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Abstract: CD4-mimetic HIV-1 entry inhibitors are small sized molecules which imitate similar con-
formational flexibility, in gp120, to the CD4 receptor. However, the mechanism of the conformational
flexibility instigated by these small sized inhibitors is little known. Likewise, the effect of the anti-
body on the function of these inhibitors is also less studied. In this study, we present a thorough
inspection of the mechanism of the conformational flexibility induced by a CD4-mimetic inhibitor,
NBD-557, using Molecular Dynamics Simulations and free energy calculations. Our result shows the
functional importance of Asn425 in substrate induced conformational dynamics in gp120. The MD
simulations of Asn425Gly mutant provide a less dynamic gp120 in the presence of NBD-557 without
incapacitating the binding enthalpy of NBD-557. The MD simulations of complexes with the anti-
body clearly show the enhanced affinity of NBD-557 due to the presence of the antibody, which is
in good agreement with experimental Isothermal Titration Calorimetry results (Biochemistry 2006,
45, 10973–10980).

Keywords: HIV-entry inhibitor; MD simulations; free energy calculations; conformational mechanism

1. Introduction

The pathogenic importance of human immunodeficiency virus type-1 (HIV-1) is well
known [1–3]. The HIV-1 infection is caused by the fusion of viral and host membranes in
many sequential steps which are initiated by the non-covalent attachment of two regulatory
subunits of HIV-1 envelope protein, gp120 and gp41 [4]. These sequential steps of viral–
hosts fusion can be comprehended by Scheme 1.

Initially, each unit of gp120 protein is arranged into homotrimeric fashion and forms a
closed cavity mushroom head-type system, as shown in Scheme 1a, while the non-covalent
binding of the gp41 protein with gp120 triggers some conformational changes that open
a binding cavity for CD4 receptors and forms a complete mushroom shape, as shown in
Scheme 1b [5,6]. The HIV-1 virion contains the RNA genome encapsulated by viral membrane
where gp120.gp41 complexes are attached to the membrane surface and are exposed to the
CD4 protein receptors of host membrane, as shown in Scheme 1c [7,8]. The docking of the
virion via gp120 to the host membrane gives rise to the conformational rearrangement
in the envelope protein that pulls the viral membrane close to the CD4 subunits of host
membrane [9], as shown in Scheme 1d. The binding of CD4 receptors via gp120 protein
leads to more conformational changes and finally the fusion of host and viral membrane
takes place, as shown in Scheme 1e. As is clear from the Scheme 1, the gp120 is central
to viral entry via binding to gp41 and CD4; it turns out to be an important topic in
the targeting of HIV-1 infections. The structural topography of gp120 revealed by X-
ray crystallography shows that two domains comprising a mixture of α- and β- motifs
constitute the structure of gp120: the inner domain (residues 1–117, 206–257, 475–492)
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which interacts with gp41 protein, and the outer and less conserved domain (residue
437–473, 263–417) which interacts with CD4 and co-receptor (CR) proteins (see Figure 1
for the structure of gp120) [10,11]. These two domains are connected via four bridging
sheets (residues 418–430). Since the binding of gp120 with CD4 receptor proteins is
the crucial step during HIV-1 infections, therefore, the site of CD4 binding in gp120
(Scheme 1b) becomes a productive target for HIV-1 inhibition [12–15]. The details and
the recent development of these HIV-1 entry inhibitors targeting the gp120 proteins can
be found in some informative review articles where we observe that the majority of the
HIV-1 entry inhibitors are either BMS-378806 and its analogous inhibitors or NBD-556 and
its derivatives [16–18]. Interestingly, these two inhibitors target same receptor but their
mechanism is entirely different. An experimental study of Schön et al. shows that the
binding mode and antiviral properties of these inhibitors are governed by their binding
thermodynamics [19]. In the same study, the authors show that BMS-378806 has very weak
binding enthalpy and does not compete with the CD4-coreceptor; on the other hand, NBD
is a CD4-coreceptor competitive inhibitor and reflects similar conformational flexibility and
binding thermodynamics as the CD4-coreceptor. However, the means by which the binding
of small molecules such as NBD instigates the conformational flexibility in gp120 remains
an enigma. The current study provides a theoretical explanation of the mechanism of the
conformational dynamics instigated by the inhibitor.
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The instability of gp120 protein, when separated from its membrane anchored part, is a
fundamental problem in obtaining the crystal structure of gp120 [4]. Therefore, most of the
structures of gp120 were obtained with core domain bound antibody, even in the presence
of HIV-1 entry inhibitors. This often raises a possibility that the binding of HIV-1 inhibitor
in the presence of antibody may influence the interactions of the inhibitor. Does antibody
presence affect the mechanism of the HIV-1 inhibitor? If, yes then how? This study provides
a valuable insight on these questions using Molecular Dynamics (MD) Simulations and
free energy calculations. The study of Schön et al. provides a small hint that the presence of
antibody may enhance the ligand binding and, thus, the efficacy of the inhibitor; however,
a comprehensive investigation is still missing. We have provided a mechanistic insight
into and a comprehensive study of the effect of antibody on the binding of HIV-1 entry
inhibitors using sufficiently long molecular dynamics (MD) simulations with a typical
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example of NBD-557 with gp120. In order to successfully conduct such a study, we firstly
emphasized the NBD-557 interactions and its binding thermodynamics without antibody
and then compared the NBD-557 interaction and its binding in the presence of antibody.
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2. Methods
2.1. System Setup

