Computational structure-activity relationship (SAR) of berberine
analogs in double stranded and G-quadruplex DNA binding reveals
both position- and target-dependence
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ABSTRACT: Berberine, a natural product alkaloid, and its analogs have been reported to have a wide range of medicinal
properties, including antibacterial and anticancer effects. It has been previously reported that berberine and its analogs
intercalate into DNA, thereby inhibiting DNA replication. Berberine has also been studied as a photosensitizer, generat-
ing reactive singlet oxygen in situ, and this has applications in‘photodynamic therapy. Various groups have synthesized
berberine analogs that have comparable or improved biological activity; however, an exhaustive structure-activity rela-
tionship (SAR) of DNA binding affinities on berberine analogs with substitution at C-8, C-12, and C-13 has not been previ-
ously reported. High throughput virtual screening (HTVS) allows for efficiént analysis of compound libraries to identify
lead compounds as possible pharmaceutical agentsaHere, we employed HTVS towards a library of alkyl or aryl berberine
analogs on carbons 8, 12, and 13 to probe binding to deuble stranded and G-quadruplex DNA. Predicted binding affinities
to double stranded DNA and G-quadruplex DPNA ,were generated via molecular docking, excited state electronic structure
calculations were conducted via time-dependent density functional theory (TD-DFT) to probe each compound’s potential
activity as a photosensitizer, and potential G=quadruplex stabilizing abilities of key berberine analogs were probed by mo-
lecular dynamics (MD) simulations,éma 4.0 ns timescale:

INTRODUCTION

Berberine (1) (Figure 1a and 1b), @naturally occurring
isoquinoline alkaloid extractedfrom the roots and stem of
plants from the genus Berberis (Higure 1c), has been of
great medicinal interest due to its wide range of reported
biological 4activities, including antimicrobial, antidiabetic
and antieancer activity(2;3,4,5). Berberine-containing
extracts have beemjused as a medicinal agent in many
traditional cultures dating back to 3000 BC (6).

Moreover, berberine was previously found to interca-
late in DNA with a high binding affinity, driven by elec-
trostatic attractions and pi-stack interactions between the
compound and nucleotide base pairs in DNA secondary
structures (8). Upon photoirradiation of the berberine-
DNA complex, berberine acts as a photosensitizer and
generates singlet oxygen, a reactive oxygen species, which
oxidizes guanines and results in DNA damage, thereby
inhibiting DNA replication and halting cell division (9).
This has been previously studied in application to photo-
dynamic therapy as a potential treatment of various types
of cancers and antimicrobial agents (10,11). Berberine has
also been reported to stabilize G-quadruplex DNA
(G4DNA), which inhibits telomerase, an enzyme that is
overexpressed in cancers; this inhibition of telomerase
results in the inhibition of cancer activity (12).

Figure 1. Background and introduction of berberine 1 (a) chemical

structure of berberine with the carbons numbered (b) 3D structure Several semisynthetic analogs and derivatives of

of berberine (DFT optimized, B3LYP, def2-SVP) (c) Berberis
trifoliolata, one example of a plant from which berberine-containing
extracts can be obtained (7)

berberine have previously been prepared and evaluated
for biological activities; some of these are reported to
have comparable or superior antibacterial, antifungal, or
anticancer activity compared to the natural product, and



some have been reported to possess improved binding
affinities to DNA and G4DNA. Addition of an alkyl or aryl
chain to carbon 8 of berberine can be achieved via
nucleophilic addition of alkyl or aryl Grignard; such com-
pounds have been reported to have more potent antimi-
crobial activity (13), but it is not known what role the
stereogenic center at carbon 8 might play in DNA binding
(Figure 2a). A library of 12-amine-berberine derivatives
studied by Wang et al. have been demonstrated to have
more potent anticancer activity (14). The synthesis and
biological screening of 13-alkylberberine analogs revealed
that the addition of alkyl chains of various lengths im-
proves the anticancer, anti inflammatory, and antioxidant
activity of berberine (15,16). It has also been reported that
a borohydride reduction at the carbon 8 iminium to yield
dihydroberberine (2) generally results in a loss of antimi-
crobial efficacy (17). While many have studied the biologi-
cal activities of berberine and its analogs, less than 20
percent of studies reported in the last ten years quantify
the DNA-binding affinities of such analogs, and even few-
er have produced crystal structures of berberine bound to
a DNA target.

