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Abstract

Human immunodeficiency virus type 1 (HIV-1) integrase (IN) is an essential enzyme in the HIV-1 lifecycle which aids the integration of viral
DNA into the host chromosome. Recently synthesized 12-mer peptide EBR28, which can strongly bind to IN, is one of the most potential small
peptide leading compounds inhibiting IN binding with viral DNA. However, the binding mode between EBR28 peptide with HIV-1 IN and the
inhibition mechanism remain uncertain. In this paper, the binding modes of EBR28 with HIV-1 IN monomer core domain (IN;) and dimmer core
domain (IN,) were investigated by using molecular docking and molecular dynamics (MD) simulation methods. The results indicated that EBR28
bound to the interfaces of the IN; and IN, systems mainly through the hydrophobic interactions with the 33, a1l and a5 regions of the proteins.
The binding free energies for IN; with a series of EBR28 mutated peptides were calculated with the MM/GBSA model, and the correlation
between the calculated and experimental binding free energies is very good (»=0.88). Thus, the validity of the binding mode of IN; with EBR28
was confirmed. Based on the binding modes, the inhibition mechanism of EBR28 was explored by analyzing the essential dynamics (ED), energy
decomposition and the mobility of EBR28 in the two docked complexes. The proposed inhibition mechanism is represented that EBR28 binds to
the interface of IN; to form the IN;_EBR28 complex and preventes the formation of IN dimmer, finally leads to the partial loss of binding potency
for IN with viral DNA. All of the above simulation results agree well with experimental data, which provide us with some helpful information for

designing anti-HIV small peptide drugs.
© 2007 Published by Elsevier B.V.
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1. Introduction

Human immunodeficiency virus type 1 (HIV-1) is the
etiological agent of AIDS [1,2]. The current antiviral strategy,
i.e., cocktail treatment method, involves the combination of
drugs that can inhibit the reverse transcriptase (RT) and the
protease (PR). This strategy can decrease the viral blood
concentration and the death rate of the AIDS patient as well.
However, it can not completely deracinate the virus.
Especially, the emergences of both drug resistance and viral
high mutation make it necessary to identify additional targets
and develop new classes of antiviral compounds. HIV-1
Integrase (IN) is such an attractive and important target, and is
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an essential enzyme in the HIV-1 lifecycle responsible for
inserting the reverse-transcribed viral genome into the host
DNA [3]. Unlike PR and RT, there is neither known functional
analog of IN in human cells nor apparent cellular toxicity for
IN inhibitor. Furthermore, IN adopts a single active site to fit
two different DNA substrates (i.e., viral DNA and host DNA),
which decreases the probability of drug resistance to its
inhibitor to some extent [4].

HIV-1 IN encoded by the pol gene is composed of 288 residues
and its molecular weight is 32-KDa. IN folds into three distinct
functional domains: the N-terminal domain (residues 1-49), the
catalytic core domain (residues 50-212), and the C-terminal
domain (residues 213-288). So far, the structures of IN three
distinct parts were solved through X-ray and NMR spectroscopy
methods [5—7]. IN catalyzes the integration reaction in two steps.
The first step is termed as 3’ end processing [8], in which two
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nucleotides are first removed from each 3’-end of each strand of
viral DNA to produce new hydroxyl ends (CA-3’OH). The second
step named DNA strand transfer occurs in the nucleus [9], where
the recessed 3’-ends of viral DNA are covalently joined to the host
DNA. Chen et al. successfully resolved the fragment structure of
the IN dimmer comprising the C-terminal domain and the catalytic
core domain and found that the strip of positive potential
continued through residues K173, K159, K186 and K188 out to
the residues K211, K219, K243 and K263 of the paired monomer.
It was proposed that the minimal IN structure for binding with
viral DNA is dimmer [10,11].

