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In this work, molecular dynamics (MD) is used to monitor
the conformational space spanned by a ligand when in the
binding pocket of a protein. 5,6-benzocoumarin-3-
carboxylic acid was chosen as it is a relatively rigid
molecule, with only one rotational degree of freedom,
useful in its simplicity, whereas bovine serum albumin was
used as a model protein. The initial geometry of the protein-
ligand complex was obtained by molecular docking. The
MD simulation was carried out for 90 ns and the dynamic
evolution of the system was explored based on the usual
parameters: root mean square deviation (RMSD), radius of
gyration (Rg) and root mean square fluctuation (RMSF).
The MD trajectory was analysed and interpreted in terms of
the hydrogen bonds formed with the surrounding aminoacid
residues and the conformational space spanned by the
ligand during the interaction process.
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INTRODUCTION

Coumarins are heterocyclic compounds present in
various plants. Coumarins and their derivatives
display a vast range of biological properties,' such as
antimicrobial,” anti-HIV, anti-Alzheimer's disease,”
anti-cancer,’ anti-tumor,® ' anti-oxidant,> ° and anti-
inflammatory activities.'"” "> Coumarin derivatives
exhibit strong fluorescence in the visible region of the
electromagnetic spectrum and have been studied
extensively for the applications of fluorescent

* Corresponding author: sorana@gw-chimie.math.unibuc.ro

receptors,13 fluorescent Whiteners,14 organic
electroluminescent materials,””  construction  of
photocleavable biomaterials and bioconjugates.'®
Previous studies using fluorescence spectroscopy
and circular dichroism (CD) spectroscopy under
physiological conditions on coumarin compounds
revealed 3-carboxycoumarin interacts with human
(HSA) and bovine (BSA) serum albumins,'” while
the induced circular dichroism (ICD) spectra of
3-carboxycoumarin in correlation with theoretical
(TDDFT) calculations have been used to obtain the
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binding constants and information on the
conformational changes of the ligand in the
binding site of proteins."® The photophysical
properties and the behaviour in electron transfer
processes of 3-carboxy-5,6-benzocoumarinic acid
have been previously studied in organic solvents,
in aqueous media and in the presence of aromatic
amines."”*’ Theoretical and experimental study of
the inclusion complexes of the 3-carboxy-5,6-
benzocoumarinic acid with cyclodextrins,”' or the
interaction of the ligand with HSA investigated by
isothermal titration calorimetry (ITC) at several
temperatures™ have been reported.

Molecular dynamics simulation is the most
comprehensive computational method for predicting
both fluctuations and conformational alterations of
macromolecules and molecular mechanisms of
interaction between proteins and ligands. Molecular
dynamics simulation has been used to give insight
into amyloid oligomer formation process” and
destabilization effect of small molecules on the
preformed fibril and oligomer**®  providing
important role in the designing of new inhibitors.
Binding of different classes of ligands to various
serum albumin binding sites””*® has been revealed
by molecular docking, while the binding forces, the
protein structural stability and conformational
changes upon interaction have been evaluated via
molecular dynamics analysis in the simulated
environment.” >

Scheme 1 — Molecular structure and rotation dihedral
of 5,6-benzocoumarin-3-carboxylic acid.

5,6-benzocoumarin-3-carboxylic acid (BCCA)
is a relatively rigid molecule, with only one
rotational degree of freedom (see Scheme 1). As
such it may be useful in understanding interactions
between small molecules and the chiral medium of
a protein at the molecular level and the dynamics
of conformational changes induced by the binding
process. This is relevant in understanding
conformational dependent properties such as the
induced circular dichroism (ICD) signal that arises
for small molecules within the chiral medium of a
protein at the molecular level. In this case, the

static approach to the binding process may prove
incomplete and a broader view on the
conformational space of the ligand and the
surrounding  aminoacids  during interaction
becomes necessary. To this end, molecular
dynamics was used to monitor the time evolution
of binding and the conformational space spanned
by the ligand during interaction.

