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SUMMARY
Secondarynucleicacidstructures,suchasthe Guanine
Quadruplex (G4), are known to contribute to gene
regulation throughout the genome. In cancer cells,
stabilizing such structures could prove to be integral
to inhibiting cancer cell proliferation. Berberine is a
natural quaternary alkaloid with a number of medicinal
properties, including antimicrobial and anticancer
effects. Previous studies have shown that berberine
can stabilize the G4 through m-m interactions, by
increasing the release of free energy. In this study,
we test the effectiveness of ligand aromaticity (cyclic,
planar molecules) on the free energy of binding with
the G4. Based on previous studies, we hypothesized
that large aromatic rings incorporated in berberine
molecules would act as highly stabilizing ligands that
would generate the greatest binding affinity with the
G4 through m interactions with guanine endplates and
K* ions. To explore the structure-activity relationship
for berberine-based ligands, we developed an in silico
library of 800+ ligands. Through molecular docking,
we predicted the free energy release of each ligand’s
interaction with the G4 complex. From our research,
we found that berberine analogs with aromatic R
groups, which allow for high degrees of aromaticity
and flexibility, have a significant positive impact on
binding strength between berberine analogs and G4
complexes through -1 interactions with endplates
and grooves, indicating that these ligands can more
effectively bind to and stabilize the G4’s activity.
The authors envision that this research may aid the
development of drugs that target the G4 to inhibit
cancer cell proliferation, ultimately furthering cancer
therapeutics research.

INTRODUCTION

In the 21st century, cancer is and will continue to be one
of the leading causes of death in the United States (1). With
the increase in risk factors in our environment — such as
toxic chemicals, drug abuse, or chemical contaminants — as
well as genetic and socioeconomic factors, susceptibility to

cancer will greatly increase (2). While recent developments in
therapies, including immunotherapy and targeted therapies,
have revolutionized anti-tumor care, increased focus on the
genetic and epigenetic abnormalities in tumor cells have
underscored the need for targeted molecular therapies (2).

The Guanine Quadruplex (G4) is a DNA/RNA quadruplex
is a secondary nucleic acid structure that is present within
telomeric DNA. It is formed in nucleic acids by sequences
that have guanine and consist of guanine tetrads, a structure
composed of four guanine bases in a square planar array.
Past in silico analysis has shown that G4 structures regulate
approximately 40% of genes within a 1 kb radius (3). Cation
interactions, -1 stacking, and halogenation lead to more
thermodynamically favorable binding, which increases the
free energy of binding and electrostatic potential between
ligands and the G4, stabilizing the G4 and enabling it to
regulate telomere elongation (4). Furthermore, because of
their presence within most human oncogenic promoters
and telomeres, G4 structures are currently being tested as
a therapeutic target to down-regulate transcription or block
telomere elongation in cancer cells (2).

The G4’s main anti-tumor mechanism lies in its ability
to regulate telomere elongation. Telomeres are regions
of repetitive DNA sequence at the ends of chromosomes
that protect the chromosomes. Every time a cell divides,
telomeres become shorter; eventually, they become so
short that the cell no longer divides successfully and dies.
The enzyme telomerase is responsible for maintaining the
length of telomeres via guanine-rich sequence addition (5). In
normal somatic cells, telomerase activity is extremely limited.
For every normal cell cycle, 50 nucleotides are lost, resulting
in a gradual decrease of telomere length; when the telomere
is critically short, it triggers senescence, blocking further cell
division. However, in tumor cells, the system of telomere length
maintenance is activated, thus encouraging uncontrolled cell
division (6). Ligands that can bind to and stabilize the G4
can inhibit this length maintenance process, allowing for the
inhibition of telomerase to arrest the uncontrollable cell cycle
of tumor cells (Figure 1).