The initial structure was taken from the protein data bank (PDB id: 4DVR) [20],
which contains gp120 core, ligand NBD-557, and antibody Fab 48d. The original structure,
4DVR, has several missing loops which were modelled by MODELLER. Since we have
focused on the role of antibody on NBD-557 binding, we prepared two systems; one by
extracting antibody and constructing a complex of ligand NBD-557 with gp120 only, and the
second as ligand NBD-557 with gp120 and antibody. The protonation state of Histidine
residues was calculated by propka 3.0 [21]. The pKa value for His216 was 6.72; therefore,
we kept it in a doubly protonated state, i.e., HIP, and the rest of the Histidines were kept in
either HIE (epsilon protonation) or HID (delta protonation) state depending upon the H-
bond possibility with nearby residues. The missing hydrogens were prepared with the Leap
module of Amber 14 with Amber ff14SB forcefield parameters [22]. Since the parameters
for NBD-557 were not available in the Amber library, we used the antechamber module of
Amber to generate the parameters for NBD-557. The partial atomic charges and missing
parameters for the NBD-557 were obtained from the RESP [23,24] (restrained electrostatic
potential) method using HF/6-31G* geometry optimization in the Gaussian 09 package.
We used five and two Cl− ions to neutralize the NBD-557 with gp120 only complex and
the NBD-557 with gp120 and antibody complex, respectively. Finally, the resulting systems
were solvated in a rectangular box of TIP3P [25] waters extending up to minimum cutoff of
10 Å from the protein boundary.

2.2. MD Simulations

After proper parameterizations and setup, the resulting system’s geometries were min-
imized (5000 steps for steepest descent and 10,000 steps for conjugate gradient) to remove
the poor contacts and relax the system. The systems were then gently annealed from 10 to
300 K under canonical ensemble for 50 ps with a weak restraint of 5 kcal/mol/Å2. Subse-
quently, the systems were maintained for 1 ns of density equilibration under isothermal–
isobaric ensemble at the target temperature of 300K and the target pressure of 1.0 atm using
a Langevin-thermostat [26] and a Berendsen barostat [27] with a collision frequency of
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2 ps and a pressure relaxation time of 1 ps, and with a weak restraint of 1 kcal/mol/Å2.
Thereafter, we removed all restraints applied during heating and density dynamics and
further equilibrated the systems for ~3 ns to obtain well settled pressure and temperature
for conformational and thermodynamical analyses. This was followed by a productive
MD run of 100 ns for each system. We used three different replicas starting from different
initial velocities each for 100 ns. Therefore, we performed a total of 300 ns simulations
including all three replicas. During all MD simulations, the covalent bonds containing
hydrogen were constrained using SHAKE [28], and a particle mesh Ewald (PME) [29]
was used to treat long-range electrostatic interactions. We used an integration step of 2 fs
during the entire simulations. All MD simulations were performed with the GPU version
of the Amber 14 package [30].

2.3. Clustering of the Trajectories

The energetics of ligand binding using end point methods such as MMGB/SA (Molec-
ular Mechanical Generalized Boltzmann/Surface Area) depend upon the selection of MD
frames [31]. Therefore, we have extracted the most populated trajectories from the MD
simulations of all three replicas using clustering of trajectories, which provides an accurate
means to represent the most statistically significant structures during MD sampling. Firstly,
we seamed all replicas together using the cpptraj module of Amber, which generated
30,000 frames (300 ns) for each complex. Thereafter, we performed clustering of MD trajec-
tories using the hieragglo algorithm implemented in Cpptraj. This produced 10 different
clusters of trajectories (see page S6 of Supplementary Materials) where the most populated
trajectories were nearly 100 ns long, and all analyses were performed for these most popu-
lated trajectories. The results of the clustering are shown in the Supplementary Materials.

2.4. Free Energy Calculations

As stated by Schön et al., the antiviral properties of HIV-1 entry inhibitors are reflected
by the thermodynamics of these inhibitors; we used the MM-GB/SA method [32,33] for
the calculations of thermodynamic parameters and free energy of binding. The principles
of these methods are well established [34,35] and have been successfully applied for
the class II fusion viruses in the previous studies [36–38]. For all MMGBSA calculations,
we used the most populated MD trajectories obtained from clustering of trajectories (100 ns).
Note that all energetics are calculated for the most populated frames of MD trajectories
obtained from cluster analysis, as described above. All water molecules and the chloride
ions were stripped from the trajectory prior to the MMPBSA analysis. The dielectric
constant for the solute and the surrounding solvents were kept at 1 and 80, respectively.
The MMPBSA calculations were performed on the most populated trajectories obtained
from cluster analysis. All analysis of trajectories was done with the Cpptraj module
of Amber14. VMD 1.6.7 [39], Chimera-1.5 [40] graphical programs were used for the
visualization. The hydrogen bonds and its occupancies were calculated by VMD for
production trajectories, where we kept the donor–acceptor distance as 3.0 Å and the angle
cut-off as 20◦.

3. Results and Discussion

We begin with the conformational properties of gp120 complex with ligand NBD-
557 when the antibody is not binding; thereafter, we discuss the conformational properties
of the gp120 complex with ligand NBD-557 when the antibody is binding.

3.1. MD Simulation of gp120 with NBD-557

The RMS deviations (root mean square) with simulation time for the MD simulation of
gp120 with NBD-557 are constant, which shows a converged MD trajectory (see Figure S1 in
Supplementary Materials for the most populated 100ns, and Figure S5 for the overall
trajectory). We also simulated gp120 only in the absence of NBD-557 to study the effect
of ligand binding. The RMS deviations of gp120 in the presence of ligand (NBD-557) are
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slightly more converged vis-a-vis gp120 in the absence of ligand, which shows that ligand
binding stabilizes the simulation.