Molecular Dynamics procedure

The crystal structure of BSA (PDB ID: 4F5S)*
was taken from the RCSB Protein Databank. The
molecular geometry optimization of BCCA
structure was obtained using density functional
theory with B3LYP functional and 6-31G* basis
set by Gaussian09.** AutoDock Vina program®
was used to simulate the binding conformation of
BCCA with BSA. Water molecules were removed
and polar hydrogen atoms were added followed by
the calculation of Gasteiger charges. The
Lamarckian genetic algorithm (LGA) was applied
for local optimization of molecular complexes.
MGL Tools*® was used to convert ligand and
protein structure to pdbqt format. The rotatable
bond of the ligand structure was automatically
detected and assigned. Autodock blind docking
was carried out to identify the possible binding site
of BCCA within the 3D geometry of BSA. In a
first step, the protein structure was held rigid and
the grid step was set at 1 A. Docking was carried
out setting the grid sizes of the three axes (x, y and
z) to 40 x 40 x 48 points. Ten docked conformations
were generated for each docking calculation,
according to their score function. Since the lowest
binding energy conformer was obtained for BCCA
binding at site II of BSA, in a second step,
molecular docking was performed considering
flexible aminoacid residues from this binding site
of the protein. A search space was defined to
enclose the active site of protein (site II) with the
box dimension of 22 x 22 x 20 A (x, y and z
values) and a grid point spacing of 1 A. The
complex with the highest score function was
examined by BIOVIA Discovery studio 2019°’
(http://accelrys.com/products/discovery-studio).
Gromacs 2019 sofware®™ * was used to carry out
MD simulations for native BSA and BSA-BCCA
complex using GROMOS96 54a7 force field.”’
The structure of the lowest binding energy
conformer of BCCA at site II of BSA obtained
from molecular docking study was used as the
starting conformation for MD simulation. The
topology of BCCA was obtained from the
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Automated force field Topology Builder*' (ATB,
http://compbio.biosci.ug.edu.au/atb). The system
was positioned in a cubic periodic box and the
distance between the outer surface of the protein
and the box walls was set to at least 1 nm. The
single-point charge 3 (SPC3)* model for water
molecules was used and Na’ counter ions were
added for maintaining the overall charge neutrality
of the system. The prepared system was
equilibrated at 300 K with modified Berendsen
thermostat and 1 bar with Parrinello-Rahman
barostat” in successive steps after energy
minimization. Particle Mesh Ewald (PME)"
method was used in the analysis of long-range
electrostatic interactions and for non-bonded
interactions, a cut-off of 1 nm was used. A MD
simulation of 90 ns was run at a 2 femtosecond (fs)
time step and coordinates were saved every
100 picosecond (ps) for further analysis. Molecular
graphics were created using Discovery Studio and
PyMol.*> The UCSF Chimera package®® from the
Resource for Biocomputing, Visualization, and
Informatics at the University of California, San
Francisco (supported by NIH P41 RR-01081) was
used to analyse the MD trajectories. The
parameters such as root mean square deviation
(RMSD), root mean square fluctuation (RMSF)
and the radius of gyration (Rg) were calculated in
order to assess the timescale of reaching
equilibrium. Then the ligand-protein interaction
was monitored by determining the number of
hydrogen bonds that the ligand forms with
neighbouring aminoacid residues and their time
evolution. Snapshots of 5 randomly selected
conformations characterized by the most frequent
H bonds were built and aligned using PyMol.

The conformational space spanned by the
ligand was analysed by building histograms for
each value of the dihedral that characterizes the
rotation of the COO™ group relative to the aromatic
fragment. A free energy vs. dihedral profile
corresponding to the bound ligand was obtained
from these histograms, according to eq. (1).

AG = -RTInP (1)

where P is the Boltzmann fraction of each
conformation.

The section through the potential energy surface
along the carboxyl rotation dihedral for the isolated
ligand molecule was built up in Gaussian09, with the
PBEO functional and a 6-311++G(2d,2p) basis set.
The dihedral was frozen with a step of 10 deg, while
all the other coordinates were allowed to relax.
Solvation was simulated in the frame of the PCM
model (solvent-water).

RESULTS AND DISCUSSION

Molecular docking of BCCA with protein
offers insight into the preferred binding site and a
rough estimation of the binding conformation. The
lowest binding energy conformer (-8.5 kcal/mol)
obtained from molecular docking at site Sudlow II
of protein is twisted, with a value of -56.48 deg for
the COO" group torsion angle (t) in respect with
the planar  system. BCCA is located in a cavity
(Figure 1) surrounded by several hydrophobic
aminoacids (Val432, Leu452, Leu429, Leud06,
Leu386) and forms hydrogen bonds with Asn390
and Ser488. In addition, electrostatic interactions
between the NH;" group of LYS413 and the
carboxyl in BCCA and mw-cation interactions
between the NH," group of Arg409 and the w
electron system of the ligand could be observed,
along with van der Waals forces established with
Tyr410.

The MD simulation was used to further
investigate the BSA-BCCA interaction at the
molecular level in solution and the possible
structural changes of BSA and the ligand induced
by the binding process. The time evolution of the
system was monitored by plotting specific
parameters along the timescale of 0 to 90 ns. Plots
of RMSD for all Ca atoms in BSA and the BSA-
BCCA complex calculated with respect to the
initial structure as a frame reference are shown in
Figure 2A. Equilibrium is reached after
approximately 60 ns of simulation. The average
RMSD values for native BSA and the BSA-BCCA
complex at equilibrium were 0.61 = 0.03 nm and
0.58 £ 0.04 nm, respectively, so only a small
structural change is induced in the protein
subsequent to ligand binding.

