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ABSTRACT: DNA is held together by hydrogen bonding between nucleobases (adenine-thymine, guanine-cytosine) and van der
Waals interactions between adjacent base pairs’ 7 orbitals. Intercalating molecules with quasiplanar structures utilize van der Waals
interactions to bind between DNA base pairs. Experimental studies have shown that Cryptolepine preferentially intercalates between
nonalternating cytosine and guanine base pairs. However, an atomic-scale mechanism that can explain the selective intercalation is
still missing. Using molecular dynamics and density functional theory, we demonstrate how Cryptolepine binds to DNA base pairs,
rationalizing its selectivity by analyzing the intermolecular bonding strength predicted by Umbrella Sampling and Free Energy
Perturbation calculations. Cryptolepine is stable in all DNA base conformations studied, and the binding is a combination of van der
Waals interactions with the nucleobases surrounding its 7 system and hydrogen bonds with the DNA backbone and nucleobases.
Our model predicts a preference for cytosine and guanine base pairs with a more prominent preference for alternating cytosine and
guanine base pairs. These findings illustrate Cryptolepine’s binding mechanism to DNA and highlight the importance of hydrogen
bonds and van der Waals interactions.

B INTRODUCTION

Cryptolepine is an intercalating drug molecule found in the
roots of the Cryptolepis sanguinolenta shrub from West Africa.'
This herb is widely used in West Africa in traditional medicine
for treating malaria and other infectious diseases, and the main

alkaloid constituent, Cryptolepine, has been shown to have a
Cryptolepine, the 6~ and §°, represent charged structures in the
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eé:ntlmtallarle.il act11V1ty among othter . medlcmai PI:SC,)()}) ert;le.s.h molecule as per the force field file. 5~ is equal to —0.702¢ and 6" is
ryptolepine also possesses cytotoxic properties,”” whic equal to +0.733c.

could contribute to its potent antimalarial activity. Figure 1
shows the charged and neutral Cryptolepine structure.

These cytotoxic properties could be due to its ability to
intercalate, as cryptolepine inhibits DNA synthesis as well as

Figure 1. Structure of both charged (left) and neutral (right)
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preferentially binds in nonalternating cytosine-guanine chains
from data via X-ray structures.”*’
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The intensity of van der Waals interactions between
Cryptolepine and DNA is a critical component of the
intercalation energy. van der Waals and other noncovalent
interactions play a crucial role in the stability of various
biological macromolecules such as DNA,'”"" where these
interactions help hold the double helix macro-structure. By
using the same interactions, other similar molecules, such as
Quinine,'” utilize van der Waals interactions to intercalate'®
between the base pairs and Ellipticine, which also inter-

calates'*" and is known to interact with topoisomerase II
enzyme, 1nh1b1t1ng it''” in potentially a similar fashion to
Cryptolepine.’®

Alongside van der Waal interactions, electrostatic and
polarization forces play key roles in the interaction energy
between the intercalant and nearest nucleobases. The influence
of surrounding structures, charged intercalants, and the
electronegative atoms holding the DNA nucleobases and
located in the backbone provides a surplus of interactions an
intercalant can use to bind.'"*'” The electrostatic interaction
can sometimes be more significant than the van der Waals
interaction. The oxygen in the sugar backbone and connected
to the phosphorus are suitable oxygen acceptors,'® which allow
molecules such as Cryptolepine to bind via hydrogen bonding
easily and, due to its aromatic structure, are polarized to allow
this binding. Electronegative structures in the nucleobases
above and below an intercalant allow for additional hydrogen
acceptor sites to provide further bonding.'” In addition,
methylated structures similar to Cryptolepine provide addi-
tional binding interactions with the major groove surface of
guanine and cytosine while exposed due to the electronegative
surface of this structure.'””" The methylated structures are
similar to Cryptolepine, and we expect this to play a significant
role in its stability.

If the cytotoxic properties of Cryptolepine are a product of
intercalation, then its selectiveness for nonalternating cytosine-
guanine bases could be a useful targeting tool in cancer cell
therapy.®”’ Various successful antitumor drugs demonstrate
intercalating properties,'” and Cryptolepme has a very similar
structure to anticancer agents * with studies investigating its
use;° thus, the detailed knowledge of the z-7 interactions could
prove crucial in furthering the understanding of the molecule
and its potential role as an antitumor agent.

