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Studies on binding free energies and the binding mode
by docking and MM-PBSA in gp41-ligand complex
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Despite the synthetic peptides inhibit HIV-1 entry, its application may be limited due to the high cost of the peptide
production and lack of its oral availability. Thus, it is necessary to identify the small molecule inhibitors reacting with the
same or overlapping target sites on gp41 recognizing the antiviral peptides. In this paper, a small inhibitor (7P/) is docked
into the hydrophobic grooves of gp41 by using Autodock software, resulting in five alternative energetically favorable
models. The molecular mechanics-Poisson Boltzmann surface area (MM-PBSA) method is applied to calculate the binding
free energies. The data from other studies were used to define our preferred models. We found that only one binding mode is
supported by the experimental evidence. The model could be used to design more effective HIV-1 inhibitors targeted to the

HIV-1 gp41 core structure.

Keywords: MM-PBSA; Binding free energies; Binding mode; Gp41

1. Introduction

Fusion with the host-cell plasma membrane is crucial
stage in the life cycle of HIV, because it is necessary to
facilitate the intracellular deposition of the viral genome
before replication [1]. The evidence has shown that gp41
undergoes a conformational change upon binding target
surface cell receptors, which exposes the hydrophobic
N-helical regions (HR-N) and allows the fusion peptides
to insert into the host cell membrane [2]. This transient
gp41 intermediate then refolds into a stabilized six-helix
bundle structure, which brings both the viral and target
cell membrane into proximity and results in completion
of the fusion process. The fusion-critical helix bundle has
been shown by X-ray diffraction data to exist as a gp41
trimer in which the HR-N peptides form a parallel
trimeric coiled coil and C-helical regions (HR-C)
subsequently pack in an antiparallel fashion into the
hydrophobic grooves formed by the coiled coil [3].
Synthetic HR-C and HR-N peptides have been shown to
inhibit the fusion, presumably by binding to the
prehairpin intermediate and interfering with the for-
mation of the six-helix bundle structure [4,5]. However,
orally bioavailable, low molecular weight inhibitors

of the process would be preferable and provide a
potential platform for drug development against HIV.
Therefore, new strategies focusing on the rational design
of molecules that recognize protein surfaces could prove
fruitful in the development of novel antagonists. Several
research groups have screened for inhibitors that
specifically target this hydrophobic pocket. Using
molecular docking techniques to screen a database of
20,000 organic molecules, Debnath et al. [6] found 16
compounds with the best fit for docking into the
hydrophobic cavity within the gp4l core and with
maximum possible interactions with the target site.
Further testing of these compounds by an enzyme-linked
immunosorbent assay and virus inhibition assays
discerned two compounds (ADS-J1 and ADS-J2) having
inhibitory activity at micromolar concentrations on the
formation of the gp4l core domain and on HIV-1
infection. Ernst et al. [7,8] have also found that
trisfunctionalized 3,2/,2”-terphenyl derivatives serve as
effective inhibitor to target the gp41.

Wang et al. developed molecular mechanics-Poisson
Boltzmann solvent accessible surface area (MM-PBSA)
and applied the method to predict the activity of inhibitors
[9,10] and investigate the binding free energy [11].
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Compared to the more traditional free energy perturbation
simulations, the MM-PBSA method is a slightly less
accurate but a considerably faster approach [12]. In this
work, the binding free energy (BFE) was calculated by
using MM-PBSA. Small inhibitors that bind the
hydrophobic pocket would be attractive starting points
for developing a new class of small anti-HIV inhibitors;
whereas the complex structure of gp41 with small organic
molecules has been unknown. Earlier, we have used
molecular dynamics (MD) simulation and dock methods,
to analysis structure-function relationship between
N-terminal region of HIV-1 gp4l and its C-peptide
inhibitors [13]. The results showed an interesting
correlation with the potency and the a-helical propensity
of peptide. In this paper, we present a binding mode of the
hydrophobic pocket of gp41 with the terphenyl derivative
(TP1I) by used a flexible docking method (Autodock 3)
[14], and will discuss the accuracy of the alternative
docking modes for gp4l of HIV-1 in relation to
experimental evidence. Then we used MM-PBSA method
to calculate the BFE. The calculated free energy by MM-
PBSA is almost in accord with the experiment. The
binding mode can be used in competitive screens to
identify small-molecule drug candidates with similar
inhibitory capabilities.

