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Abstract
(MM-PBSA )/molecular mechanics Generalized Born surface area (MM-GBSA) analysis are applied to predict the binding mode of two

Molecular docking, molecular dynamics (MD) simulation and molecular mechanics Poisson-Boltzmann surface area

N-substituted pyrrole derivate inhibitors to the hydrophobic pocket in HIV-1 envelope protein gp41. Taking into account the flexibility
of the receptor, multiple receptor conformations are used in docking with the ligands, which results in several possible binding modes.
MD simulations and MM-PBSA binding energy calculations are performed on all the binding modes to identify the most favorable
binding estimate. The MM-PBSA results indicate that the binding is mainly driven by non-polar interactions, while polar interactions
determine the orientation of the ligands binding into the target site. Further analysis reveals the key residues and ligand-receptor
interactions which contribute significantly to the binding affinity. This study provides useful information for rational design and

optimization of N-substituted pyrrole derivatives as HIV-1 fusion inhibitors.
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Human immunodeficiency virus type 1 (HIV-1)
fusion inhibitors have been recognized as a new
generation of anti-HIV-1 drugs that block viral entry
into target cells. HIV-1 envelope glycoprotein (Env)
transmembrane subunit gp41 plays a key role in the
early steps of virus-cell fusion process and may serve
as an important target for developing HIV-1 fusion
inhibitors!", During viral entry, gp41 adopts a transient
conformation known as "prehairpin intermediate" in
which a highly conserved therapeutic target, namely
the N-helix trimer, is exposed. In each of the grooves
on the surface of the N-helix trimer, there is a
hydrophobic pocket that accommodates conserved
hydrophobic residues in the gp41 C-terminal heptad
repeat regions (C-helix) to form a stable six-helix
bundle. The formation of the six-helix bundle is a
crucial step in the fusion process. Compounds binding
to the gp4l N-helix and blocking the formation of
six-helix bundle have inhibitory activity on gp4l
mediating viral-cell membrane fusion™, suggesting that
the hydrophobic pocket in the N-helix is an attractive
target for designing new anti-HIV drugs®.

The first member of this new class of anti-HIV
drugs, T-20 (Enfuvirtide, approved by the US FDA in

2003), is a synthetic peptide of 36 amino acid based on
the sequence of the C-helix of gp41 and has been used
to treat HIV/AIDS patients who have failed to respond
to reverse transcriptase inhibitors and protease
inhibitors. T-20 is believed to interact with the gp41
N-helix and block the six-helix bundle formation,
thereby inhibits membrane fusion™. However, lack of
oral availability and high production cost have limited
its utility in clinical treatment®. Lately there has been
considerable interest in developing effective small
molecular inhibitors of gp41. Using the hydrophobic
pocket in the N-helix trimer as target, a number of small
molecular fusion inhibitors have been identified .
Biological assays have confirmed that these small
molecules, as well as some small molecules discovered
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in other ways®”, are able to block the formation of
six-helix bundle thus blocking the viral fusion. In
2006, Frey et al." synthesized a five-helix protein that
resembles the gp4l six-helix core except for the
absence of one of the three out-layer C-helices. This
protein is designed so that the one of the hydrophobic
pockets in the N-helix trimer is exposed as drug target.
Screening assays using this target identified a set of
compounds that interact with the gp41 inner core and
significantly reduce the envelope-mediated membrane
fusion. In 2004, Jiang et al™ discovered two pyrrole
derivatives, NB-2 and NB-64 (Figure 1), which can
inhibit HIV-1 entry by interfering with the formation
of the gp41 six-helix bundle at concentrations lower
than 10 mg/L (ICx,~15 pmol/L). These two inhibitors
have simple "drug-like" structures with small molecular
mass and can be used as leads for designing new
HIV-1 fusion inhibitors. Experimental data indicates
that the carboxylate group in the two inhibitors is
essential for their inhibitory activity but detailed
binding mechanism and ligand-protein interactions are
unknown. In a recent modeling work, Teixeira et al.®
performed 2D, 3D-QSAR analysis on 23 pyrrole
derivatives(including NB-64) as HIV-1 gp41 inhibitors.
The CoMFA model attained in this work characterizes
the fundamental features of the inhibitors for their
inhibitory activities. The authors used molecular
docking to associate the ligand-derived model with
gp4l hydrophobic pocket, nevertheless, the result
doesn't provide specific details of individual inhibitors
interacting with gp41. Moreover, sufficient evidence is
necessary for validating the arbitrary molecular
docking result proposed by the authors.