Rg is a measure of the level of protein
compactness. The calculated Rg values of native
BSA and protein-ligand complex displayed in Figure
2B were stabilized after 70 ns. The average values of
Rg for both systems calculated between 70 ns and 80
ns were approximately similar, 2.77 + 0.01 nm and
2.78 + 0.01 nm, respectively. The result suggested
that the compactness of protein was unchanged by
binding. The time dependent change of SASA
(Figure 2C) showed a similar evolution, only slower,
due to binding, comparing to that for native BSA.
The protein becomes more compact in time, as
SASA decreases in two steps. It first decreases for
20 ns, remains approximately constant up to 50 ns
(SASA average value is 301.05 + 3.45 nm?), then
decreases again for native BSA (292.88 + 3.71 nm®),
while for the complex it is constant for another 15 ns,



52 Aurica Precupas and Sorana lonescu

up to approximately 65 ns (300.15 + 3.53 nm?), then gradually compacted, the process being slower in
decreases and reaches approximately the same value presence of the ligand.

(293.84 + 3.81 nm’) as for native BSA (291.78 +

4.16 nm®) at equilibrium. So, the protein was

Fig. 1 — The predicted conformation of BSA-BCCA complex with the lowest docking energy.
BSA was displayed in cartoon; BCCA was shown using sticks.
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Fig. 2 — (A) Time dependence of the root mean square deviations (RMSD), (B) Time evolution of the radius of gyration (Rg) for
native BSA and BSA-BCCA complex, (C) The plot of solvent accessible surface area (SASA) versus time for native BSA and BSA-
BCCA complex, (D) the RMSF values as a function of residue numbers, the residues located in binding pocket highlighted by box.
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The RMSF values were calculated and plotted
(Figure 2D) to evaluate the fluctuations of aminoacid
residues. Some fluctuations were observed for both
systems. The highlighted region (site Sudlow II)
presents less atomic fluctuation. Thus, it indicated
that the residues located in the binding site looked
more rigid as a result of the binding to BCCA.

The main interest lays with the ligand and its
binding dynamic features at the molecular level.
The MD trajectory was analysed in terms of the H

(A
2
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bonds it forms with the aminoacid residues within
site Sudlow II and the conformation it adopts in the
chiral relatively rigid environment of the protein.
The Gromacs criteria for H bond formation used
were: the donor-acceptor distance is not greater
than 0.35 nm and the hydrogen - donor-acceptor
angle has a maximum value of 30 deg. Data was
collected every 100 ps. The time dependence of
hydrogen bonds between protein and ligand is
presented in Figure 3.
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Fig. 3 — Number of hydrogen bonds between BCCA and aminoacid residues from the binding site in time
A) Tyr410; B) Ser488; C) Arg409; D) Asn390; E) Lys413; F) Total.
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Fig. 3 (continued).

The most abundant interaction pose is the one
in which 2 H bonds are formed and its frequency
rises after 50 ns. There are only 5 residues with
which BCCA forms H bonds, i.e. Asn390, Arg409,
Tyr410, Lys413, Ser488. Among these, the most
frequent ones are with Tyr410 (Figure 3A) and

Ser488 (Figure 3B), meaning that docking does not
predict the exact orientation of the ligand within
the binding site and the actual interactions in
detail, and the MD simulation is necessary for a
rigorous insight, as expected. While the H bond
with Tyr410 is found on the whole period of the
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simulation, it is obvious that the one with Ser488
appears after about 36 ns since the start of the
simulation and is practically absent again from 78
to 86 ns. Arg409 (Figure 3C) forms one H bond
with the ligand as well, but especially up to 36 ns,
then drops in frequency. Asn390 (Figure 3D)
forms one H bond more frequently, that disappears
at the end of simulation time, while Lys413
(Figure 3E) is active in forming one H bond during
the last nanoseconds of the simulation, at
equilibrium. One can see that even in the
equilibrium period there is a dynamics of the
protein-ligand interaction at the level of the H
bonds formed with the neighbouring aminoacids
(Figure 3F).

Histograms were built up in order to monitor H
bond number and frequency in time, overall and
along the two main steps of the process, i.e. during
equilibration and at equilibrium. We also monitored
the aminoacids that formed H bonds with BCCA in
Sudlow site II for both any number of H bonds
formed and the poses in which the most frequent
number of H bonds are formed, i.e. two H bonds.

Again, data in Figure 4A indicate that 2 is the
most frequent number of H bonds formed by the

ligand, as stated before. The percent of its
frequency increases at equilibrium to 78%. Tyr410
acts as a proton donor, the BCCA carboxylate
group being the acceptor in the most frequent H
bond formed. As it can be seen in Figures 4B and
4C, the percent of this H bond during the entire
period of the simulation is 84% and 92% from the
poses in which 2 H bonds are formed between
BCCA and the surrounding aminoacids, while at
equilibrium it rises to 98% overall and 100% from
the 2 H bonds pose.