2. Methods

The starting coordinates for the gp4l-critical structures
were selected from the protein data bank (PDB code
1GZL) [15]. The chemical structure of TP is showed in
figure 1. Docking of inhibitors into receptor (N45) was
carried out using the Autodock 3.0 program [14]. The
inhibitors were placed in the hydrophobic pocket of gp41
for initial position. The Autodock 3.0 program was used to
find the best complex conformation and best binding site
with a rigid receptor structure. One hundred runs of the
space search were carried out to find the best inhibitor—
receptor binding mode. MD simulation of the complex
(N45-PLI) was carried out with the Amber 8 suite of
program [16]. The complex was solvated by adding a
sphere of TIP3P [17] water molecules with 1.8 nm from all
atoms of the complex. The system was first energy
minimized for 30,000 steps with the use of the conjugate
gradient algorithm. Then, the position-restrained MD
simulation was run 0.2 ns. After this, 1 ns MD simulation
was carried out at a time step of 2.0 fs and the nonbonded

OH

>/\0
HO

Figure 1. Molecular structure of the compounds studied: 1, benzene
ring 1(Phl); 2, benzene 2(Ph2); 3, benzene 3(Ph3).

cutoff of 1.2nm. The SHAKE algorithm [18] was used to
constrain bond distances to their equilibrium values in the
simulation. Fifty snapshots were collected from the last
0.5 ns simulations for postprocessing analysis.

The binding free energy, AGy;,g, is estimated in this
approach from computational analysis of a single simulation
of the ligand-bound protein and includes explicit computed
components corresponding to “gas-phase” ligand—protein
interactions (AGyy), conformational entropy (TAS, o), and
solvation contributions (AGgy,):

AGbind = AGgas + AGwlv

= (AGMM - TASc'onf) + AGsolv (])
AGun = AGH + AGR" )

where AGS and AGYPY denote the electrostatic and van der
Walls energetic interactions, respectively.

The solvation free energy in equation (1) can be
expressed as:
+ AGP = AGpp + MGy (3)

solv

AGsol’u = AGele

solv

For each snapshot collected during the simulation,
ligand—receptor interaction energies (AGyp) and the
solvation energies (AG,,,) were calculated with the
MM-PBSA program of Amber 8 (Wang). The config-
urational/conformational entropy component TAS,,¢ was
estimated from normal model computations by the same
snapshots and was computed using the Amber § NMODE.

3. Results and discussion

The results obtained by the Autodock 3.0 procedure
mentioned above are summarized in table 1. Results
differing by less than 0.2nm of root mean square
deviations (rmsd) among each other were grouped into
clusters. Of 100 runs, 32 clusters were obtained. Only the
top five clusters are shown in table 1, ranked according to
the total docking energy E\y,. That is the sum of the
intermolecular energy (Ej,.;) and an estimate of the
intramolecular strain (Ej,.,), calculated from the internal
van der Waals and electrostatic energies. The docking
procedure resulted in five energetically favorable modes
for positioning 7P/ in this binding site (see table 1).
The mutational analysis indicates that two of the N-helix
residues (Leu568 and Trp571) comprising the cavity are
critical for membrane fusion activity [19]. Our docking
results display that in the other modes except mode b

Table 1. Overview of the docking results.

Cluster N Eimer Einlm Etn/ul

1 15 —36.42 2.26 —34.16
2 3 —33.66 0.96 —32.69
3 10 —35.87 3.85 —32.02
4 6 —34.53 297 —31.56
5 9 —31.60 0.71 —30.89

All energy values are given in kJ/mol.
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Figure 2. Docking modes for the binding of TP/ to the gp4l (a—e).
Modes a—e, respectively, of TP docked in the receptor binding site.

(figure 2), the TP is located in the hydrophobic pocket of
N45. Chan et al. [2] have found that three hydrophobic
side chains from the C-helix (Trp628, Trp631, and Ile635)
enter deeply into this cavity and are important for the
stability of the six-helix bundle and for viral fusion.
The X-ray crystal structure of the core structure of the
gp41 ectodomain reveals that three N-terminal helices
form a central three-stranded coiled coil, whereas three
C-terminal helices pack obliquely against the outside of
the N36 coiled-coil trimer in an antiparallel orientation
[20,21]. Our results show that in mode a, ¢, and d, TP/ fills
obliquely in the antiparallel orientation into the hydro-
phobic grooves on the surface of N45. According to
information from X-ray crystallography, the hydrophobic
pocket is formed by 11 residues on each strand: Leu565,
Leu566, Leu568, Thr569, Val570, Trp571, Gly572,
Ile573, Lys574, Leu576, and GIn577, and two indole
rings from the C-peptide (Trp628 and Trp631) insert into a
deep hydrophobic cavity [20]. Our results show that two

benzene rings of TPl are located in the hydrophobic
pocket of N45, in modes (a), (¢)—(e).

