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The binding mechanism of AC1NX476 to HIV-1 prote-
ase wild type and mutations was studied by the dock-
ing and molecular dynamics simulations. The binding
free energy was calculated using the double-annihila-
tion binding free energy method. It is shown that the
binding affinity of AC1NX476 to wild type is higher than
not only ritonavir but also darunavir, making
AC1NX476 become attractive candidate for HIV treat-
ment. Our theoretical results are in excellent agree-
ment with the experimental data as the correlation
coefficient between calculated and experimentally
measured binding free energies R = 0.993. Residues
Asp25-A, Asp29-A, Asp30-A, Ile47-A, Gly48-A, and
Val50-A from chain A, and Asp25-B from chain B play
a crucial role in the ligand binding. The mutations were
found to reduce the receptor–ligand interaction by wid-
ening the binding cavity, and the binding propensity is
mainly driven by the van der Waals interaction. Our
finding may be useful for designing potential drugs to
combat with HIV.
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The human immunodeficiency virus (HIV), which is the
cause of acquired immunodeficiency syndrome (AIDS),
currently infects approximately 34 million people around
the world. Nearly 30 million people have died of

AIDS-related causes from the beginning of the epidemic
(1–3). HIV-1 protease (HIV-1 PR) is an essential enzyme in
the life cycle of HIV for the protein maturation and viral
infection (4). This is the reason why it has become one of
the most popular targets in the structure-based drug
design. The licensed drugs available for HIV-1 PR include
saquinavir, ritonavir, indinavir, nelfinavir, amprenavir, and
lopinavir (5).

After the discovery of HIV-1 PR inhibitors, powerful reverse
transcriptase inhibitors have also been introduced into the
clinical practice (6). However, protease inactivation remains
a fundamental therapeutic tool, and new HIV-1 PR inhibi-
tors, such as darunavir (7), become available after 2005
and are currently used in association with reverse trans-
criptase inhibitors. Moreover, the proficiency of HIV-1 PR-
based therapies is limited in time due to the occurrence of
drug-resistant mutant viral strains (8,9) and severe side-
effects. Therefore, the development of new inhibitors that
are efficient for both wild type and its mutations is still an
object of intense research.

The binding affinity of ligands to HIV-1 PR has been inten-
sively studied by molecular dynamics (MD) simulations
(10–13). The double-decoupling free energy simulation
method (14) was used to estimate the contribution to the
binding free energy from interfacial water molecules
resided in the crystal structure of HIV-1 protease in com-
plex with potent inhibitor Kynostatin 272 (KNI-272) (15).
The interaction of ritonavir (16) and darunavir (17) with
HIV-1 PR has been investigated using the MM-PBSA
method (18). This method in combination with quantum
mechanical calculations indicated the importance of the
stability of HIV-1 PR flaps toward binding of darunavir (19).
A comparative study of saquinavir complexed with wild-
type HIV-1 PR and single mutants was carried out by
Tzoupis and coworkers (20) using MD, MM-PBSA, and
thermodynamic integration approaches. Recently, the
computation of binding free energies of some HIV-1 PR
inhibitors, which may be clinically relevant, has been per-
formed by a combination of MM-PBSA and MM-GBSA
methods (12).

The compound AC1NX476, which is also known as
brecanavir analog 5, is a small molecule discovered by
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Hanlon et al. (21). The experiment showed that it can
block HIV-1 PR wild-type (WT) activity with inhibition con-
stant Ki = 6 fM (21), which corresponds to the binding free
energy MGexp = �19.54 kcal/mol. AC1NX476 also has the
high binding affinity to HIV-1 PR mutation 1 (I50V), muta-
tion 2 (M26I, L63P, A71V, V82F, and I84V), and mutation
3 (L10I, L19Q, K20R, E35D, M36I, S37N, M46I, I50V,
I54V, I62V, L63P, A71V, V82A, and L90M) with
MGexp = �15.92, �16.17 and �17.01 kcal/mol (21),
respectively. In what follows, the mutations 1, 2, and 3 will
be referred to as MT1, MT2, and MT3. Note that the bind-
ing free energy of ritonavir to WT MGexp = �14.70 kcal/
mol) (22), currently used for treatment of HIV/AIDS, is
smaller in magnitude than that of AC1NX476 to HIV-1 PR
sequences. Therefore, AC1NX476 would be a good inhibi-
tor not only for WT, but also for its mutations.

Despite a potential importance of AC1NX476 for HIV treat-
ment, its binding mechanism to HIV-1 PR variants has not
been studied theoretically. The goal of this study was to
estimate the binding free energy of AC1NX476 to HIV-1
PR WT and mutations and to understand the main factors
governing its binding affinity. The knowledge about such
factors would considerably save our time to search for
potential drugs for HIV/AIDS.

The binding properties of AC1NX476 to HIV-1 PR variants
were first analyzed by the molecular docking method. As
this method is not accurate enough, the binding free
energy was further refined using the free energy perturba-
tion (FEP) method (23). For comparison with AC1NX476,
we have also studied the binding of ritonavir and darunavir
to HIV-1 PR WT by the same FEP method. It is shown
that, in agreement with the experiments, the ranking of
binding affinity of AC1NX476 to HIV-1 PR sequences is
WT > MT2 > MT3 > MT1. Moreover, the correlation
between experimental and theoretical values of MGbind is
very high implying that the FEP method is a useful tool for
studying ligand binding to proteins. The van der Waals
(vdW) interaction was found to dominate over the electro-
static interaction, but electronegative atoms of ligand are
prominent in blocking activity of HIV-1 PR. Residues
Asp25-A, Asp29-A, Asp30-A, Ile47-A, Gly48-A, Val50-A,
and Asp25-B in the binding site play a key role in
AC1NX476 binding (hereafter, mutated residues will be

highlighted by bold font). One can show that the binding
free energy depends on the number of non-bonded water
molecules interacting with the ligand and the volume of
binding cavity.