The X-ray structures of Cryptolepine reported by Lisgarten
et al.” show four molecules of Cryptolepine intercalated into a
B-DNA structure between C-G base pairs with an A-T base
pair in between the two intercalation sites. The X-ray structure
also features two capping Cryptolepine molecules at the ends
of the DNA. This experimental structure forms the basis and
starting point of the present computational investigations,
which aim to investigate how the structure is holding itself
together and gain an estimation of the strength of the
interaction. We also aim to explain the nature of the selectivity
predicted by the experimental results.

B METHODOLOGY

Classical MD simulations were performed via GROMACS
2021.1.>" The MD trajectories were set up with a helix
structure of 12 B-DNA base pairs built in the Avogadro
software.”> The sequence of DNA bases is defined by the
identity of the left DNA nucleobase above and below the left
single hexagon ring of Cryptolepine while facing the major
groove of DNA. It is described as such: CC (cytosine,
cytosine), CG (cytosine, guanine), GC (guanine, cytosine),

GG (guanine, guanine), TT (thymine, thymine), TA (thymine,
adenine), AT (adenine, thymine), and AA (adenine, adenine)
(See Figure 2 for more details). Initially, the Molecular

C5--G8 G6--C7 T5 --A8 A5--T8
C6--G7 C7--G6 T6 -- A7 T6--A7
| | | |
C7--Gé6 G8--C5 T7 -- A6 A7--T6
Cc8--G5 C9--G4 T8 -- AS T8-- A5
(a) CC (b) CG (c) IT (d) T4
G5--C8 C5--G8 A5--T8 T5--A8
G6--C7 G6--C7 A6--T7 A6--T7
. I | I
G7--C6 C7--G6 A7--T6 T7 -- A6
G8--C5 G8--C5 A8--T5 A8--T5
(e) GG f) GC (g) A4 (h) A4

Figure 2. Sequence schematic for the four nearest base pairs to
Cryptolepine (presented as a black rectangle). These sequences are
repeated above and below the outlined figure to create the DNA chain
we use to simulate.

Operating Environment (MOE) software’ was used to
quickly optimize the DNA-Cryptolepine system via a classical
AMBER 10 force field.”* This optimization allowed the DNA
base pairs to displace, creating space for the intercalant without
disrupting the overall structure of the DNA. This was then
prepared for GROMACS. All structures consider only a single
protonated Cryptolepine molecule intercalated into the DNA
structure (see charged structure in Figure 1).

The protonated Cryptolepine was garametrlzed using the
CHARMM GUI with the ligand reader™"" to create force field
parameters for use with the CHARMM 36 force field”” via
GROMACS.” MD calculations at a constant number of
atoms, volume, and temperature (NVT ensemble) were
performed on previously mentioned systems to investigate
the molecule’s stability while equilibrating at human body
temperature (310.15 K). Solvent effects were accounted for
through an explicit solvent model via the TIP?)P28 force field.
The protonated form has a pK, of 11.2,* implying it will
remain protonated in a water solvent.

For Umbrella Sampling (US) calculations,® steered MD
force parameters were applied to the Cryptolepine molecule to
remove the ligand from the DNA structure. Cryptolepine was
pulled via its Center of Mass (CoM) with reference to the
surrounding DNA nucleobase CoM. The reaction path
produced via this pulling was used to perform an Umbrella
sampling across it and generate a PMF graph. Sampling was
performed for all eight base pair combinations tested with a
step size of one fs over five nanoseconds.

Finally, to complement the US calculations, Free Energy
Perturbation (FEP) calculations’' were performed, decoupling
the Cryptolepine molecule in solvent and when bound to
DNA. Charge and van der Waals interactions were turned off
gradually, and the system was equilibrated before running the
molecular dynamics. The simulation ran over one ns in all
cases, and the final result was the drug free in the solvent
against the drug binding in the system. Three separate
calculations were performed on each system, and the average
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binding energy value between these three was taken as the final
binding energy. The number of steps varied depending on the
structure, with 41 steps for Cryptolepine in a solvent; 45 steps
for CC, CG, GC, TT, TA, AT, and AA; and 51 steps for GG.
GG was less stable than the other seven nearest neighbors, and
instead, we only took the output of one FEP calculation for the
value. For a minimized structure, we used the energy-
minimized structures from the input structures for FEP to
compare to the QM (see Table 2). The eight structures were
converged to 100 k] mol™' nm™".

