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ABSTRACT

The contact between gpl120 and CD4 binding site leads the HIV-1 entry into the host membrane and therefore,
gp120 and CD4 binding sites become a fertile target for many drug discovery projects. The drug NBD-14010, like
its predecessor NBD-11021 is a small molecule that can stuff the interactions between gp120 and CD4, and has
shown good clinical potency. MD simulation and free energy calculations are used in the present study to focus the
thermodynamical insight of binding of NBD-14010 in CD4 binding sites. The energetic of binding of NBD-14010
clearly shows a hydrophobic interaction driven binding of the drug which specifically targets CD4 binding loops.
The residue wise free energy decomposition reveals Asn 286 and Trp 288 as key residues stabilizing the binding of
NBD-14010 while indicating few more important amino acids in the vicinity of the Phe43 cavity which may also be
targeted for further inhibition of HIV-1 entry.
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INTRODUCTION
Acquired immune deficiency syndrome, which is because of a retro-virus termed as human
immunodeficiency virus (HIV), is a serious health issue for mankind'?, and so it becomes a fertile target
for medicinal chemists. Since the entry of HIV is mediated by conformational changes in an outermost
subunit of virion i.e. envelope protein, it becomes a primary goal for conformational and structural
studies. The structural studies reveal HIV type 1 (HIV-1) envelope protein as an assembly of two
glycoproteins: gp120 and trans-membrane glycoprotein gp413*. Binding of gp120 to the receptor protein,
CD4, is initiated and gives rise to the exposure of its potency towards the binding-site to the co-receptor
CCRS5 or CXCR4>®. The In-silico simulation of gp120 and its binding with receptor CD4 and co-receptor
plays an important role in virus infection and immune system’. Its entry process includes a number of
conformational patterns of gp120 such as its interactions with receptor and co-receptor. The envelope
glycoproteins gp120 and gp41 were obtained from a common precursor, gp160, which breaks during
transport into two main components®. A trimetric complex was formed through non-covalent interaction
between three gpl20 and three gp41 molecules known as a viral spike. As the curiosity about the
mechanism of virus entry progressed, there are several structures have been reported by crystallographic
studies®!2. In the same reference, Curreli and coworkers found NBD-14010 and its derivatives as the best
compounds’ to test against a series of 51 Env-pseudotyped HIV-1'3. These compounds are inhibited cell-
to-cell fusion and cell-to-cell HIV-1 transmission. This study is expected to good step for new ways of
designing more strong and effective HIV-1 entry inhibitors. As suggested from the x-ray structure of
NBD-11021, it bounds to HIV-1 env gp120 and gives rise to a conclusion that this molecule binds to the
Phe43 cavity'*. The energetic contribution of each amino acid was verified at the binding site involved in
stabilizing the complex, ( PDB: 5U6E)'® some important amino acids are associated with stable protein-
ligand complexes, and are involved in the interaction with inhibitors which could be very important for
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structure-based drug discovery. Although, they do not provide deeper insights for each residue. Thus, it is
necessary to disclose crucial properties of some important amino acids which play the main role in
stabilizing protein-ligand complexes. These studies may lead us to a very important conclusion of novel
drug discoveries. Decomposition energy, Molecular dynamics (MD) simulations and Molecular
Mechanics Generalized Born Surface Area (MMGBSA) binding free energy calculations and are some
powerful computer-based tools to provide deep investigations and to exploit the virus mechanism.