Berberine is an isoquinoline quaternary alkaloid with
implications for the treatment of cancer because it induces
apoptosis in cancer cell lines (7,8). It binds to G4-DNA by -1
stacking interactions (9). Berberine binds to G4-DNA with
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more selectivity than duplex-DNA by stacking over the terminal
end of the G4-tetrads. Berberine’s overall free binding energy
(AG) is -8.2 kcal/mol. Because this is conducive to favorable
interactions, it is advantageous to figure out what ligands
bound to berberine would create a more favorable free energy
of binding. Molecular modeling studies have shown that —r
interactions and highly negative charges found in guanines
help stabilize quadruplex-berberine complexes (10,11). Most
binding ligands to the G4 are molecules that contain multiple
aromatic rings and display strong -1 interactions with the
G4 tetrads. These ligands also contain positive charges,
which increase their affinity for negatively charged G4 DNA.
Berberine has a positive charge stemming from the nitrogen
atom, increasing the thermodynamic favorability of G4
binding (12). The G4 stacks possess a stabilizing preference
for monovalent cations (specifically, K* ions) — cations whose
positive charge can polarize the 1 electron clouds of a given
ligand, leading to thermodynamically favorable G4 binding
(13). Similarly, guanine bases stabilize the G4 through their
Hoogsteen hydrogen bonding. As the endplates are rich
in negatively charged guanine tetrads, positively charged
molecules such as berberine have a strong affinity to bind to
such endplates (14). Factors such as solvent polarity, anion
identity, and ionic radius can determine G4 growth, which can
be maximized when engineering berberine analogs (15).

In this study, we test the effect of ligand aromaticity
(cyclic, planar molecules) on the free energy of binding and
electrostatic potential with the G4. Based on previous studies,
we hypothesized that large aromatic rings incorporated in
berberine molecules would act as a highly stabilizing ligand
that would generate a greater free energy of binding with the
G4. After constructing an extensive in silico library containing
800+ berberine analogs, we used molecular docking to
determine the free energy change during the binding of the
ligand to the G4 complex. The results of these indicated
that large fused aromatic rings increased binding strength
between berberine analogs and G4 complexes.

RESULTS

We performed molecular docking simulations of the
analogs with the G4DNA and double-standed DNA (dsDNA).
Results were quantified based on the free energy of binding
(AG) in kcal/mol. We report all binding free energies in kcal/
mol directly, not as a difference from the unchanged berberine
baseline. Overall, we found that the most thermodynamically
favorable binders mainly had electrostatic interactions with
the endplates, 1 interactions with a distance less than 2.5
angstroms (A), and a maximum free binding energy of AG =
-7.5 kcal/mol.

Aromatic R groups lead to thermodynamically favorable
interactions

To test our hypothesis that attaching aromatic rings leads
to more thermodynamically favorable interactions between
berberine and G4, we divided our 836-ligand library into four
R-group classes: 51 single R groups, 264 aliphatic sidechains,
267 aromatic sidechains, and 247 fused aromatic sidechains.
When comparing the four R group types, compounds with
aromatic R groups, both fused and not fused, significantly
outperformed single atom R groups and aliphatic R groups
in terms of free energy of binding (p < 0.0001). No significant
differences were detected when comparing fused aromatic
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Figure 1: G-Quadruplex inhibition of DNA transcription and
telomerase. The Guanine Quadruplex inhibits cancerous DNA
transcription by physically preventing RNA polymerase from
transcribing the genome and prevents cancer cell division by blocking
telomerase and triggering cell death. Created with BioRender.com.

R groups and aromatic R groups that weren’t fused (Figure
2). Within single atom R groups, we additionally tested
whether halogenation of the R group would lead to more
thermodynamically favorable interactions due to interactions
between the halogen and the positively charged K* in the
G4. Although overall, single atom R groups did not have a
significantly higher free energy of binding when compared
to the baseline berberine molecule, halogenation did lead to
significantly higher binding free energies (p < 0.01) (Figure
2). Further molecular visualization analysis showed that
compounds with halogenated R groups had more contacts
with the K* ion than compounds with non-halogenated R
groups.

