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IN SILICO BINDING OF A NOVEL PURINE-BASED TRIMER
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Abstract

Regulation of specific biological processes, such as DNA replication or transcription, occurs through the binding of small molecules or pro-
teins to DNA. Distamycin and mithramycin are examples of small molecules that bind to A-/T-rich and G-/C-rich sections of the minor groove
of DNA, respectively. Similarly, we have designed a novel purine-based trimer to bind to the minor groove of DNA, spanning a distance of
six base pairs, specifically targeting C-/G- rich sequences. This project computationally investigates the binding between our trimer and the
CGG trinucleotide repeat section of the FMR1 gene, using ligand receptor docking programs through Schraodinger’s Small Molecule Suite.
We have successfully designed procedures for using Glide Docking and Quantum-Polarized Ligand Docking (QPLD) to dock our ligand in

its dimeric form to a small section of DNA.
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Introduction

Many molecules bind to DNA in order to regulate specific bi-
ological processes, such as DNA replication, transcription, etc. A
classic example of DNA-binding proteins are transcription factors,
which block or promote other transcriptional proteins'. Additional-
ly, distamycin is a small molecule that binds to the minor groove of
DNA. Specifically, distamycin binds to A- and T-rich sequences to
block transcription factors and prevent specific viruses from rep-
licating their DNA?. Another known DNA binder is mithramycin,
which binds to C- and G-rich sequences, although less is known
about its binding properties®. In order to analyze a molecule’s
binding abilities, computational approaches can be used. With
computational molecular docking simulations, the binding affinity
of a ligand for a specific receptor can be estimated for a variety of
generated conformations of the ligand. Molecular docking simu-
lations are also often used in drug discovery to model how a drug
may bind to its target receptor protein. This allows researchers to
determine the capabilities of drug candidates to find which mol-
ecules bind to the designated receptor with higher affinity*. This
helps reduce the time and cost of synthesizing all possible candi-
dates by providing them with mathematical-based estimations of
each candidate’s binding capabilities.

Schrodinger is a physics-based computational platform used
for chemical modeling and molecular docking in many fields.
Within Schrddinger is Glide, a molecular mechanics docking pro-
gram, that allows for ligand-receptor docking, virtual screening,
binding mode prediction, and 3D molecular design. Effective
docking requires preparation of both the receptor and the ligand.
The protein structure is first refined using Protein Preparation
Workflow to ensure proper protonation states, resolve structural
inconsistencies, and optimize the hydrogen bonding network!.
A receptor grid is then defined to specify where the ligand will
bind on the protein, followed by ligand preparation with LigPrep
to generate relevant states and conformations within the given in-
formation'. After the necessary preparation, Ligand Docking is
performed to evaluate potential binding poses, which are ranked
by GlideScores and Docking scores that estimate binding affin-
ity>!3. The GlideScore ranks poses based on contributions from
different energies, while the Docking score also takes into account

Epik state penalties™'?. Glide docking uses molecular mechanics
(MM) which assumes non-flexible proteins during ligand binding
and fixed dielectric charges of both the ligand and the receptor®.
While this is a useful estimation for many systems, it can lead to
less accurate results due to its failure to account for charge transfer
and the flexibility of the receptor.

Quantum mechanical (QM) methods can help improve results
because they account for polarization, charge transfer, and more
phenomena that cannot be described by classical mechanics®. The
primary limitation to applying QM calculations to molecular dock-
ing is the computational power and time required to complete the
calculations. To address this, hybrid quantum mechanics/molecu-
lar mechanics (QM/MM) approaches are often utilized, enabling
improved accuracy while maintaining more practical computa-
tional demands. In QM/MM approaches, the ligand is often treated
with quantum mechanical theories while the protein is treated with
molecular mechanics. The main QM/MM program in Schrédinger
is QSite; however, this is protein specific and cannot be used with
non-amino acid based receptors'®. Another approach to QM/MM
in Schrodinger is to use Jaguar to optimize the ligand with QM and
then dock the QM-optimized ligand to the receptor using Glide
docking'. Most of these docking methods have been thoroughly
studied with typical protein receptors, but there is significantly less
research on methods to dock a ligand to DNA in Schrodinger.