We have previously proved with in vitro assays
that NB-2/NB-64 could interact with the gp4l
five-helix protein thus inhibiting the C-helix derived
peptide C34 ™ to form a six-helix bundle with the
five-helix protein (data unpublished). In this study, we
use a protocol combining multi-conformation docking,
molecular dynamics (MD) simulation and molecular
mechanics Poisson-Boltzmann surface area(MM-PBSA)/
molecular mechanics Generalized Bormn surface area
(GBSA) methods to investigate the binding modes and
molecular interactions between the gp4l five-helix
protein and these two inhibitors. Multi-conformation
docking is employed to take into account the flexibility
of the protein. To identify the correct binding mode
and reveal the binding mechanism, MD simulations
are carried out for the possible binding modes attained

by docking. The binding energies are calculated using
the MM-PBSA method and further decomposed
through MM-GBSA analysis. The results help to
investigate intermolecular interactions upon binding
and to identify the structural features of the ligands that
are associated with their inhibitory activities. This
study provides good guidance for designing or
discovering new inhibitors targeting HIV-1 gp4l.
Based on the findings of this work, we have designed
and synthesized a series of novel N-substituted pyrrole
analogues as potential HIV-1 fusion inhibitors(Wang C
X, et al. De novo design of HIV-1 gp4l inhibitors.
Journal of Beijing University of Technology).
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Fig. 1 Chemical structures of NB-2 and NB-64

1 Materials and methods

1.1 Preparation of the receptor and ligands

The molecular structures were prepared and
minimized through a series of steps carried out in
SYBYL 7.3P. The X-ray crystal structure of the gp41
core was retrieved from the Protein Data Bank (PDB
code: laik ). The hydrophobic pocket in the gp4l
N-helix [ was used as the target site for molecular
docking. Structural water and one of the C-helixes
were removed from the six-helix bundle to expose the
hydrophobic pocket. For the convenience of further
analysis, the three N-helices were labeled as chains L,
M, N, respectively and the remaining two C-helices, as
chains D and E, respectively. The hydrophobic pocket
is located between chain M and chain N. Hydrogen
atoms were then added to the modified core structure
(five helices) and optimized using Amber99 force
field!" .