Compound Library

OMe

)

o Density Functional Theory
o (DFT)
A, - Quantum mechanical structural
optimization
d (Shawn: B3LYP functional, def2-SVP
MeO N 18is set)
- =

Time-dependent density
functional theory (TD-DFT)
Excited state electronic structure
(Shown: BILYP functional, def2-TZVP
basis set, RiCosX approximation)

Molecular Docking
Thermodynamics of

Molecular Dynamics
Ligand Stabilization of
Ligand-Target Affinity

(Shown: PDB:3NPS, bound to

dSONA oligonucleotide)

Protein Targets
(Shown: PDB-INPS, bound to
dsDNA oligonucieotide)

Figure 2. Design_ofithe library of berberine analogs and our meth-
odology in thisfstudy. (a) A stereocentér is formed when alkyl and
aryl chains are added to carbon 8 of berberine, resulting in R and S
enantiomers. Both R and Srenantiomers of all carbon 8 analogs were
studied?(b) Possible reactions for the synthesis of carbon 8, 12, and
13 analegs that inspired the design of the library. Possible reactions
include‘@amnucleophilic addition to carbon 8 with Grignard reagents,
treatment . of berberine with elemental bromine yields 12-
bromoberberine, which can serve as a handle for cross coupling
reactions, and ‘enamine condensations to carbon 13. (c) Workflow
and methodology in our work

Here, we report an exhaustive in silico virtual screen of
a representative library of 8-, 12-, and 13-alkyl and aryl
berberine analogs (Figure 2b). The use of high throughput
virtual screening (HVTS), which screens small molecule
libraries against potential drug targets, has enabled rapid
and efficient screening of large libraries of chemical enti-
ties (18,19,20). Molecular docking was used to determine

the predicted binding affinity of each analog to each of
the two DNA targets, time-dependent density functional
theory (TD-DFT) calculations were invoked to predict the
wavelength of maximal absorbance and relative energies
of singlet and triplet excited states of each analog, and
molecular dynamics (MD) was performed on berberine
and selected analogs to simulate potential ligand-
mediated stabilization of the G4DNA complex (Figure 2c).
Since many DNA intercalators rely on pi-stack interac-
tions or electrostatic attractions, we initially hypothesized
that addition of aromatic systems to C8, Ci2, or C13 would
provide an increase in binding affinity, and that loss of
the cationic iminium at C8 would diminish binding affini-
ty (21).

A library of 31 berberine analogs were screened against
two biological targets, dsSDNA‘and G4DNA, based on pre-
viously-reported crystal structures (PDB codes 3NP6 for
dsDNA and 6JWD for G4DNA)(22,23).4t was found that
the impact of arylwand. aliphatic substitution on DNA
binding affinity is beth position-dependent and target-
dependent

RESULTS

Molecular docking of the library of berberine analogs
with dsDNA and G4DNA was completed using Autodock
Vina. Docking parameters were determined from previ-
ously reported crystal structures, and a high degree of
similarity in ligand positioning that was achieved between
docked poses and the crystal structure demonstrates the
predictivity of the docking parameters used. Results were
quantified based on the free energy of binding (AG) in
kcal/mol. The results are summarized in Figures 3.

Figure 5. Binding poses of berberine and berberine analogs to
G4DNA (a) Berberine 1 (AG = 2.6 kcal/mol) ( (b) Dihydroberberine 2
(AG = 2.5 kcal/mol) (c) Both enantiomers of compound 8a. The
structure in blue is the R enantiomer (AG = -0.1 kcal/mol), and the
structure in purple is the S enantiomer (AG = 2.3 kcal/mol)