Methods and Materials

Crystal structure of receptors and ligands
The two-dimensional plot of AC1NX476 (C34H41N3O10S) is
shown in Figure 1, while its 89 atoms are presented in Fig-
ure S1. The three-dimensional structure of this compound
was built and optimized with the help of Gabedit-2.4.6
software (24). HIV-1 PR has two chains A and B spanning
residues Pro1-A–Asn99-A and Pro1-B–Asn99-B, respec-
tively.

The starting structure of HIV-1 PR WT with bound ritonavir
was taken from the Protein Data Bank (PDB) [PDB ID:
1HXW (25)]. The 2D structure of ritonavir is shown in Fig-
ure S2. The darunavir bound to WT at two different posi-
tions will be referred to as darunavir 1 and darunavir 2,
and the corresponding structures were taken from PDB
[PDB ID: 4LL3 (26)]. The 2D structure of darunavir is
shown in Figure S2. The X-ray diffraction structure of MT1
was also taken from PDB [PDB ID: 2R3T (27)]. Because
the atomic structure of MT2 is currently unavailable, we
used the closest structure of HIV-1 PR mutation (K20R,
V32I, L33F, M46I, L63P, A71V, V82A, I84V, and L90M in
chain A) with PDB ID 2B7Z to generate its structure by the
mutagenesis module in the PYMOL package (28–30).
Finally, the structure of MT3 was taken from PDB [PDB ID:
2FDD (31)].

Because structures of all sequences complexed with
AC1NX476 are not available in the PDB, they were
obtained by docking AC1NX476 to PDB structures 1HXW,
2R3T, 2B7Z, and 2FDD for WT, MT1, MT2, and MT3,
respectively. The list of all structures used in our simula-
tions is given in Table S1, while their plots are shown in
Figure 1 and Figure S3.

As the protonation state of residues Asp25-A and Asp25-
B may significantly affect the ligand binding (32), we con-
sider this problem in detail. In the WT+ritonavir case,

Figure 1: Chemical structure of AC1NX476
(left) and the equilibrium structure of solvated
complex WT+AC1NX476 (right). Shown are
four receptors WT, MT1, MT2, and MT3
used in theoretical calculations.
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Asp25-A is protonated, while Asp25-B is deprotonated
(16). Aspartic acid residues of the active site were mod-
eled in protonated state for the WT+darunavir complex,
according to previous experimental and theoretical studies
(33–35). Because neither experimental nor theoretical infor-
mation on protonation state of Asp25-A and Asp25-B is
available for complexes with AC1NX476, the PROPKA ser-
ver (36–39) was used to analyze the protonation state of
both residues. As in the case of WT+ritonavir, for all
sequences, Asp25-A is protonated with deprotonation of
Asp25-B.

In our simulations, Asp29, Asp30, Asp60, Glu21, Glu34,
Glu35, Glu65, and His69 in both chains are deprotonated,
while Lys14, Lys20, Lys43, Lys45, Lys55, Lys70, Arg8,
Arg41, and Arg57 from chain A and B are protonated. This
information was also obtained by the PROPKA server.

Docking method
Starting structures of receptor–ligand complexes were gen-
erated using Autodock Tools 1.5.4 (40). AUTODOCK VINA ver-
sion 1.1 (41) was employed to dock AC1NX476 to WT and
mutations. This docking method uses the idea of empirical
scoring (42,43) that the total binding energy can be sepa-
rated into several physically distinct contributions. The Broy-
den–Fletcher–Goldfarb–Shanno method (44) was
implemented for local optimization, while the atomic interac-
tions were described by the modified version of CHARMM
force field (45,46). The maximum energy difference between
the best and worst binding modes was chosen to be 7 kcal/
mol. Twenty binding modes were generated with random
positions of a ligand that has fully flexible torsion degrees of
freedom, but the receptor flexibility is not allowed. The cen-
ter of grids was placed at the center of binding site, and grid
dimensions were chosen large enough (24 9 26 9 40 �A) to
cover the entire binding site of receptor.

Molecular dynamics simulations
For those complexes the holo-structures of which are
available in PDB, we used the PDB structures as starting
configurations for molecular dynamics (MD) simulations.
Thus, the PDB structure [PDB ID: 1HXW (25)] was used
for the WT+ritonavir, while the structure with PDB ID 4LL3
(26) was used for WT+darunavir 1 and WT+darunavir 2
(Table S1). Recall that darunavir 1 and 2 refer to com-
plexes with darunavir in position 1 and position 2, respec-
tively. Because holo-structures of complexes of
AC1NX476 with HIV-1 PR variants are not available in
PDB, the lowest binding energy configurations, obtained
by the docking method, were used as the starting configu-
rations for MD runs (Table S1). The initial structures of all
complexes are shown in Figure S3.