The structures of NB-2 and NB-64 were
constructed in SYBYL 7.3. The carboxylic group in
NB-2/NB-64 is set ionized (as expected in physiological
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environment) and will be referred to as carboxylate
group hereafter. The two carboxylate oxygen atoms are
equivalent and the ligands both have a net charge of —1.
The ligands were then assigned Gasteiger-Hiickel
charges and minimized with Tripos force field
parameters through 1 000 steps of steepest descent
minimization followed by 1 000 steps of conjugate
gradient minimization.
1.2 MD simulation and sampling of the receptor
Given the particularly small size of NB-2/NB-64
as well as their special structural features, using the
frozen receptor conformation for docking may fail to
find the correct binding mode of these two ligands. We
therefore performed a 2 ns MD simulation to explore
the flexibility of the receptor. The MD simulation was
carried out in AMBER 8.0 package ™" using Amber
force field 03(ff03)'?. A 10A buffer of TIP3P™ water
molecules was added around the receptor. Na" ions
were added as counterions to neutralize the system.
Particle mesh Ewald (PME) method!™ was applied to
treat long-range electrostatic interactions. The direct
sum cutoff distance for long-range electrostatic and
van der Waals interactions was set to 10.0A. SHAKE
algorithm ") was applied for all the bonds involving
hydrogen atoms. First, the water positions were
minimized with the solute being restricted (restricting
force=10 kcal/mol* A?). Then the solute was allowed to
move and 2 750 steps of minimization (250 steps of
steepest descent followed by 2 500 steps of conjugate
gradient) were performed on the system. After
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gradually heating from 0 K to 300 K with the solute
restricted, the 2 ns MD simulation without restriction
was carried out at 300 K with a time step of 2.0 fs.
Visualizing the MD trajectory in VMD, we find that
the helical structure and the overall protein backbone
are stable during the simulation time; whilst the side
chains experience relatively large fluctuations. The
root-mean-square deviations (RMSDs) of backbone
atoms against the initial conformation are less than
1.5A (Figure 2a). The RMSDs of residues which form
the hydrophobic pocket have an average fluctuation
of (1.7 + 0.4)A (Figure 2b). As observed in the MD
trajectory, the shape of the pocket keeps changing in
the first 140 ps then stays half-closed during the rest of
the simulation. Clustering analysis was performed on
all the structures in MD trajectory using the Jarvis
Patrick method in Gromacs 3.0.1 ™. The structures
were first fitted against the initial conformation on
backbone atoms; an RMSD matrix was then calculated
for the side chains of residues which form the gp41
hydrophobic pocket. Using the RMSD matrix, the
trajectory was clustered with an RMSD cutoff of 0.1A.
Middle structures of clusters which have more than
one cluster member were selected as representative
conformations of the receptor. As a result, five
representative conformations are out of the first 140 ps
MD trajectory and seven are out of the remainder. All
twelve conformations as well as the initial receptor
structure were used in the following multi-conformation
molecular docking.
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Fig. 2 RMSDs of (a) backbone of the receptor and (b) side-chain atoms of residues forming hydrophobic

pocket against the initial receptor conformation with respect to the simulation time

1.3 Multi-conformation molecular docking
AutoDock 4" was used to carry out the docking
in which the grid spacing was set to 0.375A and each
grid map consisted of 80x80x80 grid points in three
dimensions. For each conformation of the receptor,

grid center coordinates were set as the mean
coordinates of atom CG1 in Val570 (chain M) and
atom CH, in Trp571 (chain N). For ligands, all the
single bonds outside the rings were set free to rotate in
20 degree increments. With the other options set as



2010; 37 (8)

MHEFE: HIV-1 BEEA gpdl 5 N-BRMRITEMHESEXTAR

*907-

default, 100 docking runs were performed during each

docking experiment. The docking results were
analyzed by cluster analysis. For each ligand, three
binding modes which have much lower binding free
energies and larger cluster populations than the rest
modes were selected for further analysis.
1.4 MD simulations of the binding complexes
The binding modes attained from docking were
in MD
simulations. Topology prep files for ligands were built
with the general amber force field (gaff)"”? and RESP!®
charges by using Antechamber in AMBER 8.0. For

each of the binding modes, 3 ns MD simulation was

used as initial complex conformations

performed through the same procedure as described
in section 2.2. Snapshots were extracted from the
trajectory at every 13 ps from 400 to 3 000 ps. Finally,
200 snapshots of each binding mode were used for the
following binding energy calculation.
1.5 Binding energy -calculations and energy
decompositions

The binding energies were calculated by using
molecular mechanics Poisson-Boltzmann/surface area
(MM-PBSA) method™ implemented in AMBER 8.0.
MM-PBSA has been successfully used both to rank
different ligands binding to a given site and to rank
different binding modes of a single ligand *”. In this
method, the binding free energy(AG;,) is evaluated as
a sum of the changes in the molecular mechanics
gas-phase binding energy (AFE\), solvation free energy
shift (AG4;,) and entropy contribution (TAS):

A Gbind: Algbind_ TAS, ( 1 )
AEbind: AENUV[_AGSO]V s (2)
AEW=AE ot AE 4+ AE 4, 3)
AGu=AAGri+AAGsa, “4)

Note that Eq.(1) is an approximation under the
assumption of AHyg @y =~ AFEwv when the volume
change during the binding process is negligible under
constant temperature and pressure. The electrostatic
solvation free energies used to evaluate AAGp are
calculated with the finite-difference solution to the
Poisson-Boltzmann (PB) equation ?'. The non-polar
part of the solvation energy (AAGs,) is calculated using
the function

AGsx=ySA+b 3)

where SA is the solvent accessible surface areal

of the complex, receptor or ligand, determined with

LOPO ™! method; the parameters y and b, are set to
0.007 2 kcal/mol* A2 and 0.00 kcal/mol, respectively.