As part of our analysis, we perform a Boltzmann probability
distribution to describe the occupancy of all the binding
energies we have predicted for Cryptolepine (see eq 1 in the SI
for more information). For an experimental estimate, we have
used Figure 2 from Lisgarten et al.” to provide an estimate
toward the experimental occupancy as it represents the
micromolar mass of Cryptolepine between the listed DNA
sequences, which we have taken to correlate to binding affinity.
The figure is based on results from Ren and Chaires®” utilizing
the “Rend and Chaires competition dialysis method.” The
estimated values are shown in Figure 6.

To complement the MD calculations, we also run a
Quantum Mechanical (QM) Density Functional Theory
(DFT) calculation to investigate the energy contribution
toward the binding of Cryptolepine to the surrounding DNA
via an Energy Decomposition Analysis (EDA) using the
Absolutely Localized Molecular Orbitals (ALMO) method.*
We initially perform an optimization via NWChem 7.2.2°* on a
ring model DNA structure of all eight base pair sequences
surrounding the intercalant before running the EDA
calculation with a single potion (SP) calculation in the
Qchem 6.1 software.*® The calculations were run with a BLYP
exchange-correlation (XC) functional®® along with a 6—-31+G*
basis set and a GD3 dispersion correction.’’ Force
convergence was set to 0.05 eV of A™'. A COSMO implicit
solvent™® was used in the optimization script, but COSMO
could not be used in the EDA, and instead, SMD>® was used to
represent the implicit solvent in Qchem. The energy
contribution is then described as a percentage contribution
toward the structure’s overall energy. For further details on the
QM model and figure, see SI and figure S1.

B RESULTS AND DISCUSSION

Molecular Dynamics Investigation into Intercalating
Stability. We can investigate if the system can remain stable
between DNA in a dynamical simulation, determining whether
the intercalant can disrupt the DNA structure or if it will slip
outside the DNA while equilibrating at 310.15 K.

Although Cryptolepine is more unstable in AT and TA, the
RMSD values are still small, given the molecule’s and system’s
size. Thus, we can still conclude that classically the molecule
remains stable in all cases when intercalated. For all cases
except AT and TA, we see no significant difference between
base pairs; therefore, no preference can be detected. For the
stability of the DNA chains, see Table S1 in the SI

During the calculation, Cryptolepine shifts around the DNA
gap, moving between the DNA backbones but remaining stable
inside the DNA. During the 20 ns simulation, we saw that
Cryptolepine can shift significantly, rotating perpendicular to
the nearest DNA pairs. This shift either rotates back to its
original position, exposing the methylated structure to the
major groove of the DNA, or rarely fully rotates to expose the
methylated structure on the minor groove (Table 1).

Table 1. RMSD Average and Standard Deviation from MD
Calculation of a Single Cryptolepine Molecule Intercalated
Inside the Center of a 12 Base Pair DNA Chain in the
Solvent Over 20 ns NVT at 310.15 K“

DNA bases Average RMSD STD
CC 0.265 0.0117
CG 0.264 0.0157
GC 0.282 0.0145
GG 0.336 0.0186
TT 0.278 0.0167
TA 0.302 0.0333
AT 0.408 0.0627
AA 0.283 0.0175

“We see consistent stability in all cases except for TA and AT. All
distance values are in A, and each MD ran for 20 ns (See Figure S2 in
the SI for more details on the RMSD calculation).

Observation of Hydrogen Bonding Playing a Key
Role. We have noticed via MD simulations that Cryptolepine
binds tightly not just by 7—x interactions but also by forming a
series of hydrogen bonds along the outside of the aromatic ring
structure and the electronegative oxygen atoms present in the
DNA backbone. We see an indication that it plays a crucial role
in the stability of the intercalant while intercalated.

Several protons across Cryptolepine happen to be positioned
where they could play a key role in binding: the methylated
carbon structure and planar hydrogens along the outside of the
Cryptolepine structure. The methylated carbon structure
coincides with the DNA base pair gap, allowing it to form
hydrogen bonds with the nucleobase pair acceptor atoms.
These hydrogen bonds often fall below 3.0 A, indicating
regular hydrogen bond formation despite the dynamics of the
structure. This is an interaction encountered by other
methylated intercalants and is expected to occur in this
structure.'”**>*! The methylated structure is conveniently
positioned on Cryptolepine during intercalation to interact
directly with the nucleobase pair gap.