We have also performed MD simulations for AC1NX476, ri-
tonavir, and darunavir in solvent for the double-annihilation
binding free energy analysis. The GROMACS 4.5.5 package

(47) was utilized to run MD simulations with the Gromos96
43a1 force field (48,49) and SPC water model (50) because
this water model is the most suitable partner for Gromos96
force field in studying the protein–ligand interaction (51). The
PRODRG2 Beta server (52) was used to generate topology
parameters for AC1NX476 and ritonavir. As charges
assigned by this server (52) provide unrealistic partitioning
between water and cyclohexane phases (53), we used
restrained electrostatic potential (RESP) method (54) to esti-
mate charges at the Hartree–Fock (HF)/6-31G(d) level in the
gas phase.

The accurate leapfrog stochastic dynamics integrator was
employed for MD simulations (55) at 300 K with a relaxa-
tion time of 0.1 ps at 1.0 atm and the Parrinello-Rahman
pressure control (56). We used LINCS (57) with order 8 to
constrain only the bonds involving hydrogen atoms, and
the time step 2 fs was chosen. The fast smooth particle-
mesh Ewald electrostatics (PME) method (58) was
employed to compute the electrostatic interaction. The
cutoff of the Lennard-Jones interaction was set equal
0.9 nm, while the non-bonded interaction pair list with a
cutoff of 1.0 nm was updated every 10 fs. The dodecahe-
dron boxes with periodic boundary conditions contained
more than 10 000 and 900 water molecules for complex
and ligand in solvent, respectively. Counter ions Na+ have
been added to neutralize the system.

By carrying out three energy minimization steps with the
steepest decent, conjugate gradient, and low-memory
Broyden–Fletcher–Goldfarb–Shanno method (44), the sol-
vated complex and ligand systems were first minimized
until the maximum force became smaller than
2 9 10�6 kJ/(mol nm) for the solvated complex and
10�6 kJ/(mol nm) for the solvated ligand. We applied a
weak restrained force for solvated systems using harmonic
potential and performed constant temperature MD simula-
tions for 100 ps. To reach equilibrium, we have performed
simulations of 20 ns for the solvated complexes and 2 ns
for solvated ligands. The last snapshots will be used for
further MD simulations to estimate the binding free energy
by the FEP method.

Free energy perturbation method
The docking method provides reasonable information about
the location of binding pocket, but it is not accurate enough
for estimating the binding energy due to omission of recep-
tor dynamics and a limited number of trail positions of
ligand. Therefore, we further refined the docking results by a
more expensive but accurate FEP method (23).

In the FEP method, the free energy difference between two
states A and B is obtained using MD simulation during
which the Hamiltonian of the system changes from A Hamil-
tonian to the B Hamiltonian through so-called k intervals.
The transformation must be performed when a system
remains in equilibrium state. The coupling parameter k is
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used to modify the Hamiltonian from pure state A (k = 0) to
pure state B (k = 1). The change of free energy between
two state ki and ki+1, MGki? ki+1, can be determined by Ben-
nett’s acceptance ratio (BAR) (59). Then, the free energy dif-
ference between state A and state B is sum over the
intervals:

DG ¼
Xk1

k0
DGki!kiþ1

(1)

Here,

DGki!kiþ1
¼

Z kiþ1

ki

@HðkÞ
@k

� �
k0
dk0 (2)

H is Hamiltonian of the system.
The Coulomb interaction between two atoms depends on
k as follows

VC ¼ f

er f rij
1� kð ÞqA

i q
A
j þ kqB

i q
B
j

h i
(3)

where f = 1/4pe0.
For the vdW interaction, one has

Vvdw ¼ ð1� kÞCA
12 þ kCB

12

r12ij
� ð1� kÞCA

6 þ kCB
6

r6ij
(4)

The similar expressions for local interaction energies may
be found in the GROMACS manual (47).

In a free energy calculation where particles appear or dis-
appear, the use of the simple linear interpolation of the
Lennard-Jones and Coulomb potentials as described in
eqn 3 and eqn 4 may lead to poor convergence. When
the particles have nearly disappeared, or are close to
appearing (at k close to 0 or 1), the interaction energy will
be weak enough for particles to get very close to each
other, leading to large fluctuations in values of oV/ok.

To overcome these difficulties, the singularities in the
potentials need to be removed by modifying the regular
Lennard-Jones and Coulomb potentials with ‘soft-core’
potentials that limit the energies and forces involved at val-
ues between 0 and 1, but not at k = 0 or 1. In GRO-
MACS, the soft-core potentials VSC are modified versions
of the regular potentials, so that the singularity in the
potential and its derivatives at r = 0 is never reached:

VSC ¼ ð1� kÞVAðrAÞ þ kVBðrBÞ (5)

rA ¼ ðar6Akp þ r6Þ1=6 (6)

rB ¼ ðar6Bkp þ r6Þ1=6 (7)

where VA and VB are the normal van der Waals or electro-
static potentials in state A (k = 0) and state B (k = 1),
respectively, a is the soft-core parameter, p is the soft-
core k power, and r is the radius of the interaction. In our
simulations, p = 2 and a = 1.5 (60). Then, the derivative

@VSCðrÞ
@k

¼ VBðrBÞ � VAðrAÞ þ pa
6

½kFBðrBÞr�5
B r6Bð1� kÞp�1

� ð1� kÞFAðrAÞr�5
A r6Ak

p�1
A �

(8)

can be used for estimation of the free energy with the
help of eqn 2.
In the double-annihilation binding free energy method (61–
63), the binding free energy of ligand to protein MGbind is
determined as the difference between MG2 and MG1

(MG2–MG1), where MG1 is the free energy change associ-
ated with removal of a ligand to the gas phase from protein
complexed with the ligand in solution and MG2 is the free
energy change of removal of a ligand from the bulk solvent
to the gas phase. Thus, the double-annihilation binding free
energy method requires the calculation of free energy not
only for the solvated complex but also for solvated ligand.