In this study, the single trajectory approach is
applied to estimate the energies, which means the
receptor and ligand geometries are taken from that of
the complex, thus there is no internal energy (AEi.)
contribution to the net MM binding energy (AEw).
Estimation of energies in this manner has been
proven successful in many studies **?>). The separate
trajectories approach in which the three trajectories of
complex, free receptor and free ligand are used for
energy calculation is deficient in practice due to
sampling limitation and large fluctuations. For ligands
binding to a same protein site, the entropy contributions
are not remarkably different when the ligands are of
similar structure. It has been shown in earlier studies
that neglecting the entropy effects of a set of analogues
binding to the
agreements between the calculated and experimental

same receptor results in good

relative binding free energies . Moreover, the
normal-mode analysis, often used to estimate entropy
changes, is computationally demanding and gives large
errors for bio-molecular systems ¥, Therefore, the
entropy contributions are omitted in this study since
we are only interested in the relative order of binding
affinities.

To investigate the energetic contributions of each
residue to ligand binding in different binding modes,
energy decomposition is performed using MM-GBSA
approach wherein the solvation free energies are
calculated with General Born (GB) model ®, and
non-polar contributions to solvation are attained by the
LCPO method™!. The decomposition is carried out on
a pairwise per-residue basis, which lists the binding
energy items for each residue-ligand pair.

2 Results and discussion

2.1 Multi-conformation molecular docking results

The twelve conformations collected from the MD
trajectory of the free receptor and the initial receptor
conformation were used as receptor conformations in
docking. In each docking experiment, the 100 docking
runs were finally clustered and ranked according to the
estimated free energy of binding. For each ligand,
three binding modes which have much lower binding
free energies and larger cluster populations than the
other modes were attained for further analysis. The six
binding modes of each mode are shown in Figure 3. As
expected, none of the seven receptor structures in
which the hydrophobic pocket is half-closed gives
rational results for ligand binding.
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Fig. 3 Binding modes by docking NB-2/NB-64 into gp41 hydrophobic pocket
(a) Three binding modes for NB-2. (b) Three binding mode for NB-64.

From Figure 3a we can see that in Mode [ and
Mode Il , NB-2 adopts similar orientations except for
the positions of the hydroxyl group. In both modes,
the whole NB-2 molecule fits very well into the
hydrophobic pocket and the carboxylate group interacts
with positively charged Arg579 (N). In Mode [ , the
hydroxyl group is buried inside the pocket whereas in
Mode II , the hydroxyl group is placed in an opposite
position. In Mode Il , the carboxylate group of NB-2
orients to the positively charged Lys574 (M); the
pyrrole group occupies part of the hydropobic pocket
while the phenyl group is partly outside of the pocket
region.

In NB-64-Mode [ (Figure 3b), the carboxylate
group interacts with Arg579(N) and the pyrrole group
is deeply buried in the hydrophobic pocket. In NB-64-
Mode II, the chlorine atom points to Arg579(N) while
the carboxylate group points out of the pocket.
NB-64-Mode Il is similar to NB-2-Mode Il , with the
carboxylate group orienting to Lys574 (M), but the
ligand appears to have a better hydrophobic contact
with the pocket due to the conformational change of

the receptor.

2.2 MD trajectories analysis

2.2.1 RMSD analysis. During the 3ns MD simulations,
energetic and structural properties were monitored for
the six systems. The RMSDs and energies converged
in all the six systems, which indicated well-behaved
simulations. Figure 4 shows the RMSDs of ligand
atoms and the backbone atoms in the receptor against
initial complex conformations. As we can see, the
receptor structures are relatively stable in all of the six
simulation systems, while the ligands undergo different
RMSD fluctuations. In NB-64-Mode Il , the large
RMSD of ligand from 1 500 to 1 650 ps (Figure 4b)
implies a remarkable change in position. We observed
that the
orientation during this period of time. The carboxylate

ligand experienced an inversion of
group, which previously interacted with Lys574 (M),
transferred to the opposite side of the pocket. This
indicates that the interactions between Lys574(M) and
the carboxylate group are not strong enough to keep

the ligand in position.
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Fig. 4 RMSD of backbone of the receptor(grey) and the ligand(black) against the initial
complex conformation of each binding mode
(a) Three binding modes for NB-2. (b) Three binding modes for NB-64.