We also see evidence that hydrogen atoms connected to the
planar ring of Cryptolepine have weak interactions with oxygen
atoms at the DNA base gap. This may cause slight bending
between the DNA bases toward Cryptolepine as this hydrogen
attracts the ends of the DNA bases. The distances here are on
the limits of hydrogen bonding, often sitting at 3.0 A apart and
forming sporadically before moving apart. While this
interaction is likely very weak, the -NH group is better
positioned to interact with the electronegative hydrogen
acceptors at the DNA base gap. We often see in simulations
that the —NH hydrogen is angled toward nucleobases, which
have an electronegative atom, typically oxygen, directly above
or below. The nucleobases thymine and cytosine both have
oxygen atoms positioned where they can interact with the -NH
group and form hydrogen bonds. These hydrogen bonds,
however, are limited via the small angle between the donor and
acceptor atoms, and stronger bonds may instead form via
backbone connection rather than directly to the nucleobase.

We also see hydrogen bonding from the Cryptolepine onto
the DNA backbone due to the electronegative oxygens in the
sugar and phosphorus backbone. Various intercalants interact
in this fashion, helping bind the drug to the DNA in an
alternative method to van der Waals binding.'*~>***** We see
through the MD dynamics that the Cryptolepine molecule will
often shift between each backbone, forming hydrogen bonds
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with one side before separating and reforming new bonds on
the alternative backbone during the dynamics. Sporadic
hydrogen bond formation occurs regularly across the structure
as the drug shifts during dynamics, and the most common
hydrogen bonds are shown in green in Figure 3. We also notice

(a) CC (b) CG

=

(¢) TT (d) T

aie

(e) GG (f) GC

i 38

Figure 3. Snapshots of all eight simulated structures from RMSD
calculations. The left side (a—f) represents all C-G base pairs with
Cryptolepine (teal) intercalated. The right side (c, d, g, h) represents
all A-T base pairs with Cryptolepine intercalated. Highlighted green
are atoms that will hydrogen bond, helping hold Cryptolepine in
place.

that, on average, hydrogen bonds are formed further away in
A-T base pairs compared with C-G base pairs. However, we do
not see a clear correlation between hydrogen bonding and base
pair preference. A common section for hydrogen bonding is
located at the sugar backbone with the electronegative oxygen
atom and the nearby phosphorus structure (See SI Tables S2—
S17 for a list of hydrogen bonds).

However, given the dynamic nature of MD, hydrogen bond
investigation is limited as part of the dynamics, which results in
the variability of the geometry and thus shifting of the
hydrogen bond distance and angle across the simulation.
Althou §h the MD can calculate the influence of hydrogen
bonds,””***° the sporadic nature and dynamics of the
calculation can result in a lack of accuracy in approximating
the hydrogen bonds fully. To accommodate this, we have run
ab initio methods to compare them to an optimized MM
structure. We optimized DNA ring structures surrounding the
intercalant and compared the predicted hydrogen bond donors
and acceptors to MM optimization.

From Table 2, the average comparison between QM and
MM hydrogen bonds is around a similar value. Both hydrogen

Table 2. List of the Average Hydrogen Bonds of the Nearest
Neighboring Nucleobase Pair to Cryptolepine, Listing Both
the QM and MM Values”

Av. H-Bond Av. H-Bond

DNA Av. H-Bond angle (QM) Av. H-Bond angle (MM)
bases  (QM) (A) (deg) (MM) (A) (deg)
CC 2.722 127.14 2.815 129.17
CG 2.668 133.40 2.708 132.63
GC 2.816 134.05 2.836 123.56
GG 2.742 137.50 2.677 132.87
TT 2.546 133.62 2.728 138.22
TA 2.630 134.38 2.656 138.97
AT 2.820 135.23 2.606 137.74
AA 2.664 139.78 2.819 136.38

“We define the occurrence of the hydrogen bond to be below 3.3 A in
distance and between 90 and 270 deg for the hydrogen bond angle.

bonds and angles from the MM are similar to QM values but
are often further apart. The overall increase in bond length
between QM and MM is likely due to the difference in
convergence parameters, as QM was more tightly optimized. In
contrast, the MM optimized the entire DNA chain and the
surrounding explicit solvent to a lower convergence.

We also perform an EDA calculation to further our QM
investigation and break down the energy contribution toward
the intercalant. Utilizing EDA calculations, we have found the
total contribution of energy toward the total binding energy.

Where, in the above figure, the electrostatic is the
contribution toward the attractive electrostatic interaction
between Cryptolepine and the nearest DNA bases, Pauli
represents the Pauli repulsion due to occupied electron
orbitals, dispersion represents the long-range van der Waal
and 7-7m stacking attractive interactions, and finally the
Polarization and CT (Charge Transfer) values are in the
orbital contributions to the energy. The Electrostatic and Pauli
Repulsion terms also include the addition of an implicit solvent
as part of their contribution.

