties with the water probe (Figure 7). Overall, the EDA results from SAPT and
ALMO are quite consistent with each other. The exchange repulsion is the most dominant positive
component. Typically, the repulsion is ~25 kcal/mol for double h-bond complexes, ~10 kcal/mol for a
single h-bond complex. The electrostatic, dispersion and induction (polarization + charge transfer in
ALMO) make the attractive contributions. The electrostatic is clearly the major stabilizing force,
contributing ~-20 kcal/mol in double h-bond complexes, and ~ -9 kcal/mol in single h-bond
complexes. The separation among dispersion and induction is slightly different between SAPT and
ALMO. In SAPT, the dispersion is about -7 and -3 kcal/mol for double and single h-bond complexes,
respectively. In ALMO, the dispersion is about 1-2 kcal/mol less negative than that of SAPT.
Nonetheless the sum of polarization and charge transfer in ALMO is slightly more negative that the
induction in SAPT but a similar amount. Thus, the total interaction energies are still consistent. Both
EDA methods show that induction is significant, amounting to ~30-40% of the electrostatic energy.
This again highlights the importance of explicit consideration of electronic polarization in classical
force fields.
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Figure 7. Analysis of total energy components using SAPT2+(3)/dmp2 and ALMO EDAZ2 generation
scheme for sugar moiety-water configurations. (a) Energy components of C2" endo deoxyribose
sugar-water configurations; (b) Energy components of C3’ endo ribose sugar-water configurations.

2.2.2. DMP

Three different positions for the water molecules surrounding the low energy configurations of
DMP [17]were selected to probe the hey functional groups of DMP molecule. In Watl DMP tt
configuration, the water molecule forms two hydrogen bonds with the phosphate group, While in
Wat 9 and Watl0 configurations the water molecule forms a single hydrogen bond with different
oxygen atoms of the phosphate group and with the oxygen of the -OCH3 groups attached to the
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phosphate group (Figure8). For DMP gt configuration, Wat7 forms a single hydrogen bond with the
oxygen atom of the phosphate group, Watl0 configuration forms a hydrogen bond with the
phosphate group and with the oxygen of the -OCH3 group, and Watl5 configuration forms two
hydrogen bonds with the oxygens of the two -OCH3 groups attached to the phosphate group (Figure
8). In Wat10 of DMP gg configuration, water molecule forms hydrogen bond with the phosphate
group and with the oxygen of -OCH3 group attached to it, Wat 12 and Wat13 configurations form
two hydrogen bonds with the phosphate group (Figure 8).
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Figure 8. The optimized structures of the three dominant conformations of DMP [17]: DMP gg, DMP
gt, and DMP tt interact with water molecules in various positions. The distances between DMP and
water moieties shown on the structures correspond to the equilibrium distances retrieved from
MP2/6-31G* optimization.

The interaction energy of DMP tt-Watl configuration was found the most favorable among the
three configurations of DMP tt-water, followed by Wat9 and Wat10 configurations that have similar
interaction energy (Figure 9). For clarity, Wat10 profiles are not shown here since it largely overlaps
with those of Wat9. The two hydrogen bonds involving the two charged oxygen atoms in the
phosphate group in Watl configuration resulted in higher interaction energy of ~-2 kcal/mol near the
equilibrium distances compared to those where a hydrogen bond is with the sp3 oxygen of the
phosphate group. Wat10 and Wat 15 in DMP gt configuration followed a similar trend except that
the interaction energy is slightly less favorable than those in the DMP tt conformation. DMP gt-Wat7
has only one hydrogen bond and the interaction energy is much weaker as expected. Water
interaction energies with the DMP gg conformer are in general similar to those observed for DMP gt
conformation (Figure 9). The results suggest that interaction of DMP with water has a nonnegligible
conformational dependence, with the tt conformation being preferred.

Again, the different QM methods resulted in consistent interaction energies except SAPTO0 with
jun-cc-pVDZ basis set (Figure 9). Therefore, SAPTO with jun-cc-pVDZ is not recommended as a
general method for evaluating nonvalent interactions.
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Figure 9. Interaction energy curve of the DMP with different positions of water molecule at various
percents of the equilibrium COM distance (0.9, 0.95, 1.0, 1.0, 1.0, 1.0, 1.05, 1.1, and 1.3). (a) DMP tt-Wat
configurations; (b) DMP gt-Wat configurations; (c) DMP gg-Wat configurations.