The second most important H bond is the one
between Serd488 and the carbonyl in BCCA.
Although it is established rather late in the
simulation (approximately after 36 ns), it has a
large frequency at equilibrium, with 72% of the
overall conformations and 81 % form the ones in
which 2 H bonds are formed. It is, nonetheless a
more labile H bond, as its frequency is very low at
equilibrium for about 8 ns, from 78 to 86 ns since
the starting time. A review of the H bonds formed
during this period reveals that Ser488 is mainly
replaced by Lys413 as the second H bond donor in
interaction with the carboxyl group in BCCA.
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Fig. 4 — A) Histogram of the total number of BCCA-aminoacid H bonds along the entire timescale of the simulation (0-90 ns) and at
equilibrium (60-90 ns). B and C) Histogram showing the frequency with which aminoacids form H bonds overall or when 2 H bonds
are formed during B) the entire period of the simulation and C) at equilibrium.
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Fig. 5 — Overlap of 5 randomly chosen snapshots with the most frequent 2 H bonds formed for A) the equilibration period
and B) at equilibrium. The hydrogen bonds are displayed by yellow dotted lines, the aminoacid residues are presented by
lines and the ligand is displayed by sticks.
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Fig. 6 — Histograms for rotation dihedral A) on the entire period of simulation, B) at equilibrium.

In order to have an insight on the
conformational aspects of the protein-ligand
interaction and the conformational space spanned
by the ligand, 5 randomly selected snapshots from
the equilibration period and at equilibrium were
aligned and overlapped in Figure 5. The snapshots
were selected from the most frequent pose
encountered, i.e. when BCCA forms 2 H bonds
with Tyr410 and Ser488. The alignment was done
relative to the Ca atom of each aminoacid residue
at less than 3.5 A from the ligand.

As it can be seen from Figure 5, there are no
important  conformational changes of the
surrounding aminoacids and the ligand, except for
the carbonyl rotation dihedral, which takes the
values of -52+12 deg or 148+11 deg. So even at
equilibrium, the static picture of binding may be
incomplete, especially in what concerns properties
which are highly conformation dependent.

Another aspect we explored in this study is
changes in the conformational space spanned by
the ligand due to binding. The only rotational
degree of freedom of the molecule is rotation of
the carboxyl group relative to the extended
aromatic system. The histograms on the entire
period of the simulation and at equilibrium are
presented in Figure 6.

The most frequent dihedral values are -55 deg
and 148 deg overall, and -57 deg and 146 deg at
equilibrium. The most frequent conformations do
not change at equilibrium, but frequency of the
quasi-planar conformations drops, so that the
number of populated conformational states
decreases at equilibrium. We built up the section
through the potential energy surface along this
dihedral for the isolated molecule of BCCA in
water and it is symmetric, with minima at 90 deg
and -90 deg and a barrier to rotation of 1 kcal/mol
(Figure 7A).
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Fig. 7 — Energy profile vs. the COO™ rotation dihedral. A) Total energy for the isolated BCCA molecule in water, B) frequency
histogram converted to free energy profile from the MD simulation.

The free energy profile (Figure 7B) obtained
from the Boltzmann populations of each dihedral
value, with a step of 10 deg is not symmetric, due
to the interaction to the relatively rigid and chiral
medium of the binding site. Minima are obtained
for -50 deg and 150 deg with shallow minima for -
130 deg and 80 deg. This comes as a completion of
results from the selected snapshots above.
Although maxima correspond to planar geometries,
as for the isolated molecule, minima are different
and so torsional states of the molecule have
different populations subsequent to binding. For
studying any property highly dependent on
conformational changes MD simulations may be
needed in order to properly explain experimental
data.

CONCLUSIONS

MD simulations were successfully applied to a
model protein-ligand binding system, with the aim
of highlighting the dynamics of the H bonds the
ligand forms with the surrounding aminoacids and
the conformational space of the ligand. Two H
bonds are the most frequent formed ones,
especially at equilibrium, i.e. Tyr4l10 with the
carboxylate fragment and Ser488 with the
carbonyl. The population of conformational states
of the ligand needs thorough investigation, as
important changes were found passing from the
isolated ligand molecule to the bound ligand.
While the isolated BCCA has a twisted geometry
with a dihedral of +90 deg, the bound ligand is
restricted by the interaction with the rigid medium
to dihedral values of -57 deg and 146 deg.

It is apparent that in the case of protein-ligand
interactions dynamics at equilibrium is important

and several tens of nanoseconds may be needed in
order to properly average the properties of interest
and correctly describe the statistics of the system.
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