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Abstract. Computer-based technologies for in silico drug development
comprising virtual screening, high-throughput docking, molecular dynamics
simulations, and binding free energy calculations are presented. The efficiency of
these technologies is demonstrated by the identification of novel potential anti-
HIV-1 agents able to mimic pharmacophoric properties of potent and broad
neutralizing antibodies 10e8, VRC01, and 3074 that target three different func‐
tionally conserved regions of the viral envelope proteins.
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1 Introduction

To date, over twenty five drugs have been approved by the United States Food and Drug
Administration for the treatment of HIV infection (reviewed in [1, 2]). These drugs are
distributed into six major classes: (1) nucleoside-analog reverse transcriptase inhibitors,
(2) non-nucleoside reverse transcriptase inhibitors, (3) protease inhibitors, (4) fusion
inhibitors, (5) entry inhibitors, and (6) integrase inhibitors [1, 2]. The majority of these
anti-HIV drugs belong to the inhibitors of reverse transcriptase and protease [1, 2]. These
inhibitors act inside a target cell and cannot block the initial steps of the HIV-1 life cycle
associated with virus entry. In this context, development of novel, potent and broad-
spectrum HIV-1 entry inhibitors is an area of considerable interest in the current anti-
HIV drug design and discovery.

HIV-1 infection begins with virion entry into target cells through the interaction of
viral envelope (Env) protein gp120 with primary receptor CD4 (reviewed in [3]). The
binding of gp120 to CD4 induces the exposure of a second binding site for cellular co-
receptor CCR5 or CXCR4 [3]. Following the binding, the gp41 transmembrane subunit
of the Env protein undergoes a dramatic conformational change to mediate virus-cell
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membrane fusion, enabling the virus capsid to enter the cell [3]. Many small molecule
inhibitors that block the virus adsorption onto the host cell membrane and/or cell-medi‐
ated fusion have been developed [4]. However, the majority of these inhibitors have
failed to be useful in clinical practice. Despite these disappointing results, the design of
(+)-DMJ-I-228 and (+)-DMJ-II-121 inhibitors that target the Env trimer and present
functional antagonists of viral entry [5] gave hope of future success in the development
of novel efficient anti-HIV-1 drugs. This hope was supported by the discovery of anti-
HIV-1 broadly neutralizing antibodies (bNAbs) and their specific modes of recognition
on the viral Env, providing a new strategy for improved vaccine and drug design
(reviewed in [6–8]). Neutralizing antibodies tend to increase in potency over time and
broadly cross neutralizing responses, capable of recognizing heterologous HIV-1
variants, develop in a subset of individuals after primary infection. In some cases, the
specificities of the antibodies conferring breadth have been mapped and are reactive
with conserved Env regions.

In light of discovering anti-HIV-1 bNAbs [6–8], studies aimed at the identification
of small molecules able to mimic pharmacophoric properties of these antibodies are of
great challenge. In doing so, the latest computational technologies for structure-based
drug design can be used at the first steps of solving this problem to significantly reduce
drug development time and financial costs.

Recently, computer-aided methods of three-dimensional (3D) structure modeling
and the study of the quantitative relationship between structure and biological activity
of chemical substances (QSAR; Quantitative Structure-Activity Relationships) have
occupied an important place in anti-HIV-1 drug development (reviewed in [9]). One of
the more promising methods of computational drug design is molecular databases virtual
screening aimed at the discovery of active structures. This method includes the following
stages: (i) a choice of biological target and modeling of its high-resolution 3D structure;
(ii) selection of structural databases of organic substances and the search for specific
compounds which, according to the information on their structural and physicochemical
properties are capable of exhibiting the biological activity to the prescribed target; (iii)
molecular docking of the selected substances with the biological target using software
based on criterion functions and choice of the potential ligands; (iv) post-processing of
the created ligand bases using QSAR models, as a result of which a library of potential
ligands for the present biological target may be obtained.