m interactions facilitate interactions with higher binding
free energies

To ascertain what exactly enables highly favorable
interactions between berberine analogs and G4. Molecular
visualization analysis of the highest binders of each R group
class revealed that 1 interactions, especially with the K*
ions and G4 phosphate backbone, or grooves, led to much
higher binding free energies. Highest binders, as found by
molecular docking analysis, were sorted into the four R group
classifications: Single Atom R Groups, Aliphatic R Groups,
Aromatic R groups, and Fused Aromatic R groups. R Groups
were attached to berberine in three locations (Figure 3). With
each ligand, we analyzed the location and frequency of -1
interactions, electrostatic interaction, and binding distances
between berberine analogs and the G4. Aromatic groups fused
to berberine displayed a higher number of -1 interactions
with the G4 endplates, given the small average binding
distances ranging from 2.6 A to 5.2 A (Table 1). However,
aromatic groups that were not fused were able to achieve the
same binding free energies with farther binding distances
ranging from 3.1 A to 6.3 A, with more m-Tr interactions in
the grooves of the G4 complex (Table 1). Aromatic groups
attached to berberine had higher amounts of electrostatic
interactions than the other R group classes, likely due to the
higher binding surface area between the molecules and G4
(Table 1). However, analysis of the frequency electrostatic
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a) Free Binding Energies by Analog Classification b) Free Binding Energies by Halogenation
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Figure 2: Free energy release for berberine ligand interactions with G4. 836 berberine analogs were grouped into four R-group classes:
51 single R groups, 264 aliphatic sidechains, 267 aromatic sidechains and 247 aromatic sidechains. Within single atom R groups, the
analogs were further split into halogenated R groups and non-halogenated R groups. Binding energies obtained from molecular docking
analysis were tabulated and graphed for each analog class. (A) Binding energies compared across analog classes. Free energy release was
significantly greater for aromatic R groups than aliphatic R groups. A one-way ANOVA test was conducted, with the R-group classification as
the independent variable, and the free binding energy as the dependent variable (F = 64.81, p < 0.0001). ****p < 0.0001). (B) Binding energies
compared between halogenated and non-halogenated single R groups. Free energy release was significantly greater for halogen R groups

than other R groups. *p < 0.01. Error bars = standard error of the mean.

contacts between the G4 and berberine analogs showed that
the number of electrostatic interactions did not correlate to
any changes in the free energy of binding, ruling it out as a
contributing factor to G4 stabilization.

Higher binding affinities trade-off with practical drug
delivery characteristics

While ligands with large aromatic rings and high degrees of
flexibility were found to achieve the most thermodynamically
favorable interactions with the G4, there are trade-offs
with other molecular properties important for drugs. The
highest binders from each analog class were assessed for
their physicochemical and pharmacological properties,
including solubility, molecular weight, octanol-water partition
coefficient, bioavailability, and synthetic accessibility. The
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Figure 3: Locations of documented R groups on berberine. Our
analogs had R groups attached to three particular locations on the
berberine molecule; to maximize the stability of the molecule and its
binding properties with the G4 molecule.

ligands with large aromatic rings are much less soluble and
thus have a lower bioavailability than ligands with single R
groups or aliphatic sidechains (Table 2). While this could
be offset with modern developments in water-insoluble drug
delivery technology, decreasing the solubility of the ligand by
adding large aromatic groups could lower the accessibility
of the drug, from both a drug-delivery and drug-synthesis
standpoint. One standout aromatic molecule in the series is
D5, which has a high free binding energy of -10.1 kcal/mol,
and a moderate bioavailability of 0.55.

DISCUSSION

We performed molecular docking with berberine analogs
and the G4 to assess the structure-activity relationship
between the aromaticity of the berberine analog, the type
of 1 interactions, and the free energy of binding. The most
thermodynamically favorable binders had aromatic R groups,
whether fused or attached to berberine and engaged in
interactions with either the K* ions or the grooves of the G4
(Figure 2). Analysis of the molecular docking and molecular
visualization revealed two main factors in the binding of
berberine to G4: the location and structure of the binding area
on the G4, as well as the physical structure of the berberine
analog’s R groups (Table 1).