In this study, the non-bonded interactions between the
ligands and other molecules were parameterized by the
coupling parameter k. We used 21 k points to reduce the
vdW interaction and 12 k points to reduce the Coulomb
interaction with a soft-core potential (62,63). For both the
solvated complex and ligand systems, k = 0.0, 0.1, 0.2,
0.275, 0.375, 0.45, 0.55, 0.65, 0.675, 0.725, 0.75, 0.775,
0.8, 0.825, 0.85, 0.875, 0.9, 0.925, 0.95, 0.975, and 1.0
for the vdW interaction and k = 0.00, 0.10, 0.25, 0.45,
0.55, 0.65, 0.70, 0.75, 0.80, 0.90, 0.95, and 1.00 for the
electrostatic interaction. Thus, one has to perform a total
33 independent MD simulations with different k but keep-
ing the same randomly generated initial momentum distri-
butions and configurations. Each MD simulation with a
given value of k lasts for 1 ns. Then, the free energies
were calculated by BAR (59) between k states (61–63)
through potential energy differences between independent
samples neighboring in k. The results were collected from
4 independent trajectories for the complexes with
AC1NX476, darunavir 1, and darunavir 2 and 1 trajectory
for the complex WT+ritonavir.

Tools and measures used for data analysis
A hydrogen bond (HB) was formed if the distance between
donor D and acceptor A is ≤3.5 �A and the D-H-A angle is
≥135 degrees. A non-bonded contact (NBC), that is, con-
tact between atoms that are neither covalently bonded,
nor interacting via hydrogen bonds, is defined as contact
between atom C or S of ligand and any atom of either
protein or water molecules when the distance between
them falls in the range of 2.9–3.9 �A. The HBs and
NBCs were analyzed using LigPlot++ version 1.44 (64).
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The electrostatic and vdW interaction energies were
calculated to uncover factors that may play an important
role in the ligand binding process.

Results and Discussion

Docking results and initial structures for MD
simulations
We first checked the docking protocol for WT+ritonavir
and WT+darunavir for which PDB structures are available.
As the best docking pose of these ligands in the binding
pocket is almost the same as in PDB structures, the Auto-
dock Vina used in this work is reliable.

Because holo-structures of WT+AC1NX476, MT1+AC1NX
476, MT2+AC1NX476, and MT3+AC1NX476 are still unavail-
able in PDB, the Autodock Vina 1.1 has been employed to
predict the pose of AC1NX476 in the binding site. The PDB
apo structures, obtained from PDB holo-structures by
removing ligand, were used for docking (Table S1). To achieve
high accuracy, the exhaustiveness parameter in Autodock
Vina (65) was set equal 4000 for AC1NX476 (66,67).

The hydrogen bonds and NBCs between AC1NX476 and
WT in the best (lowest binding energy) docking mode (Fig-
ure S4) were studied by the HBPLUS program (68) and visu-
alized by LigPlot++ version 1.44 (64). One can show that
AC1NX476 has three hydrogen bonds with Asp29-A,
Asp30-A, and Asp30-B. Ten residues from chain A, Asp25-
A, Gly27-A, Asp29-A, Asp30A, Val32-A, Ile47-A, Gly48-A,
Gly49-A, Ile50-A, and Ile84-A, and 11 residues from chain
B, Asp25-B, Asp27-B, Ala28-B, Asp30-B, Val32-B, Gly48-
B, Gly49-B, Ile50-B, Pro81-B, Val82-B, and Ile84-B, experi-
ence the interaction with ligand (Figure S4).

Only one HB between AC1NX476 and residue Gly27-B of
MT1 has been found, but there are 25 NBCs with residues
Arg8-A, Asp25-A, Asp29-A, Asp30-A, Val32-A, Ile47-A,
Gly48-A, Gly49-A, Val50-A, Pro81-A, Val82-A, Ile84-A,
Asp25-B, Gly27-B, Ala28-B, Asp29-B, Asp30-B, Val32-B,
Ile47-B, Gly48-B Gly49-B, Val50-B, Phe52-B, Phe53-B,
and Ile84-B (Figure S5). Note that two mutation points
Val50-A and Val50-B belong to this list.

The list of MT2 residues, which have non-bonded interac-
tions with AC1NX476 (Figure S6), contains Asp25-A,
Gly27-A, Ala28-A, Asp29-A, Asp30-A, Val32-A, Ile47-A,
Gly48-A, Gly49-A, Ile50-A, Phe82-A, Val84-A, Asp25-B,
Gly27-B, Ala28-B, Asp29-B, Asp30-B, Val32-B, Ile46-B
Ile47-B, Gly48-B, Gly49-B, Ile50-B, Phe82-B, and Val84-

B. Among them, Asp29-B and Gly48-B also form HB with
the ligand, while Phe82-A, Val84-A, Phe82-B, and
Val84-B are mutation points.