The EDA of the interaction of the negatively charged DMP gg with water molecule at the
equilibrium distance showed that the attractive electrostatics is counterbalanced with the positive
exchange-repulsion, similar to what was observed for sugar-water (Figure 10a). The main difference
here is electrostatic is A similar pattern was observed in ALMO energy decomposition where the
dominant electrostatics component, with an average contribution of -22 kcal/mol for all three
configurations, was counterbalanced with the Pauli repulsion, with average of 17 kcal/mol for the
three configurations, (Figure 10a). Electrostatics components were found to be dominant in both
DMP gt-Wat and DMP tt-Wat configurations with an average contribution of -23.5 kcal/mol and -23.7
kcal/mol for SAPT2+(3)/dmp2 and with average of -23.3 kcal/mol for both in ALMO energy
decomposition, respectively (Figure 10b, 10c). DMP gt 7 was the only exception where the exchange
component had the largest contribution to the total energy with 48.5 kcal/mol followed by the
electrostatics component with a contribution of -32.1 kcal/mol (Figure 10b). Also, the contribution of
the induction and dispersion in DMP gt-Wat7 in SAPT2+(3)/dmp2 scheme was found to be double of
that of the remaining configurations. This was similar to what observed in the ALMO energy
decomposition where polarization and charge transfer was also twice as high as in the remaining
configurations (Figure 10b). This high contribution of the polarization and energy transfer may be
contributed to the small distance of 1.7A between the water molecule and the oxygen molecule of the
phosphate group of the DMP gt molecule compared to 1.9A in DMP gt-Wat10 (Figure 8). Besides
DMP gt-Wat7 configuration, the contribution of the induction and dispersion components in the
SAPT2+(3)/dmp2 decomposition were found to be less compared to the electrostatics and exchange.
This was also observed in the ALMO energy decomposition, the dispersion, polarization, and charge
transfer were found to be contributing less than the electrostatics and the Pauli repulsion for all DMP
configurations (Figure 10).
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Figure 10. Analysis of total energy components using SAPT2+(3)/dmp2 and ALMO EDA2 generation
scheme for DMP-water configurations. (a) Energy components of DMP gg-Wat; (b) Energy
components of DMP gt-Wat; (c) Energy components of DMP tt-Wat.

2.2.3. Nucleobases
2.2.3.1. Nucleobase-Water

alSS workflow [35]was used to generate 15 different conformations of purine (A and G) and
pyrimidine (U, T, and C) nucleobases interacting with water probes at different positions. Three
different positions of the water molecule probe around A, U, T, and C nucleobases and four positions
around G nucleobase were selected to cover the interactions of the water molecule with all the
corresponding polarizable groups of the nucleobases (Figure 11). Optimization of the selected
nucleobase-water structures was performed using MP2/6-31G* basis to obtain the equilibrium
distances of the interaction of the nucleobases with the water probe at various positions.