We have designed a purine-based ligand to bind to C- and
G-rich sections of the minor groove of DNA, spanning 6 base pairs
(Figure 1A). The binding of this ligand to DNA, specifically a sec-
tion of the FMR1 gene due to its high C/G content, was investi-
gated through both MM and QM/MM ligand docking approach-
es (Figure 1C). Since ligand docking is primarily used to dock
a ligand to a protein, this research identifies a method of ligand
docking to a DNA receptor, using both Glide and Jaguar QM op-
timization. After extensive computational analysis, we have found
that QM/MM approaches result in more favorable binding affini-
ties relative to the MM Docking scores.

Methods

Building DNA in Schrodinger’s Maestro. From the task dropdown,



the task “build biopolymer from sequence” was used to create a
double-stranded section of DNA. In this task, “DNA” was selected
as the biopolymer type and the sequence was given a title. For the
nucleotide sequence, a section of the FMR1 gene, containing 19
CGG trinucleotide repeats and a total of 59 nucleotides, was used
(Figure 1B and C). The DNA strand was built double-stranded by
checking the “build double stranded” box in the Build Biopolymer
from Sequence window.

Building a ligand. The novel trimer used for this research was built
using the 2D Sketcher tool (Figure 1A).

Dimerization of ligand. A dimer of the novel ligand was created
using the following procedure. First, the original ligand was du-
plicated in the project table. The atoms of the duplicated structure
were highlighted and, using the “Build” panel, moved to be anti-
parallel to the original ligand structure. After the duplicated struc-
ture was moved, both ligands were included in the workspace, and
the duplicated ligand was moved as necessary to ensure that it was
antiparallel and not directly overlapped with the original ligand.
Once the ligands are in a preferable position, the workspace entries
for the two ligands were merged into one new workspace entry. To
make this a metal ion-coordinated dimer, a metal center was added
to the dimer entry from the “Build” window. Using the “Draw”
tool within the “Build” window, eight bonds were drawn from the
ligand to the metal center— four bonds from each monomer. The
angles and specifics of bonds do not matter here, as that will be
corrected with LigPrep" in the following paragraph. Dimerization
using zero order bonds was also done instead of adding a metal
center, in attempts to have more favorable dimer conformations.
However, using zero order bonds did not result in any favorable
docking scores.

Glide docking. The process of ligand docking includes four main
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Figure 1. Summary of background information for structures and sequences
used in the present research. (A) Structure of the designed minor-groove bind-
er. (B) Section of the FMR1 gene built in Maestro. (C) Nucleotide sequence
of the section of FMR1 gene used in this study. NCBI accession number
NC_000023.11:9.133_192.
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parts: ligand preparation, protein preparation, Glide grid creation,
and Glide docking. The ligand to be docked to the DNA is pre-
pared using the LigPrep tool found in the task bar'®. The settings
used are as follows: pH of 7.4 +/- 1.0 (see note in results section)
and all combinations were generated. Other settings were left as
the default. Multiple prepared ligands were analyzed for compar-
ison. Next, the protein was prepared using the Protein Prepara-
tion Workflow'”. The protein used for this research project is the
double-stranded section of the FMR1 gene that was built in the
first paragraph of this section. In the Protein Preparation Work-
flow window, the protein is prepared using the default settings'”.
Then, a glide grid on the prepared protein was created using the
Receptor Grid Generation tool. In the Receptor Grid Generation
window under the “receptor” tab, the “pick to identify the ligand”
option was unchecked since the receptor in the workspace did not
include a ligand. Under the “site” tab, the “center of selected resi-
dues” option was selected, and the specific residues were manually
selected or the coordinates were specified to center the ligand di-
ameter midpoint box over the minor groove. All residues selected
were in the minor groove, but not all grids had the same selected
residues (Table 1). The size of the enclosing box was kept at 20
A, but the size of the ligand diameter midpoint box was changed
for each grid (Table 1). All other settings were kept as default. All
grids used the same prepared protein. To dock the ligand using
Glide, the specific receptor grid file was used, and the ligands were
included from the project table'*. All settings were kept as default,
except the number of poses per ligand that were included in the
output. Docking scores were generated for each ligand docking
calculation that was done, and the results are included in the right-
most column of Table 1.