In the best docking mode of complex MT3+AC1NX476,
although MT3 has 28 point mutations, only four residues
Val50-A, Val50-B, Ala82-A, and Ala82-B participate in

the NBC network with other 20 residues (Leu23-A, Asp25-
A, Gly27-A, Ala28-A, Asp29-A, Asp30-A, Val32-A, Gly48-
A, Ile84-A, Leu23-B, Asp25-B, Asp27-B, Ala28-B, Asp30-
B, Val32B, Gly48-B, Gly49-B, Pro81-B, and Ile84-B) (Fig-
ure S7). The residues Asp29-A, Asp30-A, and Asp30-B
also form HB with AC1NX476.

Using the structures obtained in the best docking mode
(Figure S3) and the software DoGSiteScorer (69), one can
show that in the presence of AC1NX476, the volume of
binding cavity is � 897, 873, 1038, and 775 �A3 for WT,
MT1, MT2, and MT3, respectively. Thus, the mutations
alter not only the network of HBs and hydrophobic interac-
tions but also the geometry of the active site of receptor.
In addition, among mutation points, only residues Val50-A

(MT1 and MT3), Thr80-A (MT2), Ala82-A (MT3), Val84-A
(MT2), Val50-B (MT1 and MT3), and Ala82-B (MT2 and
MT3) directly impact on the AC1NX476 binding affinity.

The X-ray diffraction structure of the complex WT+ritonavir,
taken from PDB, was used to analyze non-bonded interac-
tions. The NBC network includes 21 residues (Asp25-A,
Gly27-A, Ala28-A, Asp29-A, Gly48-A, Gly49-A, Ile50-A,
Val82-A, Ile84-A, Arg8-B, Asp25-B, Gly27-B, Ala28-B,
Asp29-B, Asp30-B, Val32-B, Gly48-B, Gly49-B, Ile50-B,
Pro81-B, and Val82-B) (Figure S8). Ritonavir also binds to
Gly27-A, Asp29-A, Gly48-A, and Asp30-B via hydrogen
bonding. Therefore, ritonavir, which has the binding energy
to the HIV-1 PR WT higher than AC1NX476, has more HBs,
but the number of NBCs is less suggesting that the hydro-
phobic interaction dominates over the hydrogen bonding.

Darunavir has two possible positions in the experimentally
resolved structure with WT (PDB ID: 4LL3). In position 1,
darunavir has five HBs with Asp25-A, Asp30-A, Glu27-B,
and Asp29-B (Figure S9), while it forms only 3 HBs with resi-
dues Gly27-A, Asp29-A, and Asp25-B in position 2 (Figure
S10). WT interacts with darunavir in position 1 through 18
residues, Asp25-A, Gly27-A, Ala28-A, Asp30-A, Val32-A,
Gly48-A, Gly49-A, Pro81-A, Ile84-A, Leu23-B, Asp25-B,
Gly27-B, Ala28B, Asp29-B, Val32-B, Gly48-B, Gly49-B,
and Ile150-B by NBC. In position 2, NBC network involves
19 residues, Leu23-A, Asp25-A, Gly27-A, Ala28-A, Asp30-
A, Gly48-A, Gly49-A, Ile50-A, Arg8-B, Asp25-B, Gly27-B,
Ala28-B, Asp30-B, Val32-B, Gly48-B, Gly49-B, Pro81-B,
Val82-B, and Ile84-B (Figures S9 and S10). Thus, our analy-
sis revealed that both HB and NBC networks contribute to
the ligand-binding affinity for all systems studied.

Results obtained by molecular dynamics
simulations

Equilibration step
We have performed 4 independent 20 ns NPT runs for each
complex of AC1NX476 bound to HIV-1 PR sequences,
WT+darunavir1 and WT+darunavir 2. The conformations
obtained in the best docking mode were used as starting
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configurations for complexes with AC1NX476, while for
WT+darunavir 1 and WT+darunavir 2, the MD runs started
from the PDB holo-structure 4LL3 (Figure S3). For the
WT+ritonavir, one MD trajectory was performed starting
from the PDB structure 2HXW. As evident from Figure 2, all
systems reached the equilibrium after about 5 ns except
trajectory 3 of WT+AC1NX476 and trajectory 4 of
MT1+AC1NX476, where the equilibration time is about
15 ns. The fluctuations of Ca atoms relative to their initial
positions in WT and mutations in the presence of
AC1NX476 are typically larger than those of WT bound with
ritonavir and darunavir (Figure 3). The magnitude of thermal
fluctuations of complexes is quite small with Ca RMSD
remaining below 2.5 �A as the systems are stable in equilib-
rium.

Ligand–receptor interaction
We consider the last snapshots, obtained in the previous
20 ns NPT runs, in detail because they will be used as

starting configurations for the final 1 ns MD simulations for
estimating the binding free energy by the BAR method.
Figures S11–S16 in SI show such snapshots for the
WT+AC1NX476, MT1+AC1NX476, MT2+AC1NX476,
MT3+AC1NX476, WT+ritonavir, WT+darunavir 1, and
WT+darunavir 2, respectively. Their NBC and HB networks
are analyzed, and the results are shown in Table 1. The
mean number of HBs between AC1NX476 and receptors
varies between 2 and 3.25, while for WT+ritonavir and
WT+darunavir, one has 4 and 3.75 contacts, respectively.
The result for WT+darunavir was obtained as an average
over 8 snapshots of WT+darunavir 1 and WT+darunavir 2.