The water molecules interacting with the Thymine nucleobase form two hydrogen ; one with
the hydrogen atom of amine group and the other with the oxygen of the carbonyl group at different
positions and at various distances. T-Wat1 interacts with N1 (1.9 A) and oxygen at C2 (1.9 A), T-Wat9
interacts with N3 (2.0 A) and oxygen at C4 (1.9 A), and T-Wat15 interacts with N3 (1.9 A) and the
oxygen atom at C2 (2.0 A). Adenine-Wat1 (A-Wat1) interacts with the terminal NH2 group at 1.9A
and N7 of the purine ring, A-Wat9 interacts with N3 and N9 at equal distance of 2.0 A, and A-Wat15
interacts with N1 of the purine ring at 2.0 A and with the terminal NH2 group. Uracil-Wat1 and
Uracil-Wat7 show similar interaction patterns, where U-Wat1 interacts with N1 and with the carbonyl
group at C2 at 1.9A and 1.7A, respectively. U-Wat7 interacts with N3 and the carbonyl of C4 at 1.9A
each. On the other hand, U-Wat12 forms a single hydrogen bond with the carbonyl group of C4. All
the water molecules interact with the Cytosine nucleobase share the same interaction pattern of
forming two hydrogen bonds with the hydrogen of NH2 and the oxygen of the carbonyl group at
different positions. Cytosine-Watl interacts with N1 and the oxygen atom at of the carbonyl group
at C2, C-Wat9 interacts with N3 and the oxygen of the carbonyl group at C4, and C-Wat15 interacts
with N3 and the oxygen atom of the carbonyl group at C2. Four water probes were needed to cover
all the polarizable groups of the Guanine nucleobase. G-Watl and G-Wat10 interact in a similar
manner to each other and to the other water probes interacting with the other nucleobases. Both Wat1
(hydrogen atom of N1 and oxygen atom at carbonyl group of C6) and Wat10 (N7 oxygen atom at
carbonyl group of C6) interact with an amine group and with the oxygen atom of the carbonyl group.
G-Wat3 and G-Wat4 interact with amine groups. Wat3 and Wat4 interact with equal distances of 2A
with N3 and NH2 attached at C2 and with N3 and N9, respectively (Figurell).
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Figure 11. The optimized structures of the nucleobases: A, G, U, T, and C interact with water
molecules in various positions. The distances between the purine and pyrimidine nucleobases and
water moieties shown on the structures correspond to the equilibrium distances retrieved from
MP2/6-31G* optimization.

The water probe interacting with the nucleobases at different positions was transitioned at 0.90,
0.95, 1.0, 1.1, and 1.3 percent of the equilibrium distance between the center of mass of the two
molecules, water and nucleobase, obtained from the optimized structures to get an interaction energy
curve of the nucleobases with the water probes. T-Wat1 was found to have the lowest energy among
the three conformations of T-Wat interacting complexes (Figure 12). This may be attributed to the
shorter distance of the two hydrogen bonds formed by Wat1 probe at 1.9A of compared to the other
two Wat probes at 1.9A and 2.0A (Figure 11). A-Wat9 was found to have the lowest energy
conformation followed by A-Watl. A-Watl5 was found to have the highest energy among the three
conformations. This is attributed to the difference in the hydrogen bonding pattern of the different
water probes. Wat12 interacting with Uracil nucleobase was found to be the least energetically stable
as it forms a single hydrogen bond compared to Watl and Wat7 that form two hydrogen bonds
(Figure 11). Watl probe has lower interaction energy with Uracil compared to Wat7 probe due to the
shorter distances of the hydrogen bonds formed. C-Wat15 had the lowest interaction energies due to
the large distances of the two formed hydrogen bonds at 2.1A and 2.3A compared to C-Wat1 (1.9A)
and C-Wat8 (2.0A) interaction energies. G-Wat1 was found to have the lowest energy among the four
G-Wat conformations due to the short hydrogen bond formed unlike Wat10 probe that was found to
have the lowest interaction energy despite having nearly similar interaction of Watl probe. G-Wat3
and G-Wat4 complexes were found to have higher energy compared to G-Watl (Figure 12). This
indicates that the interaction with the oxygen of the carbonyl group at short distance resulted in
stronger interaction. Wat4, forms two bonds with the amine of the Guanine ring, was found to have
higher interaction energy than Wat3 probe, one amine in the ring and one terminal amine, due to the
resonance effect found in the purine ring.
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Figure 12. Interaction energy curve of the purine and pyrimidine nucleobases with a water probe
molecule over various distances. The distance between center of mass of the two molecules
(nucleobase and water in this case), correspond to various percents of the equilibrium distance (0.9,
0.95, 1.0, 1.1, and 1.3). The distance between the center of mass shown in the plot does not reflect the
interaction distance between the water probe and the nucleobase.
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SAPT2+(3)/dmp2 with aug-cc-pVIZ and ALMO EDA?2 generation with B97M-V were found to
be in good agreement with each other for studying the interaction energy of the water probe with the
different nucleobases (Figure 12). A maximum difference of -1.2 kcal/mol between ALMO EDA2
generation and SAPT2+ with aug-cc-pVDZ was observed at the smallest interacting distance of Wat
15 probe with Adenine (A-Wat15), where RMSE was found to be 0.52. This reflects that SAPT2+ with
aug-cc-pVDZ falls behind when the interacting molecules are so close to each other. That is why this
protocol was dropped as a possible QM benchmark to study the interaction energy of the different
components of nucleic acid.