The lengthening of the alkyl chain on the carbon 8 ana-
logs also resulted in decreased binding affinity of the
compound to G4DNA. This could be attributed to steric
clashes, in which members of the alkyl chain past the
fourth carbon overlap with atoms of the receptor without
being part of the binding interactions. This is thermody-
namically unfavorable due to repulsive electron interac-
tions between these clashing atoms, increasing the AG
value. Differences were also observed between the R and
S enantiomers of these analogs, with thermodynamic fa-
vorability of the R enantiomer for alkyl chains 4 carbons
and shorter. This trend seems to be reversed for alkyl
chains longer than 4 carbons, with the S enantiomer hav-
ing lower AG values.
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Figure 3. Thermodynamics of the binding of the library berberine analogs to dsDNA (dsDNA) and G4DNA. Binding affinities are reported in
kcal/mol, and represent the binding affinity of the most thermodynamically-stable predicted binding pose.

dsDNA Binding

Docking results for analogs with bromo-, phenyl-, and
naphthyl- substitutions at_the carbon 12 position were
generally observed toshave significantly greater binding
affinities to dsDNA.than analogs with substitutions at the
carbon 8 and 13 positionsj@and some of these compounds
exhibited greater binding affinity than berberine itself.
Compounds with naphthyl groups on the carbon 12 had a
binding_affinity, of =6:0. and’-6.8 kcal/mol (Figure 4c),
compound 12c anduzd, respectively.

Figure 4. Most thermodynamically stable binding pose of repre-
sentative compounds in our library to dsDNA (a) Berberine 1 (AG = -
5.6 kcal/mol) (b) Dihydroberberine 2 (AG = -6.2 kcal/mol) (c) Com-
pound 12d, the berberine analog with the best binding affinity to
dsDNA (AG = -6.8 kcal/mol)

Interestingly, naphthyl additions to the carbon 8 posi-
tion gave lower binding affinities than berberine, with AG
values of -2.1 and -3.3 k/cal mol for the R and S enantio-
mers of compound 8h, respectively. The same trend can
be seen in the R and S enantiomers of compound 8i,
whose AG increased to -1.0 kcal/mol and -2.2 kcal/mol,
respectively.

G4DNA Binding

Berberine analogs had significantly lower binding affin-
ities to G4DNA than dsDNA. Unlike dsDNA, aliphatic
chains on the carbon 8 positions demonstrated the best
affinity in binding to G4DNA. The R enantiomer com-
pound 8a had the lowest AG value of all analogs screened
at -0.1 kcal/mol (Figure 5¢). Additions of naphthyl groups
at both carbon 8 and 12 greatly decreased the binding
affinity of analogs 8h, 8i, 12¢, and 12d to G4DNA. Com-
pounds 8i and 12d were not able to dock to G4DNA. It is
unclear why AutoDock Vina returned positive AG values
for the DNA-berberine binding interaction.

Time Dependent Density Functional Theory



Time dependent density functional theory (TD-DFT)
was utilized to study the excited state electronic structure
of each compound. Moreover, the molecular orbital ener-
gies that resulted allowed us to probe whether berberine
analogs undergo electronic transitions that can effectively
produce singlet oxygen; the orbital energies that were
obtained are summarized in Figure 6.

Compound | E,, E, E, AE, . AE, . .
(£V) (eV) eV} H=L} (H—L) {nm)
1 545 22701 -3B54 2944 1.791 421
2 4735 L1199 2447 3616 2288 143
Ba 4775 1069 2400 3706 2,375 333
Bh 4768 -l4E -2382 3720 239 134
Be -4 688 1123 2447 3565 2241 348
Bd -4.685 -1.112  -2430 3573 2255 147
Be 4861 -L1IT <2436 3744 2.425 331
Bf -4.620 -1.030 -2343 3590 2277 346
Bg 4. 766 -1.219 2506 3547 2,260 350
Bh -4, 771 -1.568 -2.563 3.203 2,208 87
Bi 4699 1487 -2419 3212 2280 386