2.2.2 Salt bridge analysis.

Salt bridge interaction is strong electrostatic
structure or
protein-ligand complex. Salt bridge analysis provides

interaction which stabilizes protein

useful information for investigating protein structure
and protein-protein/protein-ligand interaction. The
stability and energy of salt bridge interaction depend
on the medium, thus the cutoff distance varies in
different situations. Here, a cutoff distance of 3.2A is
used to estimate the salt bridges between the carboxylate
group and charged residues in the receptor. The results
are given in Table 1 as occupancies during the
simulation time.

Among the three binding modes of NB-2, strong
salt bridge interactions between carboxylate group and

Arg579 were observed in Mode | and Mode [l . In
Mode [, both the carboxylate oxygen atoms form salt
bridges with Arg579, whereas in Mode Il , only one of
the oxygen atoms forms a stable salt bridge with
Arg579. In Mode Il , the carboxylate group has salt
bridge interaction with Lys574 but is much less stable.
In NB-64-Mode [ , Arg579 forms a stable salt
bridge with one of the carboxylate oxygen atoms and
an unstable one with the other oxygen atom. In
NB-64-Mode Il , weaker salt bridge interactions exist
between the carboxylate group and Lys574. In
NB-64-Mode II , the carboxylate group is placed
externally and interacts with water; correspondingly,
no ligand-receptor salt bridge is observed in this mode.
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Table 1 The occupancies of salt bridges between the carboxylate group
and residues during the simulation time of different binding modes

Ligand Mode Residue: atom ID Group: atom ID Occupation/% Distance/A
NB-2 I Arg579 (N): NH2 Carboxylate: 02 62.50 2.88 +0.12
Arg579 (N): NH1 Carboxylate: O1 45.80 3.00 + 0.13
Arg579 (N): NH2 Carboxylate: O1 30.20 2.83 +0.12
| Arg579 (N): NH1 Carboxylate: 02 82.90 2.83 +0.12
Arg579 (N): NH2 Carboxylate: 02 56.40 2.89 +0.13
I Lys574 (M): NZ Carboxylate: 02 26.20 2.85+0.12
Arg579 (N): NH1 Carboxylate: 02 68.40 292 +0.14
NB-64 I Arg579 (N): NH2 Carboxylate: 02 65.00 2.84 +0.13
Arg579 (N): NH2 Carboxylate: O1 10.20 3.01 +0.12

I _ _ _ _
I Lys574 (M): NZ Carboxylate: 02 35.60 2.84 + 0.14
Lys574 (M): NZ Carboxylate: O1 3.00 3.01 +0.12

Cutoff distance for salt bridge is 3.2A.

2.2.3 Hydrogen bonds analysis. Hydrogen bonds are
essential in stabilizing ligand-receptor complexes.
Table 2 lists the hydrogen bond occupancies and
geometries in all the binding modes. In NB-2-Mode [ ,
the carboxylate group forms two hydrogen bonds with
Arg579 (N) through the two oxygen atoms. In
NB-2-Mode II , only one of the two hydrogen bonds
exists, with a similar stability. In NB-2-Mode Il , one
hydrogen bond is formed between carboxylate group
and Lys574(M) with a very shot lifetime. The hydroxyl
group of NB-2 is a potential H-bond donor and
acceptor, however, no hydrogen bond is formed

between hydroxyl group and the receptor in any of the
three binding modes. In NB-64-Mode [ , the carboxylate
group also forms two hydrogen bonds with Arg579(N)
but one of them is maintained in only 18.80% of the
simulation time. In NB-64-Mode Il , hydrogen bonds
between the carboxylate group and Lys574 (M) exist
for a short time. As mentioned above, the ligand had a
large position deviation during the simulation and
the carboxylate group couldn't interact well with
Lys574(M). In NB-64-Mode I , no hydrogen bond is
formed, which is in accordance with the orientation of
the carboxylate group in this mode.