In view of the successful application of peptide drug to treat
AIDS, the study on peptide inhibitors of HIV-1 IN is one of the
focuses of the international scientific research fields. Soultrait
et al. successfully selected a short peptide of 33 residues (133),
which can tightly bind to IN, through the yeast two-hybrid
system experiment [12]. The inhibitory potency of 133 peptide
is improved with a 12-mer peptide (EBR28) corresponding to
its amino terminal part. Alanine substitution of each amino acid
of EBR28 indicated that hydrophobic residues were important
for the inhibition. EBR28 can prevent HIV-1 IN from
interacting with viral DNA through binding to the core domain
of the enzyme and the IC50 value is 5 pM. It is generally
believed that EBR28 is one of the most potential peptide leading
compounds of anti-IN inhibitor [13].

The previous studies have only proposed the conclusion that
EBR28 can inhibit HIV-1 IN from binding to viral DNA by
interacting with the core domain of IN, however, not given the
clear inhibition mechanism [12]. In this work, the structure of
EBR28 was constructed from the NMR experimental data [12],
then the binding modes between the peptide with the core
domain of IN monomer (IN) and that of IN dimmer (IN,) were
predicted by using RosettaDock method [14]. The structures of
the two docked complexes (i.e., IN;_EBR28 and IN,_EBR2S)
were refined via molecular dynamics (MD) simulation
approach. The binding free energies for IN; with a series of
EBR28 mutated peptides were calculated with the MM/GBSA
model in order to confirm the binding mode of IN; with EBR2S.
By comparatively analyzing the four MD trajectories (i.e., INy,
IN,, IN;_EBR28 and IN, EBR28), the definite molecular
inhibition mechanism of EBR28 to HIV-1 IN was proposed, and
this mechanism was consistent with all the experimental data
obtained up to now. Fig. 1 shows the procedure of our work.

2. Methods
2.1. Docking

Two docking studies were performed for EBR28 with IN;
and IN, with RosettaDock 1.0 package [14]. Each docking was
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Fig. 1. Protocol for the prediction of the molecular mechanism of inhibiting HIV-1 IN induced by EBR28 peptide.
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set to two stages, i.e., the global docking and perturbation
docking. In the global docking, RosettaDock first employed a
low resolution rigid body Monte Carlo (MC) search. Then, it
was followed by an all atom simultaneous optimization of
backbone displacement using a rigid body Monte Carlo
Minimization and the side chain rotamer conformations with a
packing algorithm [15]. 10° independent MC searches were
carried out and the decoy selected as the initial structure for the
following perturbation docking was obtained by considering its
energy scoring and clustering comprehensively. The perturba-
tion docking study repeated 2x10° times was performed to
select the final docking complex and its parameters were set as
default values [14].

So far, the performance of the RosettaDock algorithm has
been successfully tested in several rounds of CAPRI [16,17]. If
a protein exhibits comparatively low flexibility and there is
some helpful biological information, the result of protein—
protein docking is more credible [18].

2.2. Ligand setup

The structure of EBR28 peptide was generated with Jackal
program [19]. After 5000 steps of the steepest descent followed
5000 steps of the conjugate gradients energy minimizations, one
1100 ps MD simulation (including 100 ps restraint MD
simulation) was performed. Snapshots were extracted from
the trajectory every 0.5 ps from 100 to 1100 ps. The snapshots
within a 0.1 nm clustering threshold were designated as a set.
The structure with the lowest potential energy in the maximum
cluster was used for the following molecular docking. Analyzed
through the DSSP package [20], the predominant secondary
structure of residues 1-10 in EBR28 was an a-helix while that
of residues 11—12 was a random coil. It was also found that all
the hydrophobic residues were located on one side of the a-helix
and the more hydrophilic ones on the other side (Fig. 2). In a
word, the modeled structure of EBR28 was consistent with the
optimal structure obtained from NMR experiment [12]. Also, a
series of EBR28 mutated peptides were obtained from the same
protocols mentioned above.