In this study, we present an integrated computational approach to in silico drug
design involving theoretical procedures, such as virtual screening, high-throughput
docking, molecular dynamics simulations (MD), and binding free energy calculations.
The efficiency of this approach is demonstrated by the identification of novel potential
anti-HIV-1 agents mimicking potent and broad neutralizing antibodies 10e8, VRC01
and 3074 that target three different functionally conserved regions of the HIV-1 Env
trimer.
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1.1 Computational Methodology for Drug Development

Computer-based approach to in silico drug design used in this study included the
following consecutive stages: (i) generation of pharmacophore models representing 3D-
arrangements of chemical functionalities that make a small molecule active towards its
target; (ii) structure-based virtual screening of chemical libraries to discover new ligands
on the basis of biological structures; (iii) molecular docking to predict the structure of
the intermolecular complex formed between two or more constituent molecules; (iv)
MD simulations of this complex followed by binding free energy calculations to evaluate
its structural stability.

Brief information on the computational tools supporting the above stages is given
below.

1.2 Generation of Pharmacophore Models

Pharmacophore models for virtual screening of antibody-mimetic candidates were
generated in agreement with the first step of the pepMMsMIMIC web tool strategy
consisting in the identification of amino-acid residues that play a key role in the protein-
protein recognition process [10]. This strategy employs as input the 3D structure of a
peptide bound to a protein and suggests which chemical structures are able to mimic the
protein–protein recognition of this peptide by both pharmacophore and shape similarity
techniques. At the same time, all possible combinations of the residues exhibiting critical
structural features in 3D space may be used in generation of the templates to screen
virtual compound libraries for novel ligands, which present the best similarity to the
specific pharmacophore [10]. Based on this strategy, the hotspots of the antibodies of
interest for their interactions with the target proteins were derived from the X-ray crystal
structures of these immunoglobulins in complexes with the gp120 (VRC01 [11] and
3074 [12]) and gp41 (10e8 [13]) proteins. As a result, 3D structures of the antibody
peptides including residues that greatly contribute to the binding were used as the general
pharmacophore models for identification of the antibody-mimetic candidates. To iden‐
tify small-molecule peptidomimetic candidates, short fragments of the general models
that target different critical regions of the binding sites of the HIV-1 Env trimer were
used as the additional input data for pepMMsMIMIC.

1.3 Shape and Pharmacophore-Based Virtual Screening

The pharmacophore models generated based on the antibody binding hotspots were
screened against a library of 17 million conformers obtained from 3.9 million commer‐
cially available chemical structures present in the MMsINC database [14]. Screening of
this virtual compound library was carried out by four scoring methods that are used in
the current version of pepMMsMIMIC [10] to optimize the selection of the peptide
mimetics. The tools of pepMMsMIMIC offer five search procedures including different
combinations of two scoring approaches, such as ultrafast shape recognition [15] and
pharmacophore fingerprints similarity [16]. All these procedures were used for search
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of the antibody mimetics. The identified compounds were further screened by high-
throughput docking to evaluate the efficacy of their binding to the target proteins.

1.4 Molecular Docking

The X-ray crystal structures of the antibody Fabs in complexes with the gp120 (VRC01
[11] and 3074 [12]) and gp41 (10e8 [13]) proteins were used as the rigid receptors for
flexible “blind docking” with compounds from the MMsINC database by Autodock
Vina [6]. These structures were prepared by adding hydrogen atoms with the Auto‐
DockTools software [17]. For all compounds, the docked structures with the highest
scores were analyzed to identify the molecules that, similarly to the antibodies, exhibit
a strong attachment to the antibody-binding sites of the target proteins. As a result, the
complexes of top-ranking compounds with these proteins were selected based on the
values of scoring functions.

1.5 Molecular Dynamics Simulations

The MD simulations for the docked structures of the top compounds with the target
proteins were performed using Amber 11 with the implementation of the Amber ff10
force field [18]. The ANTECHAMBER module was employed to use the Gasteiger
atomic partial charges individually for each of the compounds, and the general AMBER
force field [19] was used to prepare the force field parameters. Hydrogen atoms were
added to the proteins by the xleap program of the AMBER 11 package [18]. The proto‐
nation state of histidine residues was checked visually and if necessary either Nδ or
Nε protonation was chosen to ensure optimal hydrogen bonding. The systems were
solvated using TIP3P water [20] as an explicit solvent and simulated in an octahedron
box with periodic boundary conditions. The structures were first energy minimized by
500 steps of the steepest descent algorithm followed by 1000 steps of the conjugate
gradient method. The atoms of every docked structure were then restrained by an addi‐
tional harmonic potential with the force constant equal to 1.0 kcal/mol and then heated
from 0 to 310 K over 1 ns using a constant volume of the unit cell. Additional equili‐
bration was performed over 1 ns by setting the system pressure to 1.0 atm and by using
a weak coupling of the system temperature to a 310 K bath with 2.0 ps characteristic
time. Finally, the constraints on the complex assembly were removed and the system
was equilibrated again at 310 K over 2 ns under constant volume conditions. After
equilibration, the isothermal-isobaric MD simulation (T = 310 K, P = 1.0 atm) generated
30 ns trajectory using a Berendsen barostat with 2.0 ps characteristic time, a Langevin
thermostat with collision frequency 2.0 ps−1, a non-bonded cut-off distance of 8 Å, and
a simple leapfrog integrator [18] with a 2.0 fs time step and bonds with hydrogen atoms
constrained by the SHAKE algorithm [21].