The energy components of Thymine total interaction energy and of Adenine total interaction
energy were investigated as an example of pyrimidine and purine interactions with water (Figure
13). Similar to the neutral sugar moiety (Figure 7), exchange in SAPT2+(3)/dmp2 scheme and Pauli
repulsion in ALMO EDAZ2 generation scheme were found to be the most dominant component, which
was counterbalanced with the attractive electrostatics’ component. Dispersion, Induction, and
Charge transfer were found to be contributing less with an average of -6.5 kcal/mol for each
component in the different Nucleobase-Wat configurations. In other words, induction and dispersion
are the main contributing forces to stabilize the nucleobase-water interactions. The difference in the
purine and pyrimidine structure did not make a difference in the contribution of the different energy
components to the total interaction energy.
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Figure 13. Analysis of total energy components using SAPT2+(3)/dmp2 and ALMO EDA2 generation
scheme for Nucleobase-water configurations. (a) Energy components of Thymine-Wat; (b) Energy
components of Adenine-Wat.

2.2.3.2. Intrastrand and Interstrand Nucleobases

Another important non-covalent interaction to consider in the nucleic acid structure is the n-
stacking interaction. That is why the interaction energies of the intrastrand stacked nucleobases and
the interstrand nucleobases were studied using SAPT2+(3)/dmp2 and ALMO EDA2 with B97M-V
(Figure 14). The structures of the of B-DNA geometry nucleobases were obtained from Sherill paper
following the same nomenclature for the interstrand and intrastrand nucleobases [26]. The two
methods were found to result in different interaction energies for the stacked intrastand nucleobases
(Figure 14a), however both methods were in good agreement with each other for the interstrand
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nucleobases (Figure 14b). The average root-mean-square-error (RMSE) for both 11 and 22 intrastrand
nucleobases was 0.68, while the average RMSE for both 12 and 21 interstrand nucleobases was found

to be 0.25.
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Figure 14. Interaction energies of the nucleobases with each other using SAPT2+(3)/dmp2 and ALMO
with B97M-Vgeneration scheme (a) Interaction energies of intrastrand nucleobases governed by m-
stacking interactions; (b) Interaction energies of interstrand nucleobases governed by hydrogen bond.

The maximum difference in the intrastrand 11 nucleobases of -1.11 kcal/mol between
SAPT2+(3)/dmp2 and ALMO with B97M-V was observed in the stacked AG base pair followed by
stacked AA base pair with a difference of -1.06 kcal/mol (Figure 14a). The maximum difference in the
intrastrand 22 nucleobases was observed in GT base pair (-0.89 kcal/mol) followed by AT base pair
with a difference of -0.83 kcal/mol (Figure 14a). A much smaller difference was observed in the
interstrand nucleobases, where the maximum difference observed in interstrand 12 nucleobases
between the two methods was -0.25 kcal/mol in AC base pair followed by AT base pair at -0.24
kcal/mol (Figure 14b). The maximum difference of -0.54 kcal/mol observed in 21 interstrand
nucleobases was observed in CG base pair followed by TA base pair with a difference of -0.44
kcal/mol.

Analyzing the energy components of the intrastrand AA and interstand AA as an example for
the m-stacking interactions in the nucleic acid (Figure 15). Dispersion was found to be the most
contributing component in the intrastrand AA (Figure 15a) as expected due to the dominating m-
stacking interaction. Exchange-Pauli Repulsion was found to be the second most dominant
contributor to the total energy, followed by a much lesser extent attractive electrostatics components.

Figure 15b showed that dispersion was also the most dominating factor, to a much lesser extent
compared to intrastrand AA, to the interaction of the interstrand AA. This was surprising as the
dominating type of interaction in the intrastrand AA is the hydrogen bond. The second most
dominating factor in the interstrand interaction was found to be the Exchange-Pauli Repulsion
similar to what observed in the intrastrand AA. Unlike the intrastrand AA base pair, the electrostatics
component was found to be repulsive, having a positive contribution, rather than attractive.
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Figure 15. Analysis of total energy components using SAPT2+(3)/dmp2 and ALMO EDA2 with
B97MV generation scheme for interstanded and intrastranded AA base pair. (a) Energy components
of Intrastranded AA nucleobases; (b) Energy components of interstranded AA nucleobase.