Hydrophobic interactions (HI) were analyzed using
LIGPLOT program [22]. LIGPLOT expresses the
hydrophobic interaction as van der Waals contacts
involving nonpolar atoms between a ligand and a protein.
We use the number of van der Waals contacts of nonpolar
atoms (NPA) to represent the hydrophobic interaction
strength throughout this paper. The N-peptide residue
11e573 borders the regions of high hydrophobic affinity
occupied by Trp631 in the complex of N- and C-peptides”.
Mutations of Ile573 to hydrophilic residues (Asp, Glu,
Gly, and Ser) yield strongly suppressed fusogenic activity,
whereas mutations to hydrophobic residues (Leu and Val)
have only a small effect, with Ala producing an
intermediate phenotype [23]. In modes a, b and d, there
are hydrophobic interactions between phenyl rings of PL/
and I1e573 of N45 (Table 2). In mode a, it is eight that the
number of the hydrophobic contacts between Ph3 of PL/
and Ile573 of N45, however, there are only one
hydrophobic contact between Ph2 of PLI and Ile573 of
N45 and three hydrophobic contacts between Phl of PLI
and Ile573 from N45, in mode d (table 2). Another small
site appears in the indole ring of Trp571 of the N-peptides
[24]. The hydrophobic interactions between benzene rings
and Trp571 appear in modes a, ¢, d and e. Siebert et al.
[24] found that Trp-631 is the most tightly bound amino
acid in the hydrophobic pocket, having extensive
hydrophobic interactions at three sites of the indole ring.
Chan et al. [25] find that mutation of Trp-631 to Ala
dramatically worsens the ability of free C-peptides to
inhibit viral entry, increasing the 1Cs, value = 30-fold
compared to those of wild-type C-peptides. Less dramatic
but still substantial effects were seen for mutations of Trp-
628 and Ile-635 to Ala, with 5- and 2-fold increases in the
1Cs values, respectively [25]. In mode d, ph2 is the most
tightly bound benzene rings in the cavity, because it is the
most that NPA between ph2 and hydrophobic pocket
(table 2). Figure 3 shows the binding mode between PLI
and N45 in mode d. The interactions between PL/ and
N45 are dominated by the hydrophobic interactions, and
the number of the hydrophobic contacts reaches as high as
32 (Table 2). Analysis of the protein-inhibitor interactions

Table 2. The hydrophobic interactions between the N45 and Phl or Ph2 or Ph3 in all modes.

Mode a Mode b Mode ¢ Mode d Mode e
Group
Residue Number” Residue Number” Residue Number” residue Number” residue Number”
Phl Gly572 1 Leu576 2 Gly572 8 Leu576 6 Trp571 4
Trp571 4 Gly572 8 Thr569 1 11e573 3 Leu568 5
Ph2 Gly572 7 1le573 2 Gly572 2 Leu576 1 Gly572 4
Thr569 4 Gly572 3 Trp571 3 1le573 1 Thr569 8
Thr569 6 Leu568 3 Gly572 9 Leu568 2
Thr569 3
Ph3 Leu576 2 Thr569 3 Leu568 7 Gly572 2 Thr569 4
1le573 8 Trps71 1
Gly572 1 Thr569 1
Leu568 5

The hydrophobic interactions with distances of less than 0.35nm (generated by Ligplot*). * The number of hydrophobic contact.
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Figure 3. Schematic diagrams showing hydrophobic interactions between PLI and N45 in mode d obtained by Autodock. Amino acid residues of N45

that have hydrophobic interactions with PL/ are shown as spiked.

shows that the Gly572, 1le573, Leu576 and Thr569 of N45
are involved in interactions with the benzene rings of PLI
(figure 3).