While we observed most of the contact between the G4
and berberine analogs occurring with the G4 endplates near
the K* ions, interactions with the grooves of the G4 were
also an important contributor to the free energy of binding.
Berberine analogs with fused aromatic R groups had a small
average distance from the G4 ranging from 2.6 Ato 5.2 A and
a large number of aromatic rings with delocalized T electron
clouds; the proximity of the K* ions to the berberine molecule
likely allowed the K* ions’ positive charge to polarize the
m electron clouds, leading to the high binding free energies
of the thermodynamically favorable Tr-cation interactions.
Berberine analogs with aromatic R groups that weren’t
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Table 1: Summary of berberine analogs with highest binding affinity to G4. The top 5 binders from each analog class, as found by
our molecular docking data, were selected from our 836-ligand library. Using molecular visualization, we tabulated the location of R groups
(as highlighted in Figure 3), binding affinity energy values (AG in kcal/mol). Furthermore, we analyzed how the ligands binded to the G4 by
quantifying the number of electrostatic contacts (ES), T-1r interactions, and average distance of the ligand from the G4. 11-11 interactions were
only quantified for aromatic R groups, as other R groups cannot engage in -1 stacking. Results indicate that while electrostatic interaction did
not have an observationally significant effect on AG, 1 interactions with endplate grooves contributed to a higher binding activity with the G4.

fused, however, had larger average distances while still of unmodified berberine. Due to a combination of their large
maintaining high binding free energies through 1 interactions  surface area, aromaticity, and flexibility owing to lack of fused
with the grooves of the G4, especially in comparison to that  aromatic R groups, these analogs were able to bind with both
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Table 2: Physiochemical and pharmacological properties of analogs with highest binding affinity to G4. Each series in Table 1 was
selected and the physiochemical and pharmacological properties of the ligands were evaluated. Log P refers to the octanol-water partition
coefficient, which measures the relationship between lipophilicity and hydrophilicity of a substance. The data underscores that ligands with
large aromatic rings are poorly soluble or insoluble, while ligands with single R groups or aliphatic chains tend to be moderately soluble.

the endplates of the G4 and fit into the grooves of the G4
complex, resulting in more energetically favorable binding
(Table 1).

Our study suggests that for the berberine ligand to
engage in T interactions with the G4 endplates, K* cations,
and grooves, aromatic R groups (fused or not fused) are
preferable. We found that the aromaticity of R groups led to
significant higher binding free energies compared to that of
the unmodified berberine (Figure 2). This is likely due to a
greater amount of delocalized T orbitals that can interact with
the G4 (10,11). We also found, through molecular visualization,
that mere size of the aromatic R groups didn’t affect the
free energy of binding; the free energy of binding was more
dependent on the types of 1 interactions and the flexibility
of the molecules (Table 1). The flexibility of the analogs was
essential to forming thermodynamically favorable interactions
with high binding free energies: aromatic R groups that were
not fused had a high degree of flexibility due to the alkanes
connecting the rings that allowed the molecules to bind to
both the endplates, the K* ions, and the grooves of the G4.

Further, we also found that halogenated functional groups
had a slight impact on binding free energies: analogs from all
four classes, especially single atom R groups, that contained
halogens in their R groups had higher binding free energies.
We speculate that halogenation resulted in an attraction
between the halogen and the K' cation in the G4 model
(Figure 2) (4). In addition, we suspect a correlation between
electronegativity and free energy of binding, since between
the halogenated R groups, the ones with fluorine, a high-
electronegativity atom, had the highest free energy of binding
of the series (Table 1).

Finally, since berberine’s effectiveness in cancer therapy

lies first and foremost in its abilities as a drug, extended
research should continue to explore what factors lend to
these ideal conditions for drug delivery. Future studies testing
berberine analogs to maximize free binding energy should
take into account the practical limitations of using such large
ligands as therapeutics.