The root mean square fluctuations (RMSF) of gp120 with and without NBD-557,
as shown in Figure 2, very clearly emphasize the effect of ligand binding. We can see
that the conformational flexibility of gp120 is very high in the presence of ligand vis-a-vis
when ligand is not binding. More importantly, the functional elements (the inner domain
that interacts with gp41, the outer domain that interacts with CD4 and the CR proteins
of the target cells) show the highest flexibility. The increased conformational flexibility
at gp41 and CD4+CR binding interfaces due to inhibitor binding substantiates the fact
that NBD-557 is a CD4-mimetic inhibitor, as similar flexibility in gp120 is supposed to
be induced by binding of the CD4 co-receptor [5]. The increased flexibility due to NBD-
557 may raise some obvious questions as to how the binding of a small molecule can trigger
the conformational dynamics in gp120, as well as the driving force for this phenomenon.
Therefore, we thoroughly monitored the interactions of NBD-557 with active site residues
and found that it is interaction between NBD-557 and Asn425 that drives the flexibility of
gp120 with course of simulations (see Figure 3).

Molecules 2021, 26, x FOR PEER REVIEW 5 of 13 
 

 

the chloride ions were stripped from the trajectory prior to the MMPBSA analysis. The 
dielectric constant for the solute and the surrounding solvents were kept at 1 and 80, re-
spectively. The MMPBSA calculations were performed on the most populated trajectories 
obtained from cluster analysis. All analysis of trajectories was done with the Cpptraj mod-
ule of Amber14. VMD 1.6.7 [39], Chimera-1.5 [40] graphical programs were used for the 
visualization. The hydrogen bonds and its occupancies were calculated by VMD for pro-
duction trajectories, where we kept the donor–acceptor distance as 3.0 Å and the angle 
cut-off as 20°. 

3. Results and Discussion 
We begin with the conformational properties of gp120 complex with ligand NBD-557 

when the antibody is not binding; thereafter, we discuss the conformational properties of 
the gp120 complex with ligand NBD-557 when the antibody is binding. 

3.1. MD Simulation of gp120 with NBD-557 
The RMS deviations (root mean square) with simulation time for the MD simulation 

of gp120 with NBD-557 are constant, which shows a converged MD trajectory (see Figure 
S1 in Supplementary Materials for the most populated 100ns, and Figure S5 for the overall 
trajectory). We also simulated gp120 only in the absence of NBD-557 to study the effect of 
ligand binding. The RMS deviations of gp120 in the presence of ligand (NBD-557) are 
slightly more converged vis-a-vis gp120 in the absence of ligand, which shows that ligand 
binding stabilizes the simulation. 

The root mean square fluctuations (RMSF) of gp120 with and without NBD-557, as 
shown in Figure 2, very clearly emphasize the effect of ligand binding. We can see that 
the conformational flexibility of gp120 is very high in the presence of ligand vis-a-vis 
when ligand is not binding. More importantly, the functional elements (the inner domain 
that interacts with gp41, the outer domain that interacts with CD4 and the CR proteins of 
the target cells) show the highest flexibility. The increased conformational flexibility at 
gp41 and CD4+CR binding interfaces due to inhibitor binding substantiates the fact that 
NBD-557 is a CD4-mimetic inhibitor, as similar flexibility in gp120 is supposed to be in-
duced by binding of the CD4 co-receptor.[5] The increased flexibility due to NBD-557 may 
raise some obvious questions as to how the binding of a small molecule can trigger the 
conformational dynamics in gp120, as well as the driving force for this phenomenon. 
Therefore, we thoroughly monitored the interactions of NBD-557 with active site residues 
and found that it is interaction between NBD-557 and Asn425 that drives the flexibility of 
gp120 with course of simulations (see Figure 3). 

 

Figure 2. The root mean square fluctuations for gp120 shown in a worm model. The thickness of the
worm radius represents the value of fluctuations (a) with NBD-557; the inner and outer domains are
highlighted by blue and green transparent rectangles (b) without NBD-557. The values of RMSF (Å2)
are shown by colour keys in each figure.

The ligand NBD-557 contains two amine hydrogens situated at two different posi-
tions (see Figure 1b) which are prone to forming hydrogen bonds with backbone oxygen
of Asn425. This Asn425 forms a strong hydrogen bond with another residue, Glu370.
Interestingly, these two residues are part of the bridging sheets (236–250) and outer do-
mains; therefore, NBD-557 acts as a bridge between different functional subunits of gp120.
During the course of MD simulations, the amine hydrogens of NBD-557 exchange their
positions to form a strong bond with backbone oxygen of Asn425 (note the exchange of
H-bonding from 70–100 ns of MD simulations and a strong correlation between the upper
and lower plots during 50–100 ns of simulations; we can easily see that the fluctuation in
the lower graph is strongly correlated with H-bond exchange in the upper plot), which in
turn produces local dynamics in Asn425 and thus in Glu370. Interestingly, Asn425 and
Glu370 are residues situated at bridging interfaces between the inner and outer domains
and a disturbance at this site produces fluctuations at the inner and outer domain end,
as seen in Figure 2a. For further validation of this mechanism, we performed another MD
simulation of gp120 in the absence of ligand and found a drastic decrement in thermal
fluctuations in gp120 (see Figure 2b). In this case, the binding between the Asn425 and
Glu370 is rather weak due to absence of ligand, which might be reason for the conforma-
tional elasticity of gp120 (see Figure S2 for Asn425-Glu370 distance). The lack of thermal
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fluctuations in the absence of NBD-557 strongly supports the ligand instigated dynamics
in gp120, which are factually caused by the interaction between NBD-557 and Asn425.
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3.2. Thermo-Chemistry of gp120 Complex with NBD-557

Schön et al. [19] reported the thermodynamics of binding of NBD-556 and NBD-
557 with gp120 using ITC (Isothermal Titration Calorimetry) [19]. They found the change
in enthalpy during binding of NBD-556 (same as NBD-557) to be −24.50 kcal/mol, and this
can be used to benchmark our simulated structure. Therefore, we calculated the change in
enthalpy using the MMGBSA method for NBD-557 binding, as shown in Table 1. The com-
puted change of enthalpy is −25.16 ± 3.24 kcal/mol and is in good agreement with the
experimental results [19]. The theoretical calculation shows that the van der Waals in-
teractions (−36.94 kcal/mol) play a dominating role in enthalpic change during binding.
The electrostatic contribution is rather weak and is quite expected as NBD-557 forms just
two hydrogen bonds with Glu370 and Asn425. Furthermore, the interaction energy due to
solvation presents an unfavourable contribution.