Quantum Polarized Ligand Docking. In order to obtain more op-
timal docking scores, quantum polarized ligand docking (QPLD)
was employed, treating the ligand with QM models and the re-
ceptor with MM models. QM optimization of the ligand was per-
formed using Schroddinger’s Jaguar program'®. The QM theories
used were either M06-2X or B3LYP-D3 along with density func-
tional theory (DFT) calculations (Table 2). The optimizations were
run for up to 300 steps with loose or normal convergence, using
the Poisson-Boltzmann finite (PBF) solvation model in water to
reflect biologically relevant conditions. Once the ligand was op-
timized, it was docked to the same grids as described previously
using Glide, inputting the partial charges of the optimized ligand.
Some ligands that yielded the most favorable results were opti-
mized a second or third time with Jaguar to give more favorable
ligand conformations'*. Results are summarized in Table 2.

Controls. These methods were also repeated with distamycin, a
well-known DNA minor-groove binder (PDB 378D). The struc-
ture of distamycin was input into Maestro via the 2D sketcher tool
and then prepared with LigPrep". An A-/T-rich section of DNA
was also built and prepared with Protein Preparation Workflow'”.
A 15A ligand diameter midpoint box was used to design the re-
ceptor grid and centered over the minor groove. The prepared
distamycin structure was docked using both Glide docking and
QPLD. Additionally, the structure of distamycin bound to a section
of DNA was imported from the Protein Data Bank (PDB 378D),
and a docking score was calculated for this structure using Glide
docking to serve as another point of comparison for the proposed
docking method.
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Results

Ligand creation. Since there is no current experimental data on
this ligand, multiple ligand dimers were made and docked to the
FMR1 gene to see which resulted in the best score. Furthermore, to
make the ligand into a dimer, multiple techniques were attempted:
four bonds to the metal center instead of eight, making the bonds
from different atoms, etc. While it does not affect the computa-
tional studies, our current hypothesis is that this dimer would be
formed via a magnesium ion; however, there is no current data on
this. Dimers can also be created with zero order bonds using the
Build tool. Zero order bonds are a computational model to rep-
resent a noncovalent interaction between molecules in an atom’.
However, with this method, the ligands resulted in no favorable
conformations or docking scores. It is also important to note that
the pH range used in the LigPrep settings was specified as 7.4 +/-
1.0 in the methods section above'. In an attempt to have more bio-
logical relevance, LigPrep was also employed using a pH range of
7.4 +/- 0.5; however, this resulted in no usable results'®. The ligand
with the best conformation yielded the most favorable docking
scores and was used for the rest of the ligand docking simulations.

Receptor grid generation and glide docking. During the receptor
grid generation process, multiple residues and sizes of ligand diam-
eter midpoint boxes were attempted. The results are summarized
in Table 1. The four grids that gave promising results are 3, 8, 9,
and 11. Each of these grids was generated in a different way. Grid
3 was created using specific residues and a 15 A ligand diameter
midpoint box. Grid 8 used the coordinates x=15, y=3.21, z=60.19
and a 15 A ligand diameter midpoint box. Grid 9 used the same
coordinates as grid 8, but the ligand diameter midpoint box was
15x15x20 A. Grid 11 was also made using specified coordinates
and a 15x15x15 A ligand diameter midpoint box. There was one
ligand that led to relatively favorable docking scores with each of
these grids. To determine which type of grid worked best, each of
these favorable grids were duplicated with the exact same settings,
and used to dock each ligand. It was determined that a 15x15x15
A ligand diameter midpoint box was the most ideal size. To get the
ideal placement, the box was centered over the minor groove using
the coordinates rather than selecting specific residues. Since some
of the ligands still docked to the major groove, this may indicate
an issue with the receptor grid, but grid 11 docked the ligand to the
minor groove a majority of the time, indicating that it is likely the
best grid design.

Each glide dock was run with the same settings, the only dif-
ference being the grid and the ligands used. While the resulting
docking scores were not strongly favorable (Table 1, Figure 2),
these values should be interpreted in the context of known limita-
tions of the computational model. In the absence of experimental
data for this ligand-DNA system, accurately defining the ligand’s
position in the minor groove remains challenging, which may
contribute to the less favorable binding energies. Additionally, the
docking protocol did not include explicit water molecules within
the minor groove. Given their established role in mediating ligand
binding in the minor groove through hydrogen bonding networks
and structural bridging, the incorporation of a solvation model in
future work could further refine these binding energy estimates®’.
Furthermore, the use of a molecular mechanics framework in

Glide, which treats the molecules with fixed charges, further limits
its ability to capture effects such as charge polarization. To address
these constraints and improve representation of ligand-DNA inter-
actions, QM approaches were also employed.