The number of NBCs is much higher than HBs falling in
the range of 16–22. As follows from the per-residue distri-
butions of interaction energies between ligands and HIV-1
PR variants (Figure 4), for WT, residues Asp25-A, Gly48-A,
and Asp25-B dominate having not only long-live HBs but
also NBCs with the ligand. In the case of
MT1+AC1NX476, the ligand interacts with 33 residues

Figure 2: Time dependence of RMSD for
five solvated complexes: AC1NX476 bound
to WT, MT1, MT2, and MT3, ritonavir bound
to WT, and darunavir position 1 and position
2 bound to WT.
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among which Asp25-A, Asp29-A, Ile47-A, Gly48-A, Gly49-
A, Thr80-A, and Val82-A are the most active (Figure 4).
The mutation point Val50-A also substantially affects the
binding affinity. Phe82-A, Val84-A, Phe82-B, and Val84-

B are the mutation points of MT2 which have the strong
interaction with AC1NX476. There exist only 30 residues
of MT2 that had the non-bonding interaction with
AC1NX476 against 34 residues of MT3 (Figure 4). The res-
idues Arg8-A, Asp30-A, Asp25-B, Asp129, Ile47-B, Gly48-
B, Ile50-B, and Phe82-B are the most prominent for MT2,
while for MT3, such residues are Asp29-A, Asp30-A,
Ile47-A, Gly48-A, Gly49-A, Gly51-A, and Arg87-A (Fig-
ure 4). The mutation points Ile46-A and Val50-A greatly
impact on the binding of AC1NX476 to MT3.

The per-atom interaction energy (vdW and electrostatic)
for AC1NX476 in complex with HIV-1 PR sequences was
calculated in water (Figure S17). Overall, atoms O9, C42,
O10, C29, S1, O7, O8, N13, N14, C47, and C48 are the
most relevant in the binding mode of all variants. The pres-
ence of electronegative atoms O9, O10, C29, O7, O8,
N13, N14, and C48 enhances the binding affinity, while
electropositive atoms C42, S1, and C47 reduce it. In the
WT+AC1NX476 case, although the mean electrostatic
interaction energy (-35.14 kcal/mol) is 33.1% of the total
interaction energy (-106.15 kcal/mol) for solvated complex
systems, we observed the strong correlation not only
between atom charges of AC1NX476 and the electrostatic
interaction energy (R = 0.892), but also between atomic
charges of AC1NX476 and the total interaction energy
(R = 0.893) (Figure 5). Figure 5 plots the mean values of
interaction energies for four complexes as a function of
atomic charges, but the overall correlation also holds for
individual systems (results not shown). The increase of
MGbind with increasing atomic charges is in line with the
fact that C42, C47, and S1 reduce the binding affinity and
a ligand with more electronegative atoms should be more
prone in binding to HIV-1 PR.

One can show that the vdW interaction between
AC1NX476 and HIV-1 PR sequences dominates over the
electrostatic interaction. This remains valid even when a
more precise free energy perturbation method is applied
(see Table 2 below).

Ligand–water interaction
Because water molecules in the binding pocket play the
important role (14,15,70,71), we study their interaction with
ligands in detail. The ligands form more HBs with water
molecules than with the protein (Table 1), and the number
of HBs is not very sensitive to sequences and ligands
varying between 5 and 8. In equilibrium, AC1NX476 has
NBC with 17 water molecules inside the binding pocket of
WT (Table 1). In the case of MT1, this number levels up to
24.75 with 6.25 water molecules having hydrogen bonding
with AC1NX476. In complexes MT2+AC1NX476 and
MT3+AC1NX476, there were 16 and 21.25 water mole-
cules that have NBC with the ligand, respectively (Table 1).
The ritonavir has contact with 23 water molecules includ-
ing 8 HBs. The darunavir in position 1 and position 2 has
7 HBs and 6.25 NBCs with water molecules, respectively.
As shown below, the binding affinity is correlated with the
number of water molecules inside the binding pocket that
interact with ligand.

Estimation of binding free energy by BAR method
Using the last snapshots obtained in the previous 20 ns
NPT runs (Figures S11–S16), we have performed 1 ns MD
runs with different values of k. The binding free energy has
been estimated using the double-annihilation binding free
energy method, where the free energy was computed
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Figure 3: Ca atomic fluctuation of HIV-1 protease WT and their
mutations in the solvated complexes with AC1NX476, ritonavir,
and darunavir (daru1 is darunavir in position 1 and daru2 is
darunavir in position 2). Results were averaged over 20 ns of MD
simulations.

Table 1: The mean number of HBs and contacts between
ligands and the receptors and between ligands and water mole-
cules in the binding pocket

Complexes

Volume of
binding
cavity (�A3) NNBC

WM NHB
WM NNBC

res NHB
res

WT+AC1NX476 922.39 17 6.75 19.75 2
MT1+AC1NX476 1002.65 24.25 6.75 17.5 3.25
MT2+AC1NX476 980.84 16 6.5 16.25 2
MT3+AC1NX476 989.92 21.25 7.25 18.5 2.75
WT+Ritonavir 928.77 23 8 20 4
WT+Darunavir 901.94 6.25 7 21.63 3.75

Results are averaged over 4 snapshots for complexes of
AC1NX476 bound with HIV-1 protease structures and darunavir
bound to two positions of WT. In the case of WT+ritonavir, the
result was obtained using one snapshot. NHB

WM and NNBC
WM stand for

the number of water molecules that have the HB and NBC with
ligand. NHB

res and NNBC
res refer to the number of residues interacting

with ligand via HB and NBC. Non-integer numbers of residues
and water molecules come from averaging over several snap-
shots.
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from each circle of 50 ps. Initially, it fluctuates a bit
(Figure 6) because the coupling parameter k varies among
33 different values. The free energy of solvated protein–
ligand complex converges after 300 ps, while for the sol-
vated ligand, it starts to saturate after about 100 ps. In the
annihilation method, the binding free energy is estimated
as the difference between the free energies of the solvated
protein–ligand complex and solvated ligand (lower panel of
Figure 6). Finally, averaging over the equilibrium time

window (t > 300 ps), we obtain the binding free energies
for six systems (Table 2).