Table 1. Energy contribution when GP120 binds with NBD in the absence of antibody. Here,
∆EVDW = change in van der Waals interaction on ligand associations, ∆EEEL = change in electro-
static interaction on ligand associations, ∆Epolar = change in polar interaction on ligand associa-
tions, ∆Enonpolar = change in nonpolar interaction on ligand associations. ∆Ggas = ∆EVDW + ∆EEEL,
∆Gsolv = ∆Epolar + ∆Enonpolar, ∆Gbinding = ∆Ggas + ∆Gsolv.

Energy Contribution Values
(in kcal Mol) Standard Error

∆EVDW −36.94 2.19
∆EEEL −5.22 1.93

∆ENPOLAR 21.33 1.71
∆EDISPER −4.32 0.17

∆Ggas −42.16 3.04
∆G solv 17 1.67

∆HTOTAL −25.16 3.24
∆HEXP

ref −24.50

To further emphasize the gp120–ligand interactions, we calculated the residue interac-
tion map, as shown in Figure 4. The residue interaction map calculated by MMGBSA is
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very informative as non-polar and hydrophobic interactions cannot be analyzed in a similar
manner to H-bond and salt-bridges. We can see that Glu370 and Asn425 interact strongly
with NBD-557 due to the H bond, as shown in Figure 4. The ligand is mostly in contact
with several hydrophobic residues such as Trp112, Val255, Ile371, Phe376, Phe382, Ile424,
Met426, Gly472, Gly473 and Met475. These hydrophobic and non-polar residues contribute
significantly to the total favourable change of enthalpy during binding. Interestingly,
similar interactions were predicted in the crystal structure of NBD-557 with gp120 [20];
therefore, the calculated residue interactions map provides a theoretical validation and
shows the stability of such interactions during 100ns of MD simulations.
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3.3. Dynamics of the In-Silico Mutant Asn425Gly

Since NBD-557 interacts strongly with Asn425, we performed in-silico mutation of
Asn425 to Gly425 to monitor the effect of in-silico mutations. Interestingly, the ligand
remains quite stable. In the Asn425Gly mutant, the one of amine hydrogen (H1–N) of
NBD-557 forms a very strong hydrogen bond with backbone oxygen of Glycine and does
not show the switching of position, as seen in WT complex (see Figure 5a,b). However,
the Gly425 interaction with Glu370 is not as strong as in WT complex. The change in
total energy (enthalpy) of binding is more favourable vis-a-vis WT complex, which clearly
indicates that NBD-557 is a strong binder for the mutant complex (see Table S1).

Molecules 2021, 26, x FOR PEER REVIEW 8 of 13 
 

 

Gly425 interaction with Glu370 is not as strong as in WT complex. The change in total 
energy (enthalpy) of binding is more favourable vis-a-vis WT complex, which clearly in-
dicates that NBD-557 is a strong binder for the mutant complex (see Table S1). 

 
Figure 5. Results from the MD of N239G mutant. (a) NBD-557 binding in the gp120 binding 
pocket. (b) The distance vs. simulation time for the H-bond between amine hydrogen of NBD-557 
and backbone oxygen of Gly425. (c) Distance vs. time for the H-bond between Gly425 and Glu370. 
Note that all results are reported for the most populated trajectories of 100 ns. 

3.4. Effect of Antibody Binding on gp120 Interaction with NBD-557 
The study by Schӧn et al. [19] indicates that the binding of antibody increases the 

binding of NBD-556 and NBD-557. They found that the enthalpy change on the binding 
of ligand increases from −24.5 kcal/mol to −28.9 kcal/mol in the presence of antibody. 
Therefore, we performed a 200 ns long MD simulation of the gp120 complex with NBD in 
the presence of antibody and we have calculated the change in enthalpy on NBD-557 bind-
ing. Our theoretical calculations strongly support the finding of Schӧn et al. that antibody 
presence enhances the binding affinity of NBD-557. A comparison of RMS deviations for 
NBD-557 in WT complex, R425G mutant and gp120 complex with NBD is shown in Figure 
6. We can easily notice the stability of the NBD-557 in gp120 with antibody relative to WT 
and mutant. The change in enthalpy of binding is shown in Table 2, which quantitatively 
supports the enhanced binding affinity of drug due to antibody bonding. To decipher the 
rationale for the increased affinity due to antibody, we thoroughly studied the interactions 
between gp120 and antibody. We notice that residues 6–61 of antibody are proximal to 
the gp120 interface and may interact with gp120. The interface between antibody and 
gp120 are rich of acidic residues such as Asp6, Asp28, Asp25, Asp30 of antibody, and 
Arg327, Arg419, Lys421 and Lys432 at the gp120 site, which provide stability to the gp120 
and antibody complex. The interaction energy of these residues, calculated by residue de-
composition of MMPBSA, is shown in Table 3. These data quantitatively confirm that 
there are very strong acid–base pair interactions between gp120 and antibody interfaces 
such as Asp25-Arg419, Asp28-Arg419, Asp28-Lys421, Asp30-Lys421 and Asp30-Lys432 
(See Figure 7 and Table 3). 

Figure 5. Results from the MD of N239G mutant. (a) NBD-557 binding in the gp120 binding pocket. (b) The distance vs.
simulation time for the H-bond between amine hydrogen of NBD-557 and backbone oxygen of Gly425. (c) Distance vs. time for
the H-bond between Gly425 and Glu370. Note that all results are reported for the most populated trajectories of 100 ns.