3. Discussion

Nucleic acid plays a vital role in several biological processes from contributing to the central
dogma of the cell to functioning as an enzyme or binding as a ligand. With the current limitations of
the MM forcefields in dealing with the non-covalent interactions dominating the nucleic acid,
especially the mt-stacking interactions due to the lack of charge penetration factor, accurate description
of the non-covalent interactions will help in developing better forcefields tailored for the nucleic acid.

Benchmarking of SAPT0, SAPT2+, SAPT2+(3)/dmp2, ALMO EDA2 with the original and the
new energy decomposition, MP2, and CCSD(T) on a set of small molecules with available CBS
CCSD(T) interaction energies was performed. The small molecules compromised the two types of
interactions prevalent in the nucleic acid structure: hydrogen bond and m-stacking interactions. Based
on the benchmarking results, ALMO EDA2 was found to be independent of the DFT method, or the
basis set used. On the other hand, the level of SAPT was highly dependent on the basis set used. The
approximate CCSD(T), DLPNO/CCSD(T), was found to be less reliable compared to the DFT
methods due to the large deviation from the CBS CCSD(T) interaction energies, especially for the
halogen substituted benzene molecules. The interaction energy of BenCIl-BenCl complex was the most
challenging to the various theoretical methods. Further analysis for this deviation is needed to tackle
the inconsistent and inaccurate interaction energy for the halogen substituted benzene and
heterocycles in general, especially BenCl.

After testing the different theoretical methods along with dependence on DFT method and basis
set, five different protocols were selected to be tested on the three main components of the
nucleotides’ structure. SAPTO0 with jun-cc-pVDZ, SAPT2+ with aug-cc-pVDZ, SAPT2+(3)/dmp2 with
aug-cc-pVDZ, SAPT2+(3)/dmp2 with aug-cc-pVTZ, ALMO EDA2 (B97M-V) with the original energy
decomposition and aug-cc-pVTZ. The five protocols were tested on the interaction of neutral sugar
moiety (C2’endo deoxyribose sugar and C3’ endo ribose sugar) with water, the negatively charged
DMP (DMP gg, DMPgt, and DMP tt) with water, nucleobases with water, and the interstrand and
intrastrand nucleobases to govern the two types of interactions found in the structure of the nucleic
acid. SAPT2+(3)/dmp2 and ALMO EDA2 were found to be the most consistent with each other with
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respect to the obtained interaction energies. Most of the difference observed between the two
methods was in the stacked interaction energies of the nucleobases. Another important point to
consider is the computational cost of the calculations, ALMO EDA?2 is faster on average than
SAPT2+(3)/dmp2 with similar accuracy.

Analyzing the energy components of the total interaction energies obtained from the ALMO
EDA2 and SAPT2+(3)/dmp2 schemes showed that Exchange-Pauli repulsion, the dominating
contributor to the total interaction energy of the neutral molecules (sugar moiety and nucleobases)
with water was counterbalanced with the attractive electrostatics component, resulting in making the
induction and dispersion the stabilizing factors for these interactions. In the negatively charged DMP
interaction with water, electrostatics components were found to be associated with the largest
contribution to the total energy. In the interstrand and intrastrand nucleobases, dispersion was found
to be the dominating factor in this type of m-stacking and hydrogen bond interactions.

4. Materials and Methods
4.1. Preparation of Structures

The canonical structures of the nucleotides were constructed using Nucleic.exe implemented in
Tinker8 [36,37]. C2’endo deoxyribose sugar was extracted from B-DNA geometry, while C3" endo
ribose sugar was extracted from A-DNA geometry. The purine and pyrimidine nucleobases were
obtained from B-DNA geometry of the nucleic acid as indicated by Tinker8 [36,37]. The three
dominant conformations of DMP: DMP gg, DMP gt, and DMP tt were constructed using Pymol [17].
The structures of the B-DNA interstrand and intrastrand nucleobases were obtained from Sherill
paper following the same nomenclature [26].