G4 stabilization is a growing and promising field of
research within cancer research and can even extend beyond
cancer to other biological applications involving regulating
DNA transcription (2). Trends observed in our library provide
future considerations for G4 stabilization using berberine,
underscoring the importance of G4 endplate binding brought
about by engineered molecules with a large surface area,
high degree of aromaticity, and high degree of flexibility.
Future studies should concentrate on isolating variables such
as number of atoms, aromatic carbons, and rotatable bonds
to provide a more granular analysis of the structural factors
that allow for strong G4 binders. Focused in silico studies
testing specific R groups, such as iron complexes, could
provide further insight into the precise binding mechanisms of
the G4 to various types of R groups. Further testing involving
assays that can probe the stabilizing effects of these binders
in vivo and in vitro can test the efficacy of these ligands for
pharmaceutical use. We hope this research may aid the
development of ligands to stabilize the G4 through the trends
identified in berberine ligand structure-activity relationships.

MATERIALS AND METHODS
Ligand Design and Pre-Optimization

We developed a library of 800+ ligands. The visualization
and development of the ligands were done initially on
MarvinSketch (by ChemAxon) wherein we attached varied
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substrates at different R-group locations to the 2-D berberine
molecule (16). Avogadro, a cross-platform molecular editor,
was used to optimize molecules by molecular mechanics
using the Merck Molecular Force Field (MMFF94) to 10,000
steps, prior to density functional theory (DFT) geometry
optimization, by industry standards (17).

DFT Optimization

DFT is a quantum mechanical modeling procedure
that employs the use of electronic density to calculate the
electronic structure and ground state energies of atoms
and molecules (18). In this case, DFT calculated the most
quantum-mechanically optimal configurations for the
berberine analogs before the molecular docking procedures.
In combination with Avogadro, Orca (an ab initio quantum
mechanical molecular modeling software) was used to
generate input files to conduct DFT calculations for berberine
analogs (19). The hybrid functional B3LYP was chosen to
conduct calculations, as it is the most widely accepted and
mathematically reliable functional (20). To simulate aqueous
conditions, a conductor-like polarizable membrane (CPCM)
water model was used. The def2-SVP basis set was used
for calculations, as the analog library contained compounds
composed of light main-group elements.

Molecular Docking

Priorto docking, AutoDock Tools (a graphical user interface
that allows for preparation and generation of coordinate files)
was used to prepare ligands for docking. AutoDock Tools
identified receptors as macromolecules, adding Gasteiger
charges to the ligand and merging non-polar hydrogens.
Each ligand was imported into AutoDock tools, upon which
the above processes were applied to the molecule. AutoDock
Vina is a molecular docking software allowing for the modeling
of ligand-protein interaction thermodynamics. Vina allowed
us to simulate docking the berberine analogs to the G4. They
were imported into AutoDock Vina, where they were docked
to a G4 (PDB ID 1KF1), using an exhaustiveness of 8 (21).

UCSF Chimera/ChimeraX

Chimera and ChimeraX were used for the final visualization
and analysis of the binding free energies, following the
computational binding of the affected berberine molecules to
the G4 (22,23).

SwissADME

SwissADME was used to assess the physiochemical and
pharmacological properties of selected ligands (molecular
weight, hydrogen bond acceptors and donors, octanol-
water partition coefficient, solubility, bioavailability score,
synthetic accessibility) (24). The logarithm of the partition
coefficient (P) was determined using a topological method
from Lipinski et al. 2001 (25). Solubility was determined by
implementing a topological method from Delaney 2004 (26),
and solubility class was determined by the following criteria
on the Logarithm of Solubility (Log S) scale: Insoluble (Log
S < -9), Poorly soluble (Log S < -6), Moderately soluble
(Log S < -4), and Soluble (Log S < -2). Bioavailability was
determined with a probability <10% derived from a Fisher-
Snedecor distribution (F), as implemented in Martin 2005
(27). Synthetic accessibility was scored from 1 (very easy)
to 10 (very difficult), based on 1024 fragmental contributions

modulated by size and complexity and trained on 12,782,590
molecules (2 = 0.94).
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