Molecules 2021, 26, 239 8 of 12

3.4. Effect of Antibody Binding on gp120 Interaction with NBD-557

The study by Schön et al. [19] indicates that the binding of antibody increases the
binding of NBD-556 and NBD-557. They found that the enthalpy change on the binding
of ligand increases from −24.5 kcal/mol to −28.9 kcal/mol in the presence of antibody.
Therefore, we performed a 200 ns long MD simulation of the gp120 complex with NBD in
the presence of antibody and we have calculated the change in enthalpy on NBD-557 bind-
ing. Our theoretical calculations strongly support the finding of Schön et al. that antibody
presence enhances the binding affinity of NBD-557. A comparison of RMS deviations for
NBD-557 in WT complex, R425G mutant and gp120 complex with NBD is shown in Figure 6.
We can easily notice the stability of the NBD-557 in gp120 with antibody relative to WT
and mutant. The change in enthalpy of binding is shown in Table 2, which quantitatively
supports the enhanced binding affinity of drug due to antibody bonding. To decipher the
rationale for the increased affinity due to antibody, we thoroughly studied the interactions
between gp120 and antibody. We notice that residues 6–61 of antibody are proximal to the
gp120 interface and may interact with gp120. The interface between antibody and gp120 are
rich of acidic residues such as Asp6, Asp28, Asp25, Asp30 of antibody, and Arg327, Arg419,
Lys421 and Lys432 at the gp120 site, which provide stability to the gp120 and antibody
complex. The interaction energy of these residues, calculated by residue decomposition of
MMPBSA, is shown in Table 3. These data quantitatively confirm that there are very strong
acid–base pair interactions between gp120 and antibody interfaces such as Asp25-Arg419,
Asp28-Arg419, Asp28-Lys421, Asp30-Lys421 and Asp30-Lys432 (See Figure 7 and Table 3).

The results shown above provide compelling evidence that the presence of antibody
in gp120 stabilizes the complex via acid–base pair interactions at the binding interface;
however, whether the antibody affects the drug binding is still unknown. Therefore, we cal-
culated the change in enthalpy upon ligand binding in the presence and absence of antibody
(See Table 1 for NBD-557 binding enthalpy in the absence of antibody). Our calculations,
shown in Table 4, show that the presence of antibody not only stabilizes the gp120 complex
via acid–base pair interactions, but also increases the binding of ligand. We can see that,
in the absence of antibody, the change in enthalpy due to ligand binding is−25.16 kcal/mol,
while, in the presence of antibody, it significantly increases to −33.57 kcal/mol. To investi-
gate the rationale for the increased affinity, we thoroughly monitored the MD trajectories
and the residues of gp120 participating in ligand binding and antibody-gp120 binding.
Figure 8a shows a comparative interaction map due to antibody binding. It is quite clear
that the binding of antibody increases the interactions with NBD for some residues, e.g.,
Met436, Trp427, Val430, Gly473, Asp474, which provide stability to the binding of NBD-557.
As Figure 8b shows, these residues reside on the bridging sheet 20 (see Figure 1b and
Ref. [11] for structural topology), which is an interfacial loop interacting with the antibody;
therefore, these residues show conformational rearrangement, which might cause increased
interactions with NBD on antibody binding.

Table 2. Energy contribution when GP120 binds with NBD in Asn425Gly Mutant. All abbreviations
have the same meaning as defined in Table 1.

Energy Contribution Values
(In kcal Mol) Standard Error

∆EVDW −46.19 3.23
∆EEEL −14.88 3.3

∆ENPOLAR 29.65 2.52
∆EDISPER −5.28 0.32

∆Ggas −61.07 5.25
∆Gsolv 24.36 2.32

∆HTOTAL −36.71 3.66
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Table 3. The interaction between antibody and gp120 residues. Here antibody residue numbering
starts from 1 and it is different from gp120 numbering.

Residues (Antibody) Residues (gp120) Energy (kcal/mol)

TYR6 ARG327 −3.928
TYR6 GLN422 −2.059
ASP25 ARG419 −18.346
ASP25 LYS421 −2.437
ASP28 PRO369 −1.679
ASP28 ARG419 −7.616
ASP28 LYS421 −10.152
ASP30 LYS421 −11.001
ASP30 ILE 423 −2.028
ASP30 LYS432 −7.517
MET32 MET434 −1.656
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Table 4. The thermodynamical parameters for NBD-557 when binding with gp120 in the presence of
antibody. All abbreviations have the same meaning as defined in Table 1.

Energy Contribution Values
(in kcal Mol) Standard Error

∆EVDW −43.94 2.16
∆EEEL −14.12 2.19

∆ENPOLAR 29.40 1.46
∆EDISPER −4.90 0.15

∆Ggas −58.07 2.75
∆G solv 24.49 1.40

∆HTOTAL −33.57 2.38

Molecules 2021, 26, x FOR PEER REVIEW 10 of 13 
 

 

ASP28 ARG419 −7.616 
ASP28 LYS421 −10.152 
ASP30 LYS421 −11.001 
ASP30 ILE 423 −2.028 
ASP30 LYS432 −7.517 
MET32 MET434 −1.656 

The results shown above provide compelling evidence that the presence of antibody 
in gp120 stabilizes the complex via acid–base pair interactions at the binding interface; 
however, whether the antibody affects the drug binding is still unknown. Therefore, we 
calculated the change in enthalpy upon ligand binding in the presence and absence of 
antibody (See Table 1 for NBD-557 binding enthalpy in the absence of antibody). Our cal-
culations, shown in Table 4, show that the presence of antibody not only stabilizes the 
gp120 complex via acid–base pair interactions, but also increases the binding of ligand. 
We can see that, in the absence of antibody, the change in enthalpy due to ligand binding 
is −25.16 kcal/mol, while, in the presence of antibody, it significantly increases to −33.57 
kcal/mol. To investigate the rationale for the increased affinity, we thoroughly monitored 
the MD trajectories and the residues of gp120 participating in ligand binding and anti-
body-gp120 binding. Figure 8a shows a comparative interaction map due to antibody 
binding. It is quite clear that the binding of antibody increases the interactions with NBD 
for some residues, e.g., Met436, Trp427, Val430, Gly473, Asp474, which provide stability 
to the binding of NBD-557. As Figure 8b shows, these residues reside on the bridging sheet 
20 (see Figure 1b and ref. [11] for structural topology), which is an interfacial loop inter-
acting with the antibody; therefore, these residues show conformational rearrangement, 
which might cause increased interactions with NBD on antibody binding. 