1.6 Binding Free Energy Calculations

The free energy of binding was calculated in AMBER 11 by the MM/PBSA method
[22]. Five hundred snapshots were selected from the last 25 ns to estimate the binding
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free energy, by keeping the snapshots every 50 ps. The polar solvation energies were
computed in continuum solvent using Poisson-Boltzmann and ionic strength of 0.1. The
non-polar terms were estimated using solvent accessible surface areas.

Based on the MM/PBSA analyses of the MD trajectories, chemical compounds that
showed negative free energies of the binding to the target proteins were selected for the
final analysis.

2 Results

In the case of bNAb 10e8 that neutralizes up to 98% of diverse HIV-1 strains [13], virtual
screening of the MMsINC database combined with molecular docking and MD simu‐
lations identified eight top hits that exposed the high-affinity binding to gp41 by targeting
the membrane proximal external region (MPER) of this HIV-1 protein, allowing one to
consider these molecules as promising peptidomimetic candidates of bNAb 10e8 [23].
Chemical structures of these compounds are shown in Fig. 1.

Figure 2 casts light on the docked structures of the identified compounds (Fig. 1)
with the gp41 MPER peptide. In particular, analysis of the MMs03555010-gp41 docked
structure indicates (Fig. 2a) that, similarly to bNAb 10e8, this molecule targets the
central hinge region of the MPER peptide providing the conformational flexibility
necessary for the Env-mediated hemifusion and fusion processes [13, 25].

The docked structures of the identified compounds with gp41 do not undergo
substantial rearrangements during the MD simulations, in agreement with the low aver‐
ages of free energy of their formation that are −16.1 ± 3.4 kcal/mol (MMs03555010),
−12.0 ± 4.8 kcal/mol (MMs03769994), −7.3 ± 4.8 kcal/mol (MMs01288397),
−7.2 ± 3.9 kcal/mol (MMs02374310), −6.6 ± 4.4 kcal/mol (MMs03064646),
−5.7 ± 4.0 kcal/mol (MMs03534576), −5.4 ± 3.6 kcal/mol (MMs01100460), and
−5.3 ± 4.5 kcal/mol (MMs00760407).

Analysis of the superimposed complexes of the MPER peptide with the 10e8 Fab
and peptidomimetic candidates indicates (Fig. 3) that the identified compounds partially
mask the region of gp41 that is targeted by bNAb 10e8. These small molecules bind to
the vulnerable spots of this gp41 region and may therefore exhibit the functional mimicry
of 10e8. The molecules of interest mimic segment Trp-33, Gly-52c, Pro-52b, Glu-53,
Lys-97 of the 10e8 heavy chain (Fig. 3) that forms the direct intermolecular contacts
with the functionally important residues of gp41.

The above computer-based technologies have been also applied to the search for
potential peptidomimetics of anti-HIV-1 bNAb VRC01 [26] neutralizing over 90% of
diverse HIV-1 strains by specific interactions with the CD4-binding site of the Env
protein gp120 [11]. As a result, six chemical compounds from MMsINC were shown
to exhibit a high affinity to this gp120 site responsible for the HIV-1 attachment to
cellular receptor CD4 [26]. The docked models of these compounds with the gp120
core demonstrate intermolecular interactions involving the residues of gp120 impor‐
tant for the HIV-1 binding to CD4. In addition, these complexes show relative stability
within the MD simulations that is validated by the values of binding free energy and
corresponding standard deviations. These values were shown to be lower than that of

18 A.M. Andrianov et al.



−9.5 ± 0.1 kcal/mol which was determined for the gp120/CD4 complex using
isothermal titration calorimetry [26].