EXPERIMENTAL

The available crystal structure of a gp120 protein with ligand 82M will be taken from protein data bank
(PDB id 5U6E)". The parameters and missing hydrogen for gp120 were prepared using LEAP module of
AMBER package'® using amber ff12SB force filed. Since the parameter for the ligand 82M was not
available, the Antechamber module of the Amber 12 was used for the preparation of parameters.
Geometry optimization of 82M was performed by the Gaussian 09 package using Hartree Fock (HF)/6-
31G* basis set. Restrained electrostatic potential method (RESP)!”!# for the calculation of partial atomic
charges was used. With the help of Na+, the system was neutralized, thereafter kept in TIP3P water
octahedral box surrounding the protein and extending 10A from its exterior. Then the system was
annealed from 10 to 300K over a period of 200 ps and then a target temperature of 300 K was maintained
in the isothermal-isobaric ensemble (NPT), and target pressure of 1 bar using Langevin thermostat®® and
Barendsen barostat®! with a collision frequency of 2ps and pressure relaxation time as 1ps. The hydrogen
bonds were constrained using SHAKE?. Particle mesh Ewald (PME)* method was used to treat long-
range electrostatic interaction. When the system got a temperature and pressure of 300K and 1bar, the
dynamics was continued up to 4ns for equilibration dynamics, with the help of discussed parameters.
Thereafter, molecular mechanical production phase was initiated and continued for another 100 ns for the
protein-ligand system. The structures in the trajectories were collected at every 10ps intervals. All
analysis of trajectories were done with the Ptraj module of Amber12 while VMD 1.6.7*, and Chimera-
1.5% graphical programs were used for the visualization.

Free Energy Calculations

MM-PB/SA approach is used for the calculations of the thermodynamic portion and free energy of
binding. All the principles of MM-PB/SA methods are well established and have been discussed
elsewhere?®?"-28, We are using this method because it has been successfully applied to a similar system as
in present study but of different class in the previous studies?-**332, The composition of free energy used
for binding can be understood by following terms:

AGiotat = AGete + AGraw + A(}pol + AGnonpol
Here, AGe : electrostatic,
AGaw : van der Waals components of the gas phase molecular mechanics free energy difference
AGp : electrostatic polar components of the salvation free energy, and
AGnonpol : @ non-polar component of the salvation free energy.

Amber 12 is used to implement the MMPB/GBSA method in the calculation. Entropic calculations (-
TAS) were performed using NMODE module of Amber 12 at temperature 300 K. Before the application
of MMGBSA analysis, sodium ions and all water molecules were deleted from the trajectory. The
dielectric constants were 1 & 80 which was used for the solute and surrounding solvent.

RESULTS AND DISCUSSION
Stability of Complexes during Molecular Dynamics Simulation, RMSD Analysis
The root means square deviations (RMSD) may be used to validate the structural stability of complexes
during entire simulations, particularly for comparative simulations of two similar complexes (ligand
bound and free) simulated at same physical conditions. Therefore we have analyzed RMS deviations for
backbone, residue-near-binding site and ligand before and after binding which are shown in Figure 1, to
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study the effect of ligand binding on the receptor. Looking at Fig.-1, we notice that the RMS deviations
for ligand are not constant during MD simulations which may indicate less stable binding of the ligand to
the protein. Protein backbone RMSD is relatively less flexible in ligand-bound complex relative to the
ligand-free complex which may be inferred due to ligand binding. However the RMS deviation for the
backbone atoms are quite stable in ligand- bound and free states which show a well converged MD
trajectories. Interestingly, the RMS deviations of residues near the binding site are significantly high in
absence of ligand while they are quite constant due to ligand binding. This clearly indicates that ligand
binding significantly stabilizes the nearby residues on the binding. To further qualify the effect of ligand
binding in specific subunits of gpl120 (e.g. N-terminal, CD4 binding sites, V4 and V5 loops), we
supplemented our results with RMS deviations of individual subunits as shown in Fig.-2. For a better
understanding of topology for this subunit, we provide Fig.- S1. We can easily notice that ligand binding
barely affects the stability of N terminal and V5 loops as they are quite distant from the ligand binding
site. Interestingly, ligand binding does stabilize the CD4 binding site but the RMSD for the V4 loop with

reference to initial structure significantly increases.