Compound | E,, E, E, AE,, ., AE. . b
(eV) V) (&¥) (H—L) (H—L) (sm)
12a 58976 -1.851 4063 3.125 1.913 97
12h -5.B37 2700 -3.953 3,137 1.E24 196
12¢ -5.822 2710 3942 3112 1880 399
12d 5718 -2699 3962 3019 1.756 411
13a =5.720  -2.610 -3892 3.110 1528 199
13b 5719 2460 -3E92 3011 1827 199
13¢ <5725 -2610 -3.8R0 3115 1.845 198
13d -5814 -2.584  -3ETG 3.230 1.938 384
13 -5.724 2600 -3BO3 3115 1.831 108
131 -5.814  -2.584  -3ETG 3.230 1.938 184
13g <5761 -2665 -3940 3.096 1.821 401

Figure 6. Energy of the ground state, singlet excited state; and tripletiexcited state of berberine and its analogs from TD-DFT calculations. Elec-
tronic transitions are reported in eV, and the wavelength of maximal absorbanee is reported in nanometers.
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Figure 7. Jablenski Diagram depicting electronic transitions that
occur as photosensitizers excite oxygen into singlet oxygen. Initial
absorbance of a’photon excites the ground state photosensitizer (So)
to the second excited state (S2), which undergoes rapid internal
conversion to the first excited state (S1). This undergoes intersystem
crossing to the first excited triplet state (T1), which can excite
ground state triplet oxygen (302) to an excited singlet state (102).

Molecular dynamics was used to probe the interactions
on timescale and potential stabilizing effects of the binary
complex between G4DNA and berberine,
dihydroberberine, and 8-methylberberine. Specifically,
stabilization over time of the G4DNA by berberine and

the two analogs was calculated in GROMACS and dis-
played in Figure 8a, and the average RMSD was calculated
over the same time interval, displayed in Figure 8b.
G4DNA with berberine was observed to have a lower
maximum RMSD  value than G4DNA  with
dihydroberberine and 8-methylberberine. Unpaired t-
testing revealed that the differences in RMSD between
berberine, dihydroberberine, and G4DNA are insignifi-
cant at a 95% confidence interval. However, the differ-
ence between RMSD G4DNA and 8-methylberberine is
statistically significant, suggesting a destabilization of
G4DNA by 8-methylberberine.
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Figure 8. Root-mean-square deviation of atomic position (RMSD)
calculations from molecular mechanisms (a) Average RMSD of
G4DNA, G4DNA with berberine, G4DNA with dihydroberberine,
and G4DNA with 8-methylberberine over 0.1 nanosecond in water
(b) Net Destabilization of G4DNA by berberine, dihydroberberine,
and 8-methylberberine



DISCUSSION

Molecular docking, TD-DFT excited state calculations,
and molecular dynamics simulations were performed to
investigate the structure relationship activity (SAR) on
the impact of aliphatic and aromatic side chains at C8, 12,
and 13 in binding affinities towards double stranded DNA
(dsDNA) and G4DNA. While the G4DNA’s binding affini-
ty appears positive, the results were deemed predictive
because the most thermodynamically favorable binding
pose was accurately predicted. Analogs with the highest
binding affinity to dsDNA were the 12-substituted ana-
logs, which had binding affinities of -5.8 to -6.8 kcal/mol
compared to a binding affinity of -5.6 kcal/mol for
berberine 1. The aromatic 12-substituted analogs per-
formed the best overall with binding affinities comparable
to berberine 1, likely due to the increased number of pi
stacking interactions.

Contrary to our initial hypothesis, berberine analogs
with aromatic substitution did not always have the high-
est binding affinity to either dsDNA or G4DNA targets.
Rather, the effect of aryl versus aliphatic substitution on
DNA binding appears to be dependent on not only the
nature of the substituted group, but also the carbon posi-
tion (C8, Ci2, Ci13) substituted and on the nucleic acid
target - as different trends were observed in binding affin-
ity to dsDNA and G4DNA. Moreover, it appears that a
loss of the persistent cation in the isoquinolinium core of
berberine, as in the case of dihydroberberine and any 8=
alkyl or 8-aryl analog, is not necessarily detrimental to
DNA binding. Moreover, against initial expectations, mo=
lecular dynamics simulations do not seem todndicatenet
stabilization of the G-quadruplex-ligand binary complex.