Table 2 The occupancies of hydrogen bonds formed between the ligand and the receptor

during the simulation time of different binding modes

Ligand Mode Donor Acceptor Occupation/% Distance/A Angle/(°)
Residue: atom ID Group: atom ID
NB-2 I Arg579 (N): NH2 Carboxylate: 02 66.40 291 +0.17 157.61 = 11.16
Arg579 (N): NH1 Carboxylate: O1 31.00 2.85+0.15 156.74 + 11.18
I Arg579 (N): NH2 Carboxylate: 02 64.30 2.95+0.20 144.86 + 9.80
Lys574 (M): NZ Carboxylate: 02 7.80 2.88 +0.17 155.79 + 12.31
NB-64 I Arg579 (N): NH1 Carboxylate: 02 71.00 2.89 +0.20 151.83 + 13.44
Arg579 (N): NH2 Carboxylate: O1 18.80 3.17 £ 0.20 157.17 + 10.08
I _ _ _ _
Lys574 (M): NZ Carboxylate: 02 20.20 2.90 + 0.20 147.56 + 15.16
Lys574 (M): NZ Carboxylate: O1 2.60 3.12+0.22 144.56 + 10.05

Hydrogen bond criteria are 3.5A for donor-acceptor distance and 120.0° for donor-H-acceptor angle.

2.3 Binding energy calculations and energy
decompositions
Binding

energies were calculated for the

snapshots collected from equilibrated trajectories of
the simulation systems and the results are listed in
Table 3. The mode that has the lowest binding energy
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is proposed to be the most favorable binding mode.
The most favorable binding mode of each ligand has a
binding energy about 5 and 7 kcal/mol more than the
second mode, respectively. The data in Table 3 shows
that in all the binding modes, the non-polar interactions
are the main driving forces for binding, wherein the
van der Waals interactions make major contributions,
implying they all have good hydrophobic contacts. In
the two modes with relatively weak van der Waals
interactions (NB-2-Mode [ll and NB-64-Mode Il ), the
ligands cannot fit well in the hydrophobic pocket, as
we have discussed in section 3.1, which lead to weaker

binding affinities. Non-polar solvation terms (AAGs,),
corresponding to the burial of solvent accessible
surface area upon binding, contribute slightly to
binding without noteworthy differences among different
binding modes. We notice that the most favorable
binding modes (NB-2-Mode | and NB-64-Mode | )
have large negative gas-phase electrostatic energies
(AE,.) and are the only two modes that have favorable
polar energies (AE,y,). This is mainly attributed to the
negatively charged carboxylate group which forms
strong salt bridges and hydrogen bonds with the
residue ArgS79(N).

Table 3 Binding energies of different binding modes for NB-2 and NB-64

Ligand Mode AEq. AE s Aby AAGps AAGsa AG AE o AE o’ AEing
NB-2 I -72.37 -20.45 -92.82 70.66 -3.90 66.77 -1.71 -24.35 -26.06
| —-44.23 -22.70 -66.93 49.71 -3.68 46.09 5.54 -26.38 -20.84
I -5.04 -17.12 -22.16 11.52 -3.24 8.28 6.48 -20.36 -13.88
NB-64 I -45.26 -19.58 -64.84 43.74 -3.15 40.59 -1.52 -22.73 -24.25
I -6.05 -23.93 -29.98 16.30 -3.47 12.83 10.25 -27.40 -17.15
I 14.86 -16.94 -2.08 -6.29 -2.97 -9.26 8.57 -19.91 -11.34

) The polar (AE.+AAGps) contributions; ? The non-polar (AE,«+AAGss) contributions. All energies are averaged over 200 snapshots and are

in kcal/mol.