Table 4. The thermodynamical parameters for NBD-557 when binding with gp120 in the presence 
of antibody. All abbreviations have the same meaning as defined in Table 1. 

Energy Contribution Values  
(in kcal Mol) 

Standard Error 

∆EVDW −43.94 2.16 
∆EEEL −14.12 2.19 
∆ENPOLAR 29.40 1.46 
∆EDISPER −4.90 0.15 
∆Ggas −58.07 2.75 
∆G solv 24.49 1.40 
∆HTOTAL −33.57 2.38 

 

Figure 8. (a) A comparative residue interaction map between gp120 and inhibitor NBD-557 in the presence and absence of
antibody. (b) The representation of residues at the bridging sheet and antibody.

4. Conclusions

NBD-557 is a CD4 mimetic and its competitive receptor is believed to induce similar
conformational changes to the CD4 receptor. Our MD simulations clearly show that NBD-
557 induces large conformational flexibility, particularly in the outer and inner domains.
The absence of such flexibility in the apo state of gp120 further substantiates the fact that
such dynamics are mainly instigated by the inhibitor, which is in good agreement with ex-
perimental observations. A thorough inspection of the simulated trajectories shows that the
interaction of NBD-557 with Asn425 is a key factor that choreographs the substrate ligand-
induced conformational flexibility in gp120. The role of Asn425 was further supported by
the MD simulations of N425G mutant. We have found that the N425G mutation increases
the binding affinity but it does not induce the flexibility in gp120 due to a lack of flexible
side chain interaction with NBD-557. The thermodynamical parameters of NBD-557 in the
presence of antibody show enhanced binding enthalpy of inhibitors. We found that anti-
body possesses many acidic residues at its gp120 facing interface, which interacts strongly
with basic residues of gp120, and thus provides additional stability to the gp120–NBD-
557 complex, which, in turn, increases the binding affinity of the complex. Our results from
the MD simulations of the gp120 with antibody (Fab80) provide a theoretical validation
that the antibody stabilizes the gp120 via crucial acid–base pairs at the binding interface
between antibody and gp120. The binding free energy calculations quantitatively show
that antibody binding increases the change in total binding energy via some conformational
rearrangement in bridging sheet β20, which forms the active site for NBD-557 binding.

In summary, the present study provides a comprehensive molecular mechanism of
NBD-557 binding and the means by which it mimics conformational rearrangement by
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the CD4 co-receptor. Our study provides a theoretical validation of the fact that antibody
stabilizes the gp120 and ligand binding. The mechanism of conformational changes instigated
by NBD-557 and antibody can be useful for future studies for targeting HIV-1 entry.

Supplementary Materials: The following are available online, The SI contains the details of the
clustering, details of the residue wise interactions and RMS deviation plots.

Author Contributions: S.Y. and V.P. performed the calculations and analyzed the results. R.K.T.,
R.P.O. and K.D.D. wrote the manuscript. K.D.D. supervised and framed the project. All authors have
read and agreed to the published version of the manuscript.

Funding: K.D.D. acknowledges the Department of Biotechnology, Govt of India for a Ramalingam-
swami re-entry research grant (BT/RLS/Re-entry/10/2017).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Rife, B.; Salemi, M. On the early dynamics and spread of HIV-1. Trends. Microbiol. 2015, 23, 3–4. [CrossRef] [PubMed]
2. Fauci, A.S.; Marston, H.D. Ending the HIV–AIDS Pandemic—Follow the Science. N. Engl. J. Med. 2015, 373, 2197–2199. [CrossRef]

[PubMed]
3. Barré-Sinoussi, F.; Ross, A.L.; Delfraissy, J.-F. Past, present and future: 30 years of HIV research. Nat. Rev. Microbiol. 2013,

11, 877–883.
4. Blumenthal, R.; Durell, S.; Viard, M. HIV Entry and Envelope Glycoprotein-mediated Fusion. J. Biol. Chem. 2012, 287, 40841–40849.

[CrossRef]
5. Jones, P.L.; Korte, T.; Blumenthal, R. Conformational changes in cell surface HIV-1 envelope glycoproteins are triggered by

cooperation between cell surface CD4 and co-receptors. J. Biol. Chem. 1998, 273, 404–409. [CrossRef]
6. Chien, M.P.; Jiang, S.; Chang, D.K. The function of coreceptor as a basis for the kinetic dissection of HIV type 1 envelope

protein-mediated cell fusion. FASEB J. 2008, 22, 1179–1192. [CrossRef]
7. Sougrat, R.; Bartesaghi, A.; Lifson, J.D.; Bennett, A.E.; Bess, J.W.; Zabransky, D.J.; Subramaniam, S. Electron tomography of the

contact between T cells and SIV/HIV-1: Implications for viral entry. PLoS Pathog. 2007, 3, e63. [CrossRef]
8. Dobrowsky, T.M.; Daniels, B.R.; Siliciano, R.F.; Sun, S.X.; Wirtz, D. Organization of cellular receptors into a nanoscale junction

during HIV-1 adhesion. PLoS Comput. Biol. 2010, 6, e1000855. [CrossRef]
9. Muñoz-Barroso, I.; Durell, S.; Sakaguchi, K.; Appella, E.; Blumenthal, R. Dilation of the human immune deficiency virus-