The EDA calculations listed in Figure 4 demonstrate the
cumulative contribution toward the interaction energy for
Cryptolepine while intercalated. We see a significant
contribution from the electrostatic interaction ranging from
28.76 to 29.70% for CC and AA, respectively. The dispersion
contributes significantly toward the interaction energy with a
contribution of 24.38 to 25.76% for AA and CC, respectively.
Together, these can overcome the repulsive contributions from
the Pauli interactions and bind the intercalant to the DNA.
Polarization and charge transfer terms contribute further,
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Figure 4. EDA Graph of all DNA sequences with a ring model DNA structure around Cryptolepine. Contributions to energy are listed as
percentages of their total contribution to the magnitude of the interaction energy.

binding the intercalant tighter to the structure. We do not see a
significant difference between the structures in the QM picture.

Umbrella Sampling Calculations to Determine a
Binding Energy Estimate. The molecule’s stability does
not reveal any particular clear preference for any nearest
neighbor. To investigate further, we performed steered MD
calculations and ran US calculations across the reaction
coordinate provided by the steered MD to estimate the
binding energy of Cryptolepine while intercalated.

In all eight systems we tested, we see a clear thermal
preference toward C-G base pairs in Figure S, specifically

FTT T T T TreT

1

4 6 8 10
Reaction Coordinate of Cryptolepine leaving, (&)
Figure S. Potential of Mean Force (PMF) graph over the reaction
coordinate as Cryptolepine leaves the DNA, leaving behind a hole

over all eight systems with the bottom of their potential well set to
zero.

nonalternating C-G sequences (CC and GG). CG and GC
base pairing achieve the largest dissociation energy, respec-
tively, placing them as the strongest pairing for Cryptolepine to
bind between. We see a sequence preference following CG and
GC, CC and GG, TA and AT, and TT and AA. This provides a
similar preference to the experimental population prediction,”
except for the flip between the CC and GG and CG and GC
preference. We believe the tighter binding of alternating DNA
sequences results in a stronger binding energy for the
intercalant between the molecules, providing a preference

18287

toward CG and GC and TA and AT over their nonalternating
counterparts. Our results show a clear preference for C-G base
pairs thermally, which supports experimental evidence, and A-
T base pairs match the experimental trend.

We also see in Figure 5 that the binding energy varies when
comparing the tightest binding to the weakest binding with AA
having the smallest dissociation energy. Our results show that
despite the range in dissociation energy, Cryptolepine remains
stable in all DNA base pairs we tested and is tightly bound.
Unfortunately, the US does not provide a reverse barrier to
entry in our test, leaving kinetic selection out.

Further Binding Energy Investigations via Free
Energy Perturbation Calculations. In addition to US
calculations, we also performed FEP calculations on the
system. We slowly decoupled the Cryptolepine molecule via
charge and van der Waals interactions to estimate the binding
energy.

The FEP binding energies provide AG values similar to
those of the US, overall being slightly tighter than predicted, as
seen in Table 3. We reason that the FEP provides a more

Table 3. FEP Gibbs Free Energy (AG eV) for Each Tested
Intercalant-Base Pair Interaction”

DNA bases AGggp AGggp error AGyg AGggp — AGyg
CC —0.5756 +0.029 —0.54 —0.04
CG —0.5338 +0.023 —0.60 +0.07
GC —0.6571 +0.032 —0.62 —0.04
GG —0.5552 +0.019 —-0.52 —0.04
TT —0.5076 +0.029 —0.43 —0.08
TA —0.4929 +0.021 —0.45 —-0.04
AT —0.5257 +0.020 —0.49 —0.04
AA —0.4722 +0.020 —0.38 -0.09

“In addition, the binding energy estimates (AG, eV) of the US for
each equivalent base pair.

accurate estimate of the true binding energy of Cryptolepine in
each system due to the lack of pull force biases provided by the
US. Considering this, we see a more complicated picture of the
binding energy. Although the largest binding between the base
pairs remains the nonalternating GC base pair, the CC and GG
binding energies have increased beyond CG, as seen in Table
3. The methylated component helps to bind the intercalant to
the structure. The electronegative surface of C-G pairs
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provides many binding sites for a C—H bond to connect. The
methylated hydrogen bond is known to assist in the stability of
intercalants depending on the number of binding sites,”” and
its position at the center allows it to easily interact in the major
groove with the surrounding electrone)gative surface and
electronegative oxygen and nitrogen.'” The methylated
structure is positioned to interact across the surface of guanine
in the GC structure. It cannot easily interact with the guanine
in the CG structure, helping to explain the preference for GC
over CG. However, the difference is more significant than we
would expect despite this. The electronegative major groove
surface of C-G base pairs describes the attractive preference
toward C-G base pairs over A-T.