Energy decomposition enables us to observe the
energetic contributions of every residue in the receptor
to ligand binding. Figure 5 illustrates the key residues
for binding and their contributions in different binding
modes. The remarkable difference in polar energy
is mainly attributed to four residues: Lys574 (M),
GIn577 (M), GIn575 (N) and Arg579 (N). Non-polar
contributions come from the residues around the
hydrophobic pocket, as shown in Figure 5c and d. The
energy decomposition combined with binding energy
calculation provides an insight into the receptor-ligand
interactions in each binding mode.

Among the three binding modes of NB-2, Mode |
and Mode [l adopt the same orientation except for the
location of hydroxyl groups. In Mode Il , NB-2 has a
better hydrophobic interaction with the binding pocket
than in Mode [ (implied by AE, in Table 3), which
leads to a favorable overall non-polar binding energy
(AEumpow). This difference, however, is slight when
attributed to individual residues (Figure 5c). The
gas-phase electrostatic interaction (AEy.) of Mode II is
much weaker than that of Mode [ , although this effect
is typically offset by the polar contribution of solvation

free energy (AAGp). The positive AE,u, of Mode II
means the ligand has stronger polar interactions with
the solvent (water molecules) than with the receptor.
Thus, when the ligand transfers from the solvent to the
binding pocket, the overall polar contribution is
unfavorable. Figure 5a shows that the less favorable
AE. of Mode Il arises from a weaker interaction
between the ligand and Arg579 (N), which has been
revealed by the previous salt bridge and hydrogen
bond analysis. The positive AE., of NB-2-Mode III
implies unfavorable -electrostatic energy for this
binding mode, despite a considerable polar interaction
between Lys574 (M) and the ligand (Figure 5a). In
addition, the values of AE. and AE,uu. suggest
weaker hydrophobic interactions in this mode.

In the case of NB-64, Mode [ is apparently
superior with highly favorable polar interactions. As
with NB-2-Mode [ , the polar contributions are mainly
from GIn577 (M), GIn575(N) and Arg579 (N), as we
can see in Figure 5. In NB-64-Mode II, the ligand has
an excellent hydrophobic contact with the receptor;
however, the large positive polar energy gives rise to a
less favorable total binding energy. The polar
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interactions between ligand and individual residues of
NB-64-Mode II are scarcely noticeable (Figure 5b),
determined by the location of carboxylate group in this
mode. NB-64-Mode Il is the only mode that has a
positive electrostatic energy and the non-polar
interaction is the weakest among all the modes. The
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gas-phase electrostatic contribution of Lys574 (M) is
almost cancelled out by the corresponding polar
energy of dissovation. These results suggest that this
site is by no means a favorable site for NB-64 binding
to gp4l.
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Fig. 5 Residues contributing distinctly to the binding affinity of different binding modes
(a) Polar energy of three binding modes of NB-2. (b) Polar energy of three binding modes of NB-64. (¢) Non-polar energy of three binding modes of
NB-2. (d) Non-polar energy of three binding modes of NB-64. = : Mode [ ; = : Mode Il ; = : Modelll.

The above analysis confirms that NB-2-Mode |
and NB-64-Mode [ are the favorable binding modes
and may represent the real binding poses of
NB-2/NB-64 to gp4l. The two ligands bind to the
receptor through very similar mechanics. Binding is
mainly driven by non-polar interactions, especially the
van der Waals interactions between the ligand and the
residues that form the hydrophobic pocket. Gas-phase
electrostatic energy is in favor of the binding but its
contribution to the total binding energy is almost
cancelled out by the large desolvation penalty. Jiang
et al"¥ propose that the negatively charged carboxylate
group may orient either to ArgS79(N) or to Lys574(M).
In our result, the strong electrostatic interactions
between the ligand and Arg579 (N), GIn575 (N),

Lys574(M) indicate this is the favorite site for binding.
Salt bridges and hydrogen bonds between the
carboxylate group and Arg579 (N) account for the
electrostatic interactions and are very important in
stabilizing the ligand-receptor complex. This confirms
a crucial role of the carboxylate group in binding,
which has been suggested in prior experiments!”.