Visual inspection of the docked poses/suggest that ste-
ric effects are operative in the superior binding affinity ef
8-alkyl berberine analogs in G4DNA(Figure 3, com-
pounds 8a, 8b, 8¢, and 8d). Thererystal structure positions
the compound in a manner‘where 'C8 directly faces the
DNA, forcing a substituent on carbon 8 to penetrate fur-
ther in and have more interactions with the G4DNA.
However, the relatively poorabinding affinity of a larger
substituent such as the‘@aromatic compound 8g is poten-
tially driven by“greater steric encumbrance to intercalate
in G4DNA Aliphatic 8-substituted analogs in G4DNA’s R
enantiomers are, more.thermodynamically favorable than
S enantiomers fory4 carbons and shorter, which can be
explained by a reduced.amount of steric hindrance in the
directiomof the S enantiomers. The shorter chains proba-
bly allow for,the molecule to interculate more closely into
G4DNA, however longer chains are too sterically hin-
dered to allow the analogs to bind in more thermodynam-
ically favorable positions.

The analogs with the lowest binding affinity to G4DNA
were the aromatic substituents, whereas the analogs with
the best binding affinity to dsDNA were the aromatic sub-
stituents. The affinity for aliphatic chains in G4DNA can
be attributed to G4DNA’s complex folding, exacerbating
the problems of steric hindrance (26). The higher varia-
tion of binding affinities against G4DNA indicated that

the smaller binding pockets result in greater variation in
the AG binding affinities as bigger molecules like com-
pound 12b are too sterically hindered to bind in more
thermodynamically favorable conformer poses.

Compound 8a was observed to have the highest binding
affinity to G4DNA, however molecular dynamics simula-
tions revealed that this compound destabilizes G4DNA,
with an average RMSD value of 0.0562 ns, while G4DNA
has an average RMSD value of 0.0538 ns. Comparatively,
berberine and dihydroberberine had much’higher stabili-
zation capabilities, with average RMSD' values of 0.0483
and 0.0516 ns, respectively, lower than| the average
G4DNA RMSD value.

Through TDDFT calculations, we were able,to. deter-
mine that the berberine analogs undergo an Jelectronic
transition that is sufficient forsthe production of singlet
oxygen. Further studies on the lifetime of the triplet state
of the berberine analogs is necessaryite‘accurately under-
stand the photosensitizing,ability of berberine. One limi-
tation with the use of berberine“analogs is the blueshift
observed 4n the maximum wavelength of absorbance.
Many bigmolecular entitiesy”such as DNA and aromatic
amino acids, have absorbance in the ultraviolet range,
and photodynamic therapy with berberine analogs could
possibly resultimundesired side effects (27).

Through molecular docking, time-dependent density
funetional theory (TD-DFT), and molecular dynamics
(MD) simulations we present an exhaustive structure-
activity relationship (SAR) between berberine and its C8,
€12, and C13 analogs with respect to their binding affinity
to both double stranded DNA (dsDNA) and G-quadruplex
DNA (G4DNA). While this study primarily focused on
computational work and rapid in silico screening of such
compounds, it provides the basis for future work in the
chemical synthesis and in vitro evaluation of hit struc-
tures and their DNA-binding efficacy.

MATERIALS AND METHODS

Molecular Mechanics Pre-Optimization Avogadro, a
cross-platform molecular editor, was used to create three-
dimensional computational models of berberine and each
of the studied analogs (28). Prior to density functional
theory (DFT) geometry optimization, each model was
initially optimized by molecular mechanics using the
Merck Molecular Forcefield (MMFFg4) to 10,000 steps.
Input files for DFT structural optimizations were created
on Avogadro.