The FEP continues the trend set by the US, demonstrating a
clear preference for C-G site binding, although favoring the
alternating sequences instead of nonalternating. The tight
binding pocket produced by the Cryptolepine finds multiple
ways to bind to the surrounding structure via hydrogen
bonding and 7—7 interactions. We believe that C-G bases bind
tighter than A-T bases due to more potential stacking
interactions via polarized hydrogens, which will be attracted
via electrostatic interactions to the negative 7z electron
potentials from the aromatic ring structures. The binding is
tighter, as C-G bases have more hydrogen acceptors available
in the major groove. The other reason we find alternating
sequences bind tighter is that they form tighter twist-angle
DNA strands than nonalternating sequences. This extra
binding will also apply to the intercalant when placed inside,
causing additional binding energy and resulting from the
overall DNA structure.

Compared to other structures in the literature, our reported
binding energies follow similar values to other intercalants,
which have been simulated via MD techniques."® For Quinine,
a binding energy of 0.516 and 0.507 eV for A-T and C-G base
pairs is found respectively.”” Our intercalant has a broader
range of binding energies, as seen in Table 3, but this could be
due to investigating various base pair combinations rather than
two. The binding preference for Quinine is seen to favor a
minor groove binding, while we investigate major groove
binding. We believe this is why they predict the A-T base pair
preference, while we expect a C-G binding preference.

B PROBABILITY OF OCCUPATION

Finally, we can investigate the probability that any possible
state would be filled by Cryptolepine, as predicted by the
potential energy differences in Table 3. Using a Boltzmann
probability distribution, we can investigate the thermodynam-
ical occupation at equilibrium.

The thermodynamic occupation comparison (Figure 6)
shows a clear difference from the exact prediction of the
experimental results. Still, it does support the general
expectation of a favored C-G base pair state. However, our
results show a clear bias toward the alternating C-G sequences
with a predicted percentage occupancy of 94.7% in the US
binding and 92.5% in the FEP binding compared to all other
tested states. We find little occupation in A-T sequences, with a
small percentage occupation of 0.595% in the US binding and
0.851% in the FEP binding for alternating A-T sequences.
Nonalternating A-T sequences have an occupation probability
of 0.059% in US binding and 0.421% in FEP binding. Finally,
the C-G nonalternating sequence had a probability of
occupation of 4.685% in the US and 6.273% in the FEP
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Figure 6. Occupation Probabilities for Cryptolepine intercalated
between base pairs. The occupation probability was calculated via a
Boltzmann probability distribution, starting with the US binding
energy (red), FEP binding energy (blue), and finally, an estimation of
experimental predictions (black).

binding. Both results show a clear thermal preference for the
C-G base pairs, especially toward nonalternating sequences.

Bl CONCLUSIONS

Our MD results demonstrate that Cryptolepine forms a stable
intercalated structure with all eight tested DNA sequences in a
B-DNA structure at a human body temperature (310.15 K).
We find little indication of nucleobase site preference from the
RMSD, but instead, we see a stable intercalation site
throughout the simulation for all structures. Further inves-
tigations to find binding energy estimates have found tight and
varying binding energies depending on the DNA sequence.
The EDA analysis suggests that the binding of Cryptolepine in
our system is mainly driven by a combination of electrostatic
attraction and dispersion. US calculations have determined a
patterned preference, suggesting a strong thermodynamic
preference for sequences of C-G DNA nucleobases with a
significant preference for alternating sequences, which goes
against experimental predictions. This was then backed up by
FEP calculations, which predicted very similar patterns and
occupation.

The preference for non-alternating sequences seen in
experimental results could arise from methodological factors.
Alternatively, the MD force field could be inaccurate in
estimating Cryptolepine's interactions with its surroundings.
Furthermore, our simulations might be insufficient to fully
represent the various interactions this intercalant engages in
with different DNA sequences. Despite this, our results agree
with the overall sequence preference toward C-G bases, which
we speculate is due to a stronger electrostatic interaction with
C-G bases than A-T bases when binding via 7 stacking.
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Information, input, parameter, and analysis files sufficient to
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