Fig. 1. Chemical structures of the most probable peptidomimetics of bNAb 10e8. The molecule
codes are from the MMsINC database [14]. For these molecules, the four Lipinski’s parameters
- molecular weight, lipophilicity (LogP), number of H-bond donors and acceptors [24] - are
respectively: 497.5 Da, 3.97, 4 and 5 (MMs03555010); 487.6 Da, 3.15, 1 and 7 (MMs03769994);
496.5 Da, 2.36, 2 and 2 (MMs01288397); 499.6 Da, 4.52, 3 and 2 (MMs02374310); 405.5 Da,
0.0, 1 and 1 (MMs03064646); 487.6 Da, 3.62, 3 and 6 (MMs03534576); 457.0 Da, 3.0, 1 and 2
(MMs01100460); 416.5 Da, 2.94, 2 and 2 (MMs00760407)
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Fig. 2. The docked structures of the gp41 MPER peptide with the MMs03555010,
MMs03769994, MMs01288397, MMs02374310, MMs03064646, MMs03534576,
MMs01100460, and MMs00760407 compounds. Structures of these compounds are represented
by a stick-ball-stick model. The residues of gp41 forming hydrogen bonds, π-π stacking and van
der Waals contacts with the 10e8-mimetic candidates are indicated. Structural elements of gp41
and ligands involved in specific π-π interactions are located inside the circles. Hydrogen bonds
are shown by dotted lines
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Fig. 3. Superimposed complexes of the HIV-1 MPER peptide with the 10e8 Fab and
peptidomimetic candidate MMs03555010. Structure of the 10e8 peptidomimetic is shown by a
stick-ball-stick model. Only MMs03555010 in complex with gp41 is shown for peptidomimetic
candidates; the complexes of gp41 with the other identified compounds coincide with this
supramolecular structure. A Corey-Pauling-Koltun model is used to highlight the 10e8 residues
that are mimicked by the identified compounds

In contrast to VRC01 targeting CD4-binding site of gp120 [11], bNAb 3074 binds
to the third variable (V3) loop of gp120 [12]. This domain of gp120 plays a central role
in the biology of the HIV-1 Env trimer as a principal target for neutralizing antibodies
and as a major determinant in the switch from the non-syncytium-inducing to the syncy‐
tium-inducing form of HIV-1 that is associated with accelerated disease progression [9].
Application of the above methodology to the search for the most probable mimetic
candidates of 3074 resulted in the identification of four top hits demonstrating a strong
attachment to the HIV-1 V3 loop [27]. Specific binding to the V3 loop was shown to be
accomplished primarily by π-π interactions between the aromatic rings of the peptido‐
mimetics and the conserved Phe-20 and/or Tyr-21 of the V3 immunogenic crown [27].
In a mechanism similar to that of bNAb 3074, these compounds were found to block
the tip of the V3 loop forming its invariant structural motif that contains residues critical
for the HIV-1 binding to a chemokine co-receptor, either CCR5 or CXCR4, which is
required for viral entry. With these findings, the following conclusion was made: the
compounds selected form promising scaffolds for the rational design of novel, potent,
and broad-spectrum anti-HIV-1 therapeutics [27].

3 Conclusions

An integrated computational approach used in this study allowed one to identify eighteen
top hits able to mimic anti-HIV-1 bNAbs 10e8 (eight compounds), VRC01 (six
compounds), and 3074 (four compound). These small molecules target three different
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vulnerable spots of the viral Env trimer responsible for the HIV-1 entry into target cells.
Based on the data obtained, these compounds provide good scaffolds for the develop‐
ment of potent antiretroviral drugs with broad HIV-1 neutralization. In light of these
data, we also suppose that a bifunctional anti-HIV-1 “cocktail” of small-molecule pepti‐
domimetics of bNAbs 10e8, VRC01, and 3074 may suppress viral replication and reduce
the plasma HIV-1 viral load.

Thus, the above findings clearly show that the computational methodology presented
here is a powerful in silico tool for the discovery of novel small-molecule functional
antagonists of viral entry based on the anti-HIV-1 bNAbs.
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