There are slight differences between the binding
modes of the two ligands (Figure 6), due to their
structural features. We can see in Figure 6a that the
pyrrole ring with two methyl groups fits in parallel to
the protein surface while the phenyl ring is placed
perpendicularly in the narrow groove formed by
Trp571 and GIn577. The pyrrole ring of NB-64, which
is smaller in size, binds to the region between Trp571
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and GIn577, ensuring the carboxylate group to have
good
variation of the receptor can also be observed. In

interactions with Arg579. Conformational
Figure 6b, the indolyl ring of Trp571 is approximately
parallel to the phenyl ring of NB-64; a -7 stacking
between these two rings may stabilize the binding
complex. In the other binding modes, w-stacking
interactions are not observed. However, the energetic
contribution of Trp571 is almost the same in NB-64-
Mode [ and Il (Figure 5b). In a recent evaluation of
force fields descriptions for non-bonded interactions™”,
the Amber force field gave noticeable errors in
calculating stacking interaction energies. Therefore,
the -7 stacking (if exists) in NB-64-Mode [ may
have been underestimated, which would also lead to an
underestimated relative binding affinity. The above
result confirms that multi-conformation docking is
necessary to reproduce the real binding behavior when
a similar ligand-protein crystal structure is not

available.

(b)

Fig. 6 Surface representation of the hydrophobic
pocket in gp41 with the docked ligands
(a) NB-2 binding to gp41. (b) NB-64 binding to gp41.

3 Conclusion

By using multi-conformation docking, we took
into account the receptor flexibility upon binding and
attained several possible binding modes of NB-2/NB-64
to the gp41 hydrophobic pocket. 3 ns MD simulations
were successfully applied to all of the binding
energy
decomposition enable us to identify the favorable

complexes.  Binding calculation and
binding modes and important residues in the receptor.
The two

orientations and

inhibitors have very similar binding

ligand-receptor  interactions.
Non-polar interactions, especially van der Waals
interactions are the main driving forces of binding.

Polar interactions play an essential role in determining

the ligand orientation, wherein the electrostatic
interaction between Arg579 and the ligand makes the
largest contribution. Salt bridges and hydrogen bonds
are formed between Arg579 and the carboxylate group
in ligand, which stabilizes the binding complex.

Liu et ol.P" has studied to assess gp41 interactions
with biphenyl compound by using site-directed
mutagenesis. In their study, each of the three amino
acid residues that were suggested to interact with the
compound in N36 was mutated to Ala one at a time.
The results demonstratedance that interaction of the
compound with N36 is highly dependent on gp41
residues Trp571 and Arg579. This show that our
models are in accordance with their experiment®. At
the same time, our results are highly in agreement with
other simulation result®® *, This means we can expect
similar binding modes for the molecules of similar
structures binding to gp41. It is therefore reasonable to
use this predicted binding mode as a scaffold for
designing new HIV-1 gp41 inhibitors.
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HIV-1 BIRE R gp4l 5 N-BUKALIE
ITEMMNE SRR

AHH RAEFE S 2 A AR ZAEH
(LS TR A REE 5 4 TR, Lt 100124)

WE KM T8, 0T34 MDBLRIRI: T 3125 /A - BUR 2RI G HR % 50 T 1% 1 T~ U B &
[ 7 ¥:(MM-PBSA/MM-GBSA), T Wl N- BURRIE AT A 5 HIV-1 B5IRER 1 gpdl Bk D481 45 458850 5 16 FH L.
I TIHEER 2 Mz kg &, IR NG B Pk B LA ] BE K 45 A8 08T MD B, AR5 I MM-PBSA 545 & B8 J7VA R
B A 45 G40 MM-PBSA 45 SRR, SO B AR L4 &M Iy, Akt BAE v T B A g5 Al
FEREL . BB SRR R R, FARINRIE S epdl RIE ArgST9 I A HAE W 45 &6 EEoTik.  RIR TAE N
— Bk N- BRI ATAE MR HIV-1 Gl @y T R i g e ml.

KR HIV-1 @SR, EEEA gpdl, DT, 5 P35, MM-PBSA/MM-GBSA
FRPES RI143, 064 DOI: 10.3724/SP.J.1206.2010.00110
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