High correlation between experimentally
measured and calculated binding free energies
Figure 7 shows the experimental binding free energies
(MGexp) versus calculated binding free energies (MGFEP) for
six complexes. Gexp were estimated by formula
MGexp = RT lnKi where the gas constant R = 1.987 kcal/
K/mol, T = 300 k, and inhibition constant Ki is measured
in mol. The theoretical results are in excellent agreement
with the experimental data with the correlation level
R = 0.993. However, the linear fit line in Figure 7 gives
MGexp = 1.146 9 MGFEP + 5.652 implying that although
the correlation is nearly perfect, computed free energies
are more negative than the experimental values by about
3 kcal/mol. Using the GROMOS96 43a1 force field and
SPC water model, in accord with our finding, one obtained
the free energy of solvated side-chain analogs in water of
the amino acids smaller than the experimental data
(72,73). Thus, the GROMOS96 43a1 force field with SPC
water model and BAR method can be used to explain the
ranking of binding affinities of AC1NX476 to HIV-1 PR
sequences WT > MT2 > MT3 > MT1.

Figure 4: Per-residue interaction energy of HIV-1 protease wild type and their mutations with AC1NX476. The mutation points are
highlighted by star.

Figure 5: The correlation between atomic charges of AC1NX476 and the total interaction energy (right) and electrostatic interaction
energy (left) per atom. The results were averaged over four sequences WT, MT1, MT2, and MT3.

Table 2: The binding energy estimated by the docking (MEbind
and FEP (MGFEP) methods

MEbind DGelec
FEP DGvdw

FEP MGFEP MGexp

WT+AC1NX476 �9.40 �1.98 �20.07 �22.05 �19.54
MT1+AC1NX476 �9.80 �4.94 �13.74 �18.64 �15.92
MT2+AC1NX476 �9.60 �0.10 �19.59 �19.69 �17.00
MT3+AC1NX476 �10.00 1.79 �20.87 �19.08 �16.17
WT+Ritonavir �6.00 �1.83 �16.22 �18.05 �14.70
WT+Darunavir �7.00 3.63 �22.29 �18.66 �15.90

The experimental binding free energy was calculated from formula
MGexp = RT lnKi, where gas constant R = 1.987 kcal/K/mol,
T = 300 K, and inhibition constant Ki is measured in mol. Energy
is measured in kcal/mol. The result for WT+darunavir was aver-
aged over two positions.

Chem Biol Drug Des 2015; 86: 546–558 553

Binding Free Energy of AC1NX476 to HIV-1 Protease



As evident from Table 2, darunavir binds to WT stronger
than ritonavir. However, the binding affinity of darunavir to
WT is lower than AC1NX476 to the same target. The bind-
ing free energy of AC1NX476 to MT1 and MT3 is almost
the same as darunavir to WT.

vdW interaction plays a key role in ligand binding
to HIV-1 PR sequences
The contributions of vdW and Coulomb interactions to the
binding free energy are shown in Table 2. Clearly, in all
cases, the electrostatic interaction contributes to MGbind to

less extent than the former implying that the vdW interac-
tion is a driving force for ligand binding.

Binding affinity deteriorates with increase of
the number of water molecules interacting with
ligand
As evident from Figure S18, there is no correlation
between MGbind and the number of water molecules that
form HBs with ligand inside the binding pocket (R = 0.24).
However, the binding free energy is correlated with the
number of water molecules in equilibrium (Table 1 and Fig-
ure S18) which have non-bonding interaction with inhibi-
tors (R = 0.691). This is in good agreement with the
experiments (70) and previous theoretical works (15,71)
that the binding gets weaker as the number of water mol-
ecules in the binding pocket increases because the water
screens the interaction between the ligand and receptor.
Due to domination of the vdW interaction, MGbind

decreases with the number of receptor residues interacting
with AC1NX476 via NBC. Although the binding affinity is
correlated with the number of residues that form HB with
the ligand (R = 0.76), it is hard to make any certain con-
clusion as NHB

res varies in a rather narrow window (Figure
S18).

Binding free energy correlates with volume of
binding cavity
The mutations alter the volume of protein binding cavity
(Table 1). WT with AC1NX476, ritonavir, and darunavir has
relatively small binding site, while the mutations widen it.
This leads to lower binding affinities as shown in the
experiments and our simulations. For AC1NX476, the
binding affinities to 4 sequences correlate with the volume
of binding pocket almost perfectly with the correlation level
R = 1 (Figure S18).