DFT Structural Optimization Density functional theory
(DFT) was used to calculate quantum mechanically min-
imized molecular geometries. ORCA, an ab initio quan-
tum mechanical molecular modeling software, was used
in tandem with Avogadro’s functionality to generate
ORCA input files to compute the DFT optimized struc-
ture of berberine and each analog (29). An implicit con-
ductor-like polarizable continuum (CPCM) solvation
model of water was used to simulate the conditions of an



aqueous environment. B3LYP, a hybrid functional, was
chosen for the calculation due to its low computational
cost compared to other traditional functionals, as well as
its acceptance in the scientific community for creating
low parameter, accurate results (30,31). All DFT calcula-
tions were carried out to normal convergence thresholds.
Additionally, time-dependent density functional theory
(TD-DFT) was used to model the excited singlet and tri-
plet states of berberine and its analogs. The RIJCOSX ap-
proximation method was used to greatly accelerate the
calculation with negligible decrease in accuracy and sig-
nificant reduction of computational expense.

AutoDockTools AutoDockTools (ADT), a part of the
MGLTools suite, is a graphical user interface that allows
for the preparation and generation of coordinate files for
use in AutoDock Vina (32,33). To prepare the dsDNA and
G4DNA for the docking procedure, ADT was used to
identify the receptors as a macromolecule, which adds
Gasteiger charges to the molecule and merges non-polar
hydrogens. The search space for the ligand was also cho-
sen at this stage, modelled after 3NP6 for dsDNA and
6JWD for G4DNA. Each ligand was prepared by importing
the coordinate file into ADT as a ligand, upon which the
Gasteiger charges would be computed and applied to the
molecule. The identification of the torsion tree root al-
lowed the number of rotatable bonds to be set, allowing
for maximum conformity of the ligand to induce fit into
the specified search grid.

AutoDock Vina AutoDock Vina (ADV) is an‘open soutce
molecular docking program (34). Configuration of Vina
included the definition of the search grid from ADT:Ad-
ditionally, Vina was queried to genefate 15 conformers of
each ligand rather than the default 9 binding,modes’ in
order to avoid omission of possibleiconformers. The ex-
haustiveness value of the search was doubled from the
default 8 to 16 in ordersto generate models from more
computationally exhaustive methods. The validity of the
docking parameters“used was'first assessed by comparing
the predicted highest-affinity binding pose of berberine to
dsDNA with sthat which was previously reported in its
crystal structure (PDB 3NP6), and these were found to be
consistent.

UCSF Chimera/ChimeraX Visual analysis to determine
the accuraey of the berberine molecule’s computationally
determined binding mode to that of the crystal structure
shown in 3NP6 and 6JWD was done in UCSF Chimera
and UCSF ChimeraX, a molecular visualization program

(35,36).

GROMACS GROMACS, or the GROningen MAchine for
Chemical Simulations, is a molecular dynamics (MD)
package that simulates interactions between proteins and
ligands (37). GROMACS was used to carry out high-level
molecular dynamics simulations in regards to the interac-

tions between the most thermodynamically favourable
conformers of berberine, dihydroberberine, and G4DNA
using the AMBERg9SB forcefield and an explicit TIP3 wa-
ter solvation model. Energy minimization (EM) was con-
ducted in order to minimize the structure and remove
clashes within the system. An equilibration step was con-
ducted to meet temperature and pressure constraints im-
posed by the MD simulation. Configuration of the
forcefield using AMBER99SB parametrics and bond-
charge correction (BCC) charges on the ligand level was
carried out on the ACPYPE Web Server (38). Additional
time-dependent RMSD calculations to determine net sta-
bilization of the DNA were alSo carried out using
GROMACS. MDWeb was used to generate the structure
of each system MD was simulated for in the PDB format
with GROMACS trajectoriés for visualization in Chimera
(39).

DFT, TD-DFT, molecular, docking, and molecular dy-
namics calculatiofisS'were performed on a Dell PowerEdge

710 server with a 24%core Intel Xeon X5660 processor @
2.80GHz and 32GB,RAM.

Wavelength of Excitation

A=hc/E=((6.626*10"-34]s)(3.00*108m/s)*109nm/m)/
((LUMO-HOMO)*1.602*10-19]/eV)

The minimum energy in electron-volts (eV) to excite
Berberine and its analogs was found by subtracting the
lowest “urnoccupied molecular orbital (LUMO) by the
highest” occupied molecular orbital (HOMO). Avogadro
was used to view the HOMO and LUMO orbital energies
calculated through time-dependent density functional
theory (TD-DFT) calculations in ORCA.
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