Quantum Polarized Ligand Docking. The first attempt at
QPLD was through QSite; however, QSite is protein specific, so it
did not yield any results'®. Jaguar optimization of the ligand must
be used, and then the ligand must be docked back to the DNA
receptor using Glide'*'*. Both B3LYP-D3 and M06-2X theories
were used, but M06-2X provided the most optimal results (Table
2). To achieve successful convergence during geometry optimi-
zation, a maximum of 300 optimization steps and loose conver-
gence criteria were employed. The need for these settings likely
reflects the size and complexity of the ligand, as optimization did
not converge within the default iterations. PBF solvation was also

Table 1. Summary of Glide grid performance in Glide Docking simulations

Grid Center of Grid Ligand Diameter Enclosing Docking
Midpoint Box* Box* Score
1 Selected residues 15A 20 A -4.193
2 Selected residues 20 A 20 A N/A**
3 Selected residues 15A 20 A -6.043
4 Selected residues 10 A 20 A N/A**
5 Selected residues 10 A 20 A N/A**
6 Selected residues 20 A 20 A N/A**
7 Selected residues 15A 20 A N/A**
8 Used coordinates to center | 15 A 20 A -5.194
box over minor groove -4.677
9 Used coordinates to center | 15x15x20 A 20 A -4.342
box over minor groove
10 Used coordinates to center | 15 A 20 A N/A**
box over minor groove
11 Selected residues 15A 20A -5.718

*this number refers to the size of each side of the box (i.e. 20x20x20 A) unless all three
dimensions are listed

**NJ/A refers to results that were not usable due to binding in the major groove, poor docking
score, etc.

used to create more biologically relevant conditions. The default

g

Docking score: -6.043 Docking score: -5.718

Figure 2. Top 2 Glide docking poses. (A) Image of ligand docking with grid 3
that yielded a docking score of -6.043. (B) Image of ligand docking with grid 11
that yielded a docking score of -5.718.11.



without adding a solvation theory is to treat the ligand in the gas
phase which is not an accurate representation. PBF is an implicit
solvent technique, so it treats the ligand in solvation, but does not
take into account any interactions with water molecules that may
alter the conformation of the ligand or affect the ligand binding to
DNA'". Each optimized ligand was then docked to the DNA recep-
tor using Glide docking, and the results are included in Table 2.
The most optimal docking score obtained was -7.331 (Figure 3A).
This docking score is better than the scores achieved through MM
Glide docking. This most favorable docking score was achieved
through triple optimization of the ligand (Table 2, row 10). In the
first optimization, loose convergence criteria was used to achieve
an initial structure, and then the next two optimizations used nor-
mal convergence to achieve a more favorable conformation. This
technique did in fact provide better docking results.

In addition to the docking scores, Prime MM-GBSA was used
to calculate ligand binding energies for each docked pose'®. In
Table 2, both MM-GBSA dG bind and dG (NS) are included'®.

Table 2. Summary of QPLD Docking Simulations.

Theory Grid Glide gscore | Docking Score | MMGBSA dG MMGBSA
bind dG (NS)
B3LYP-D3 |11 -5.799 -5.617* -15.84 -40.77
B3LYP-D3 |11 -6.015 -5.833 -8.46 -23.16
B3LYP-D3 |8 -6.085 -5.903 -84 -16.27
MO06-2X 11 -7.384 -7.202 -7.39 -24.71
MO06-2X 11 -6.819 -6.637 -6.05 -19.26
MO06-2X 11 -7.006 -6.824 9.51 -25.59
MO06-2X 8 N/A** N/A** N/A** N/A**
MO06-2X 3 N/A** N/A** N/A** N/A**
MO06 2X 11 -7.514 Z7.33 k%% -17.90 -48.45
MO06-2X 12 -6.821 -6.639%%* -17.09 -40.69

*did not input partial charges when docking

**N/A refers to results that were not usable due to binding in the major groove, poor docking
score, etc.

***triple optimization of a previous ligand
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The dG bind calculation represents the total binding free energy of
the ligand-receptor complex, while the dG bind (NS) calculation
is the binding free energy without accounting for ligand-receptor
strain''. Based on the unfavorable dG bind scores and the more
favorable dG bind (NS) scores, it can be hypothesized that the rea-
son for the less favorable binding scores is strain between the li-
gand and the minor groove. Despite these scores, this method does
show that the QM approach provides more optimal ligand poses
and binding, even though there is still work to be done in order
to better represent the interactions between the ligand and the mi-
nor groove of the DNA. Although experimental validation has not
yet been performed, the computational results provide a valuable
comparative assessment of the docking approaches investigated.
Future experimental studies will be necessary to determine which
method most accurately reflects the biological binding behavior of
the ligand-DNA system.