After obtaining the canonical structures of the nucleotides’ components, water molecules were
placed at various positions surrounding the structures following alSS workflow [35]. aISS workflow
is based on searching for the lowest energy conformation of two fragments interacting non-
covalently. The first step in the workflow is to calculate the electronic structure properties using semi-
empirical GFNn-xTB [38,39] followed by grid-search based on xTB-IFF [40] interaction energies of the
two fragments. In other words, several geometries are generated for the two interacting fragments
by moving the first fragment around the second one. Then, the interaction energy is evaluated using
xTB-IFF interaction energies. The generated structures from the grid-search are subjected to genetic
optimization followed by final GFNn-xTB or GFN-FF optimization.

15 different conformations of the water molecule interacting with the different constituents were
generated (nucleobase-water, sugar moiety-water, and DMP-water). Three different conformations
of the water molecule probe were selected based on the docking score and the uniqueness of the
water molecule position. In other words, the position of the water molecule was chosen to cover the
entire conformational space around the counter interacting moieties and to interact with all the
polarizable groups present in the structure.

The selected three complexes with the water molecule probe were subjected to energy
minimization using MP2/6-31G* in GAUSSIAN16 [41]. This was followed by translation of the water
molecule probe along the center of mass of the water molecule. The translation distances
corresponded to percents of the equilibrium distance of the optimized structures. The water molecule
was translated to five or six positions corresponding to 0.90, 0.95, 1.0, 1.05, 1.1, and 1.3 of the
equilibrium distance between the center of mass of the water molecule and the center of mass of the
counter interacting moiety. These distances do not reflect the interacting distances between the two
molecules. This translation of the water probe helped us to generate an interaction energy curve of
the nucleobase-water, sugar moiety-water, and DMP-water, which helped us in identifying the local
minimum of each structure.

4.2. Ab-Initio Calculations

The interaction energies of the generated nucleobase-water, sugar moiety-water, DMP-water
complexes, and interstrand and intrastrand base pairs were computed using the original and the new
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decomposition energy scheme of ALMO (Absolutely Localized Molecular Orbital) ALMO EDA2 [29-
31] implemented in QCHEM 6.1 package [28]. ALMO EDA decomposes the interaction energy into
three main terms: frozen density component, polarization, and charge transfer. The frozen density
core includes the electrostatics, pauli-repulsion, and dispersion. ALMO EDA2 resolved the
shortcomings of ALMO EDA as the dependence of the polarization term on the basis set used. It was
found by the larger basis set utilized the more contaminated the polarization term become by the
charge transfer term. Two energy decomposition schemes are popular while using ALMO EDAZ2: the
first is the original energy decomposition scheme which includes the Frozen energy decomposition
with ALMO polarization (AO-block-based), the new energy decomposition scheme involves Frozen
energy decomposition with nDQ-FERF polarization. Both were tested on a set of small molecules to
determine which will be better for computing the interaction energies of the nucleotides.

Different levels of SAPT (Symmetry-Adapted Perturbation Theory): SAPT0, SAPT2+, and
SAPT2+(3)/dmp2 [34,42-45] implemented in psi4 package [32] were also used to compute the
interaction energies. SAPT determines the interaction energy between two fragments directly by
decomposing the energy into four physically meaningful terms: electrostatics, exchange, induction,
and dispersion. SAPTO mainly depends on error cancellation. Higher-order SAPT depends on
including several corrections, for example SAPT2+. involves second-order correction for the
monomeric fluctuations and dispersion energy correction by adding the effect of the intramolecular
correlation [33]. SAPT2+(3)/dmp2 includes higher-order perturbative terms and variational
correction terms.

5. Conclusions

QM benchmarks for nucleotides, the monomeric structure of nucleic acid, is essential to develop
better forcefields with improved parameters for the non-covalent interactions preserving the complex
structure of the nucleic acid. Upon testing five different protocols, we recommend using
SAPT2+(3)/dmp2 with aug-cc-pVTZ and ALMO EDA2 with B97M-V and aug-cc-pVIZ as high-
quality ab-initio methods for studying the non-covalent interactions of the nucleic acid. The attractive
induction and dispersion were found to be responsible for stabilizing the interactions of the neutral
moieties (sugar moiety and nucleobase) with water due to the cancellation of the large Exchange-
Pauli repulsion component with the attractive electrostatics’ components. Dispersion was found to
be the most important in the interstrand and intrastrand base pairs.
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