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

Time (psecond)

–90

–60

–30
E

ne
rg

y 
(k

ca
l/m

ol
)

AC1NX476
Ritonavir
Darunavir

A

A A A A A A A A A A A A A A A A A A A

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

Time (psecond)

–120

–90

–60

–30

E
ne

rg
y 

(k
ca

l/m
ol

)

A

A
A

A

A

A

A A
A A A

A A A
A A A

A
A A

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

Time (psecond)

–50

–40

–30

–20

–10

B
in

di
ng

 f
re

e 
en

er
gy

 (
kc

al
/m

ol
)

WT+AC1NX476
MT1+AC1NX476
MT2+AC1NX476
MT3+AC1NX476
WT+ritonavi r
WT+darunavir1
WT+darunavir2A A

A

B

C

Figure 6: (A) The free energy of solvated AC1NX476 and ritonavir
alone. (B) The free energy of solvated complexes WT+AC1NX476,
MT1+AC1NX476, MT2+AC1NX476, MT3+AC1NX476, WT+ritonavir,
WT+darunavir position 1, and WT+darunavir position 2. (C) Time
dependence of binding free energies for seven complexes. The
values collected in the equilibrium region (t > 300 ps) were used to
calculate ΔGFEP. The error bars show the root mean square
deviations.

–22 –21 –20 –19 –18

ΔG
FEP

 (kcal/mol)

–20

–19

–18

–17

–16

–15

–14

ΔG
ex

p 
(k

ca
l/m

ol
)

ΔG
exp

 = 5.652 + 1.146 ΔG
FEP

R = 0.993

Figure 7: The correlation between experimentally measured
and theoretical estimations of binding free energies for five
complexes.

554 Chem Biol Drug Des 2015; 86: 546–558

Ngo et al.



Conclusions

We have studied the effect of mutations on the binding
of AC1NX476 to HIV-1 PR sequences. The correlation
between theoretically computed and experimentally mea-
sured MGbind is excellent although their absolute values
are different by about 3 kcal/mol. This agreement implies
that the parameterization of ligands, where atom type
and bonding are generated by the PRODRG2 beta server
and the charge groups obtained by RESP method at the
Hartree–Fock (HF)/6-31G(d) level in the gas phase, is
suitable. In addition, the Gromos96 43a1 force field in
combination with the SPC water model is a reasonable
choice.

It has been shown that the vdW interaction is more impor-
tant than the electrostatic interaction in binding of
AC1NX476, ritonavir, and darunavir to HIV-1 PR
sequences. Residues Asp25-A, Asp29-A, Asp30-A, Ile47-
A, Gly48-A, and Asp25-B and the mutation points Ile46-A

(MT3), Val50-A (MT1 and MT3), Phe82-A, Val84-A,
Phe82-B, and Val84-B (MT2) strongly impact on the bind-
ing affinity. The electronegative atoms of ligand were found
to enhance the binding affinity to a greater extent than the
electropositive ones.

Our study revealed the binding mechanism of ligands to
HIV-1 PR variants in such a way that mutations alter the
binding affinity by modulating the volume of the binding
pocket and the number of water molecules inside it. The
smaller is the number of water molecules that have the
interaction with ligand, the stronger is their binding. The
binding affinity of AC1NX476 to HIV-1 PR sequences lev-
els up with decrease of the binding cavity volume. It would
be interesting to perform in vivo studies on the possibility
of using AC1NX476 as a potential medicine for HIV as its
binding affinity to HIV-1 PR sequences is better than dar-
unavir.

Future Directions

Our future work will be focused on the impact of various
mutations on the binding affinity of AC1NX476. Another
direction of research is to screen out potential HIV-1 PR
inhibitors, which are more efficient than available drugs,
from databases by computer simulation combined with in

vitro experiments.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 The chemical structure of AC1NX476 with
atomic names.

Figure S2 The two-dimensional chemical structure of ri-
tonavir (A) and darunavir (B).

Figure S3 Structures obtained in the best docking mode
for AC1NX476 bound to WT (A), MT1 (B), MT2 (C), and
MT3 (D), and X-ray diffraction structure of ritonavir bound
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to WT (E), darunavir position 1 (red color) and position 2
(blue color) bound to WT (F). These structures were used
as starting configurations for MD simulations.

Figure S4 Hydrogen bonds (red line) and non-bonded
contacts (represented by an arc with spokes radiating
towards the ligand atoms they contact) between
AC1NX476 and WT.

Figure S5 Hydrogen bonds (red line) and non-bonded
contacts between AC1NX476 and MT1.

Figure S6 Hydrogen bonds (red line) and non-bonded
contacts between AC1NX476 and MT2.

Figure S7 Hydrogen bonds (red line) and non-bonded
contacts AC1NX476 and MT3.

Figure S8 Hydrogen bonds (red line) and non-bonded
contacts between ritonavir and WT.

Figure S9 Hydrogen bonds (red line) and non-bonded
contacts between darunavir position 1 and WT.

Figure S10 Hydrogen bonds (red line) and non-bonded
contacts between darunavir position 2 and WT.

Figure S11 The last snapshots of the complex
WT+AC1NX476 obtained in 20 ns MD trajectories.

Figure S12 The same as in Figure S11 but for
MT1+AC1NX476.

Figure S13 The same as in Figure S11 but for
MT2+AC1NX476.

Figure S14 The same as in Figure S11 but for
MT3+AC1NX476.

Figure S15 The same as in Figure S11 but for WT+ritonavir.

Figure S16 The same as in Figure S11 but for WT+daruna-
vir position 1 and 2.

Figure S17 Per-atom interaction energy of AC1NX476 with
WT and their mutations.

Figure S18 Correlation between the calculated binding free
energy and (A) number of water molecules that have
hydrogen bonds with AC1NX476, (B) number of water mol-
ecules having non-bonded contacts with AC1NX476, (C)
number of residues forming hydrogen bonds with
AC1NX476, (D) number of residues having non-bonded
contacts with AC1NX476, and (E)volume of binding site of
four receptors.
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