Controls. Creating distamycin in the 2D Sketcher and docking
it to an A-/T-rich section of DNA with Glide docking yielded a
Docking score of -11.439. Jaguar optimization with B3LYP gave
a docking score of -11.564, while optimization with M06-2X gave
a score of -11.951'%. These results of the distamycin control show
that this proposed docking method yields similar results to the
known binding structure of distamycin.

Conclusion and future work

There is still future work needed to further optimize these
results and obtain experimental validation of the findings. For
further optimization, new receptor grid generation methods may
be designed. However, the best grid created was grid 11 which
yielded the most optimal docking scores and the least amount of
docking to the major groove. Additionally, more optimization of
the ligand needs to be done to obtain lower docking scores. For
example, exploring different QM theories could provide more fa-
vorable results. Furthermore, different solvation models need to be

Docking score: -7.202
Figure 3. Top 4 QPLD docking poses. (A) Docking of the ligand optimized with M06-2X and docked with grid 11 to yield a docking score of -7.331. This ligand was
optimized three times to provide the most favorable conformation. (B) Docking of the ligand optimized with M06-2X and docked with grid 11 to yield a docking score
of -7.202. (C) Docking of ligand optimized with M06-2X and docked with grid 11 to yield a docking score of -6.824. (D) Docking of ligand optimized with M06-2X and
docked with grid 12. This ligand was optimized three times to yield a docking score of -6.639.

Docking score: -7.331

Docking score: -6.824 Docking score: -6.639
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built to most accurately represent the role of water molecules in
the binding site. An explicit solvation model may be explored to
analyze water molecules’ interactions within the binding site. This
can be done using Desmond to build a solvent system around the
DNAY. Then, Desmond molecular dynamics would allow analy-
sis of water molecules within the binding site to determine which
molecules may play a crucial role in the interaction of the ligand
and DNA". While these simulations were beyond the scope of the
present study due to software licensing limitations, they are an im-
portant avenue for further refinement of the docking model.

Additionally, including an explicit solvation model could
possibly help simulate the water displacement that occurs during
ligand binding, which may better account for changes in entropy
and result in a more favorable docking score®® 2. Glide docking
simply accounts for entropy in the docking score by rewarding
water molecules that are outside of a hydrophobic pocket with a
more negative value in more lipophilic ligands and adding energy
penalties based on the number of rotatable bonds in the ligand** .
However, this is unable to account for the water displacement that
occurs when the ligand binds to the receptor, which typically con-
tributes to the overall increase in entropy*-**. The effect of water
displacement on the change in entropy has proven very difficult to
accurately simulate in computational programs®. Using an explicit
solvation model might account more for the entropy changes and,
more importantly, provide more realistic results.

Of course, experimental validation will also be needed to en-
sure this methodology and the results obtained are representative
of the physical properties and binding abilities of this ligand. Cur-
rently, synthesis of this ligand is in progress, and after successful
synthesis, the ligand will undergo dimerization and DNA binding
assays to verify whether or not this ligand can bind DNA and pro-
vide physical meaning to the computational workflow described
in this paper.

Although Schrddinger’s Maestro is not commonly used for
DNA-ligand docking studies, this work establishes a computation-
al workflow for investigating DNA-binding ligands in the absence
of experimental data. Using nucleotides 133-192 of the FMR1
gene as a model system, quantum mechanical-polarized ligand
docking (QPLD), which combines Jaguar-based QM optimization
of the ligand with Glide docking to the DNA receptor, produced
the most favorable docking results among the approaches evaluat-
ed. While the performance of this workflow will likely depend on
ligand size, structure, and chemical properties, this methodology
provides a foundation for future studies of DNA-ligand interac-
tions within the Schrédinger platform. These results demonstrate
the advantages of incorporating QM-based methods into DNA
docking workflows and offer a framework that can be further re-
fined as experimental data become available.
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