1 envelope glycoprotein fusion pore revealed by the inhibitory action of a synthetic peptide from gp41. J. Cell Biol. 1998,
140, 315–323. [CrossRef]

10. Huang, C.C.; Tang, M.; Zhang, M.Y.; Majeed, S.; Montabana, E.; Stanfield, R.L.; Dimitrov, D.S.; Korber, B.; Sodroski, J.;
Wilson, I.A.; et al. Structure of a V3-containing HIV-1 gp120 core. Science 2005, 310, 1025–1028. [CrossRef]

11. Kwong, P.D.; Wyatt, R.; James Robinson, J.; Sweet, R.W.; Joseph Sodroski, J.; Hendrickson, W.A. Structure of an HIV gp120 enve-
lope glycoprotein in complex with the CD4 receptor and a neutralizing human antibody. Nature 1998, 395, 648–659. [CrossRef]
[PubMed]

12. Zhao, Q.; Ma, L.; Jiang, S.; Liu, S.; He, Y.; Strick, N.; Neamati, N.; Debnath, A.K. Identification of N-phenyl-N′-(2,2,6,6tetramethyl-
piperidin-4-yl)-oxalamides as a new class of HIV-1 entry inhibitors that prevent gp120 binding to CD4. Virology 2005, 339, 213–225.
[CrossRef] [PubMed]

13. Wang, T.; Zhang, Z.; Wallace, O.B.; Deshpande, M.; Fang, H.; Yang, Z.; Zadjura, L.M.; Tweedie, D.L.; Huang, S.; Zhao, F.; et al.
Discovery of 4-benzoyl-1-[(4methoxy-1 H-pyrrolo [2,3-b] pyridin-3-yl) oxoacetyl]-2-(R)-methylpiperazine (BMS-378806): A novel
HIV-1 attachment inhibitor that interferes with CD4-gp120 interactions. J. Med. Chem. 2003, 46, 4236–4239. [CrossRef]

14. Herschhorn, A.; Gu, C.; Espy, N.; Richard, J.; Finzi, A.; Sodroski, J.G. A broad HIV-1 inhibitor blocks envelope glycoprotein
transitions critical for entry. Nat. Chem. Biol. 2014, 10, 845–852. [CrossRef] [PubMed]

15. Courter, J.R.; Madani, N.; Sodroski, J.; Schön, A.; Freire, E.; Kwong, P.D.; Hendrickson, W.A.; Chaiken, I.M.; LaLonde, J.M.;
Smith, A.B., 3rd. Structure-based design, synthesis and validation of CD4-mimetic small molecule inhibitors of HIV-1 entry:
Conversion of a viral entry agonist to an antagonist. Acc. Chem. Res. 2014, 47, 1228–1237. [CrossRef]

16. Li, W.; Lu, L.; Li, W.; Jiang, S. Small-molecule HIV-1 entry inhibitors targeting gp120 and gp41: A patent review (2010–2015). Exp.
Opin. Therap. Patent 2017. [CrossRef] [PubMed]

17. Kuritzkes, D.R. HIV-1 entry inhibitors: An overview. Curr. Opin. 2009, 4, 82–87. [CrossRef] [PubMed]
18. Liu, T.; Huang, B.; Zhan, P.; De Clercq, E.; Liu, X. Discovery of small molecular inhibitors targeting HIV-1 gp120-CD4 interaction

drived from BMS-378806. Eur. J. Med. Chem. 2014, 86, 481–490. [CrossRef]
19. Schön, A.; Madani, N.; Klein, J.C.; Hubicki, A.; Ng, D.; Yang, X.; Smith, A.B.; Sodroski, S.; Freire, E. Thermodynamics of Binding

of a Low-Molecular-Weight CD4 Mimetic to HIV-1 gp120. Biochemistry 2006, 45, 10973–10980. [CrossRef]

http://dx.doi.org/10.1016/j.tim.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25465351
http://dx.doi.org/10.1056/NEJMp1502020
http://www.ncbi.nlm.nih.gov/pubmed/26624554
http://dx.doi.org/10.1074/jbc.R112.406272
http://dx.doi.org/10.1074/jbc.273.1.404
http://dx.doi.org/10.1096/fj.07-9576com
http://dx.doi.org/10.1371/journal.ppat.0030063
http://dx.doi.org/10.1371/journal.pcbi.1000855
http://dx.doi.org/10.1083/jcb.140.2.315
http://dx.doi.org/10.1126/science.1118398
http://dx.doi.org/10.1038/31405
http://www.ncbi.nlm.nih.gov/pubmed/9641677
http://dx.doi.org/10.1016/j.virol.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/15996703
http://dx.doi.org/10.1021/jm034082o
http://dx.doi.org/10.1038/nchembio.1623
http://www.ncbi.nlm.nih.gov/pubmed/25174000
http://dx.doi.org/10.1021/ar4002735
http://dx.doi.org/10.1080/13543776.2017.1281249
http://www.ncbi.nlm.nih.gov/pubmed/28076686
http://dx.doi.org/10.1097/COH.0b013e328322402e
http://www.ncbi.nlm.nih.gov/pubmed/19339945
http://dx.doi.org/10.1016/j.ejmech.2014.09.012
http://dx.doi.org/10.1021/bi061193r


Molecules 2021, 26, 239 12 of 12

20. Kwon, Y.D.; Lalonde, J.M.; Yang, Y.; Elban, M.A.; Sugawara, A.; Courter, J.R.; Jones, D.M.; Smith, A.B.; Debnath, A.K.; Kwong, P.D.
Crystal Structures of HIV-1 gp120 Envelope Glycoprotein in Complex with NBD Analogues That Target the CD4-Binding Site.
PLoS ONE 2014, 9, e85940. [CrossRef]

21. Olsson, M.H.; Søndergaard, C.R.; Rostkowski, M.; Jensen, J.H. PROPKA3: Consistent treatment of internal and surface residues
in empirical pKa predictions. J. Chem. Theory Comput. 2011, 7, 525–537. [CrossRef]

22. Case, D.A.; Babin, V.; Berryman, J.T.; Betz, R.M.; Cai, Q.; Cerutti, D.S.; Cheatham, T.E., III; Darden, T.A.; Duke, R.E.;
Gohlke, H.; et al. Amber 14; University of California: San Francisco, CA, USA, 2015.