Variation of RMSD with simulation time
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Fig.-1: (a) RMS deviation different units (named in legand) in substrate bound, (b) substrate free complex.
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The stability of CD4 site due to ligand binding is quite obvious since ligand forms many good contacts
with nearby residues residing in the vicinity of the CD4 site (see Fig.-S1). We can see that H112 atom of
ligand forms a very strong H bond with an OD2 atom of residue ASP235 of the CD4 site. This H bond
pulls the CD4 binding site more closely to the ligand in ligand-bound conformation at a later stage of MD
simulations which weakens the V4-CD4-binding loop interactions at later time of simulations, and hence
we notice a significant increase in RMSD of V4 with reference (initial) structure in ligand-bound. Here
we note that RMSD is a measure of the deviation from the reference structure but it doesn't report the
residue fluctuations, therefore we have supplemented our study with the root-mean-square fluctuation
(RMSF) of protein residues, shown in supporting Fig.-3, to account residue-wise thermal fluctuation
during dynamics. RMSF shows the N-terminal and V5 loop (shown by red and thick worm) shows

highest flexibility during simulations.
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Fig.-2: RMS deviations of different subunit of protein in (a) substrate bound, (b) substrate free
We see that with the help of RMSD and RMSF we can qualify the dynamics and stability of the protein-
ligand complex but we do not have the quantitative insight of ligand effect on binding, therefore we have
performed the thermodynamical calculations which will be discussed in next section.
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Fig.-3: Root mean square fluctuations (RMSF) of protein residues during MD simulations.
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Fig.-4: (a) Energy Component for Binding of Substrate with Receptor, (b) Entropy Components for substrate
Binding calculated by MMPBSA method, (c) Residuewise energy decomposition on substrate binding.
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Fig.-5: Hbond distance between drug 82M and receptor during dynamics

Thermodynamics of Ligand Binding

The change in thermodynamical parameters on ligand associations was calculated by MMPBSA method,
and is shown in Fig.-4a. The energy contributions shown in Fig.-4a depicts that the association of ligand
with the receptor is mainly motivated by vander Waals and non-polar interactions. The electrostatic
interaction is relatively weak and polar interactions are unfavorable. The total binding energy AGuina for
the ligand is -9.96 kcal/mol which shows a high binding for gp120. Since there is always an entropy-
enthalpy defense mechanism in ligand associations, we also calculated the entropic contributions (TAS)
as well, shown in Fig.-4b. This Figure shows a complex formation which is characterized by unfavorable
entropy values due to a reduction in the degrees of freedom, mainly the transnational and rotational
degrees of freedom. To disclose the role of each residue in the binding affinity of ligand, we calculated
the residue-wise energy decomposition as shown in Fig.-4c. Figure-4c shows, it is quite obvious that Asn
286 and Trp288 have the highest contribution to the binding affinity. Backbone oxygen of Asn286 was
found to form a very strong hydrogen bond with one of the amide nitrogen of the ligand 82M. A plot
showing the distance of this bond is shown in Fig.-5. Try288 is bulky residues containing aromatic side
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chain and can contribute significantly by van der Waals interaction with ligand 82M. Moreover, there are
other residues like VAL139, THR141, GLU237, SER242, TYR251, ILE285, GLY290, GLY334, ASN335
and ILE336 which also interacts with protein rather weak interaction.

CD4 binding Pocket
(225-236)

| V4(247- 263)

Fig.-S2: Hbond distance with surrounding residues.

CONCLUSION

The present study explores the effect of ligand 82M on gp120 protein with MD simulations and free
energy calculations. By RMSD and RMSF we have studied that binding of 82M barely affects the N
terminal which is the gp41 binding site, however, it restricts the flexibility of CD4 pocket. The thermo
dynamical analysis using MMPBSA study shows that ligand 82M binding is mainly governed by
hydrophobic and van der Waals interactions. The electrostatic interactions are relatively weak and it is
only the Asn286 which forms a strong H-bond with ligand 82M, and is mainly responsible for
electrostatic interactions. In addition, Trp288 also provide a good energetic interaction via its hydrophobic
side chain and is the main contributor to the increased van der Waals interactions. The residue-wise
decomposition analysis finds few more amino acids such as: VAL139, THR141, GLU237, SER242,
TYR251, ILE285, MET287, GLY290, GLY334, ASN335 and ILE336 as the key residues for the complex
stabilization of the four ligands. These residues reside in the close vicinity of the binding site and
therefore they are potentially important for the further drug discovery project as we can model a new drug
which can interact more efficiently with them and maybe better binder than 82M.
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