The binding free energy between PL/ and gp41 was
calculated with the MM-PBSA method. Examining the
free-energy component analysis, we see that the predicted
binding free energy is dominated by the van der Walls
(Table 3). Otherwise, the value of hydrophobic interaction
energy ((AGYPY 4+ AGnp) = —117.42kJ/mol) under-
scores the fact that hydrophobic contributions dominate
the binding free energy of gp41 ligand in that they are an
order of magnitude greater than the electrostatic
contributions. In an examination of the free-energy
components in table 3, one notes that the hydrophobic
accounts for approximately 98% of the total predicted
binding free energy. Its calculated value (AG.y.) is
—28.13 kJ/mol, somewhat more negative that the AGeyy
of —25.83kJ/mol (table 3). Thus, overall, our data favor

the modes d since it is supported by experimental
evidence. This ability to determine the accuracy of the
modes by experimentation is extremely important as has
been demonstrated both by the production of two different
modes of the gp41, and by the demonstration that the
ligand-binding subunits of the receptor may rotate on
agonist binding. The generalized Born approach [26] (GB)
equation combines the Coulomb and the Born free energy
terms and is considerably less computationally demanding
than the PB method, but less accurate. However, the GB
method represents a compromise between computational
simplicity, fast calculation times and precision, making
the method more appropriate for qualitative rather than
quantitative analysis. Furthermore, energy decomposition
is performed for gasphase energies, desolvation free
energies calculated with GB, and nonpolar contributions
to desolvation using the LCPO method [27]. After MD
simulation, there are hydrophobic interaction between

Table 3. Results of free energy calculation by MM-PBSA and NMODE.

AGYPY AGSe AGpg AGyp AG 010

int nt

Polar” Apolar® TAS AG qie AGeX,,,f

—103.64 —813.59 811.25 —13.77 —119.89

—234 —117.42 —89.29 —28.13 —25.83

All energies are in units of kJ/mol. *Polar = AE,. + AAGpg; apolar = AE,q,, + AAGsa. T See Naicker et al. and Ernst.
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Table 4. Energy contribution of the key residues computed by GB

method.

Residue no.” Polar Apolar Total

Leu566 0.17 —1.26 —1.09
GlIn567 0.75 —0.33 0.42
Leu568 247 —6.70 —4.23
Thr569 2.47 —13.35 —10.88
Val570 0.59 —0.84 —0.25
Trp571 1.42 —4.69 —-3.27
Gly572 1.51 —7.62 —6.11
11e573 0.67 —-6.91 —6.24
Lys574 —0.54 -0.59 —1.13
GIn575 —4.52 —-532 —9.84
Leu576 0.63 —8.25 —-7.62
GIn577 0.57 —0.33 0.24

All energies are in units of kJ/mol. " The residue number are according to the HIV-1
gp160 sequence.

the residue Leu568, Thr569, Gly572, 1le573, Lys574,
GIn575, Leu576 of N45 and PLI (table 4). Ferrer found
Asp632 of the HR-C peptide is in close proximity to
Lys574 for ionic interaction and may also play an
important role in the stabilization of the sixstranded
bundle formed by the HR-N and HR-C fragments in gp41
[28]. A recent mutation study demonstrated that the
charged residues in the gp41 coiled-coil domain may also
be important for gp41-mediated membrane fusion [29].
Our result shows that there is electrostatic interactions
between Lys574 and GIn575 from N45 and PL1 (table 4).

4. Conclusion

The HIV-1 gp41 N-peptide coiled coil offers an attractive
target for blocking viral entry into the host cell. During
viral fusion, the native C-peptides of gp41 bind into three
symmetric grooves on the surface of the transiently
exposed N-peptide coiled coil. Within each groove, a
prominent hydrophobic pocket has been the focus of drug
development efforts. To design potent inhibitors that bind
to this large yet shallow groove, it is important to explore
the binding mode between small molecule and the cavity.
Here, we use Autodock program to find binding mode
between small molecule and hydrophobic pocket of gp41
N-peptide. It is found that five alternative energetically
favorable models are present. According to the crystal-
lographically determined binding modes of inhibitors and
C-peptide complexes, as well as mutation data for
N-peptides and inhibition of viral entry by C-peptides,
we think that the mode d is the most reasonable. The value
of computed free energy by MM-PBSA is almost in
accord with the value of experiment. In our binding mode,
two benzene rings of small molecule inhibitors insert into
the cavity of N45, the inhibitors pack obliquely in a
parallel orientation, and the N-peptide residue I1e573 has
high hydrophobic affinity with the benzene rings of PLI.
By use of this binding mode, compound databases can
then be screened rapidly. Otherwise, the model will be
used as foundation to design more effective HIV-1
inhibitors targeted to the hydrophobic pocket of gp41.
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