23. Bayly, C.I.; Cieplak, P.; Cornell, W.; Kollman, P.A. A well behaved electrostatic potential based method using charge restraints for
deriving atomic charges: The RESP model. J. Phys. Chem. 1993, 97, 10269–10280. [CrossRef]

24. Cornell, W.D.; Cieplak, P.; Bayly, C.I.; Kollmann, P.A. Application of RESP charges to calculate conformational energies,
hydrogen bond energies, and free energies of solvation. J. Am. Chem. Soc. 1993, 115, 9620–9631. [CrossRef]

25. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926–935. [CrossRef]

26. Izaguirre, J.A.; Catarello, D.P.; Wozniak, J.M.; Skeel, R.D. Langevin stabilization of molecular dynamics. J. Chem. Phys. 2001,
114, 2090–2098. [CrossRef]

27. Berendsen, H.J.C.; Postma, J.P.M.; van Gunsteren, W.F.; DiNola, A.; Haak, J.R. Molecular dynamics with coupling to an external
bath. J. Chem. Phys. 1984, 81, 3684–3690. [CrossRef]

28. Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H.J.C. Numerical integration of the Cartesian equation of motion of a system with
constraints: Molecular dynamics of n-alkanes. J. Comput. Phys. 1977, 23, 327–341. [CrossRef]

29. Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An Nlog(N) method for Ewald sums in large systems. J. Chem. Phys. 1993,
98, 10089–10092. [CrossRef]

30. Salomon-Ferrer, R.; Götz, A.W.; Poole, D.; Le Grand, S.; Walker, R.C. Routine Microsecond molecular dynamics simulations with
AMBER on GPU. 2. Explicit solvent Particle Mesh Ewald. J. Chem. Theory Comput. 2013, 9, 3878–3888. [CrossRef]

31. Dubey, K.D.; Tiwari, R.K.; Ojha, R.P. Recent Advances in Protein–Ligand Interactions: MD Simulations and Binding Free Energy.
Curr. Comput. Aided Drug Des. 2013, 9, 518–531. [CrossRef]

32. Gohlke, H.; Case, D.A. Converging free energy estimates: MM-PB (GB) SA studies on the protein-protein complex RasRaf.
J. Comput. Chem. 2003, 25, 238–250. [CrossRef]

33. Fogolari, F.; Brigo, A.; Molinari, H. Protocols for MM/PBSA molecular dynamics simulations of proteins. Biophys. J. 2003,
85, 159–166. [CrossRef]

34. Grochowaski, P.; Trylska, J. Continuum molecular electrostatics, salt effects, and counterion binding—A review of the Poisson
Boltzmann theory and its modifications. Biopolymers 2007, 89, 93–113. [CrossRef]

35. Tsui, V.; Case, D.A. Theory and application of generalized born solvation model in macromolecular simulations. Biopolymers 2001,
56, 271–291. [CrossRef]

36. Dubey, K.D.; Chaubey, A.K.; Ojha, R.P. Stability of trimeric DENV envelope protein at low and neutral pH: An insight from MD
study. Biochim. Biophys. Acta 2013, 1834, 53–64. [CrossRef]

37. Dubey, K.D.; Chaubey, A.K.; Ojha, R.P. Role of pH on dimeric interactions for DENVenvelope protein: An insight from molecular
dynamics study. Biochim. Biophys. Acta 2011, 1814, 1796–1801. [CrossRef]

38. Dubey, K.D.; Tiwari, G.; Ojha, R.P. Targeting domain-III hinging of dengue envelope (DENV-2) protein by MD simulations,
docking and free energy calculations. J. Mol. Model. 2017, 23, 102. [CrossRef]

39. Humphrey, W.; Dalke, A.; Schulten, K. VMD—Virtual molecular dynamics. J. Mol. Graph. Model. 1996, 14, 33–38. [CrossRef]
40. Pettersen, E.F.; Goddard, T.D.; Haung, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF chimera—A visualization

system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0085940
http://dx.doi.org/10.1021/ct100578z
http://dx.doi.org/10.1021/j100142a004
http://dx.doi.org/10.1021/ja00074a030
http://dx.doi.org/10.1063/1.445869
http://dx.doi.org/10.1063/1.1332996
http://dx.doi.org/10.1063/1.448118
http://dx.doi.org/10.1016/0021-9991(77)90098-5
http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1021/ct400314y
http://dx.doi.org/10.2174/15734099113096660036
http://dx.doi.org/10.1002/jcc.10379
http://dx.doi.org/10.1016/S0006-3495(03)74462-2
http://dx.doi.org/10.1002/bip.20877
http://dx.doi.org/10.1002/1097-0282(2000)56:4&lt;275::AID-BIP10024&gt;3.0.CO;2-E
http://dx.doi.org/10.1016/j.bbapap.2012.08.014
http://dx.doi.org/10.1016/j.bbapap.2011.09.012
http://dx.doi.org/10.1007/s00894-017-3259-2
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1002/jcc.20084

	Introduction 
	Methods 
	System Setup 
	MD Simulations 
	Clustering of the Trajectories 
	Free Energy Calculations 

	Results and Discussion 
	MD Simulation of gp120 with NBD-557 
	Thermo-Chemistry of gp120 Complex with NBD-557 
	Dynamics of the In-Silico Mutant Asn425Gly 
	Effect of Antibody Binding on gp120 Interaction with NBD-557 

	Conclusions 
	References