Fig. 2. The initial structure of EBR28 for molecular docking. EBR28 is
displayed with the solid-ribbon model, the stick model and one-letter
representation are used to describe the residues. The hydrophobic residues are
shown in black and the hydrophilic ones in gray.

AGADIR is a prediction algorithm based on the helix/coil
transition theory [21]. AGADIR can be used to predict the
helical behavior of monomeric peptides only through consid-
ering short range interactions. In this work, the helical content
of EBR28 was explored with this method. Fig. 3 shows the
relative tendency of forming helix in each residue of EBR28. It
is found that the helix property of residues 1-8 in EBR28 is
higher than that of residues 9—12, which also confirm the
validity of the modelled ligand structure by and large.

2.3. Protein setup

The structure of the IN, system was built from the X-ray
crystal tetramer structure (PDB code: 1 K6Y) [7]. The core
domains of chain A and B were kept and the unresolved
residues 50-55 and 140-148 were modeled from the
homologous structure of chain A of the crystal structure
IWID [22] and chain B of 1BIS [23]. The position of the first
Mg*"ion was consistent with that of Zn*ion in 1 K6Y, while
the second Mg>"ion was placed in the same relative position
according to the high homologous PDB structure of 1VSH
[24]. Thus, the IN, system containing two Mg ions was
obtained. Then, the structure was minimized by 5000 steps of
the steepest descent and the conjugate gradient energy
minimization, respectively. After removing chain B of IN,,
we employed the same energy minimization strategy to the rest
(i.e., INy) once again. Thus, the structures of both IN; and IN,
were obtained as the initial receptors for the following
molecular docking.

2.4. Molecular dynamics simulations

Four independent MD simulations were carried out for
the IN;, IN,, IN;_EBR28 and IN,_EBR28 systems using the
AMBER 8 suite of programs [25,26] with the AMBER force
field [25, 27-30]. In each simulation, the solute was
solvated in a truncated periodic box with a 0.8 nm solute-
wall distance using the TIP3P water model [31]. Before MD
simulations, two stages of minimization were performed for
the initial structures. First, the solute atoms were restrained
by the force constant 2.09 x 10> kJ-mol™'nm™ 2. Water mol-
ecules were minimized for 250 steps with the steepest
descent method followed by 750 steps of the conjugate
gradient. Then, the restraint for the solute was removed and
2500 steps energy minimization of the steepest descent fol-
lowed by 2500 steps of the conjugate gradient were carried
out for the total system. The convergence criterion was
4.182 kJ'-mol "nm '

MD simulations were set to two stages. First, we restrained
the solutes (the restraining force constant was 4.18x10°
kJ'mol™ 'nm~?) and slowly heated the systems up from 0 K to
300 K over 100 ps. Then, non-restraint MD simulations at 300 K
were performed for 1900 ps. In these simulations, the system
structures were monitored simultaneously with the SYBYL
software. The SHAKE algorithm [32] was applied to constrain all
bonds and a 1.2 nm cutoff was used for all non-bonded
interactions. The MD time step was taken as 2 fs.
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Fig. 3. The helicity per residue for EBR28 by the program of AGADIR.
2.5. Essential dynamics

The complexity of molecular motions observed in MD
simulations can be simplified by essential dynamics (ED)
analyses [33—36], which separates the configurational space into
two subspaces. The first subspace is the essential subspace
where large amplitude global anharmonic motions comprising
most of the positional fluctuations occur. In the unessential one,
there are high-frequency local motions which have a narrow
Gaussian distribution. The local motions are restrained and
harmonic in nature, and they contain less functional information.

In this work, ED analyses were performed for the Ca atoms in
the IN;, IN;_EBR28, IN, and IN,_EBR28 systems based on the
MD trajectories from 100 to 2000 ps. After eliminating the overall
translation and rotation, four covariance matrixes were con-
structed and their sizes were 489 x489x489, 525x525x% 525,
978x978x978 and 1014 x 1014 x 1014, respectively. Then, the
diagonalization of the four matrixes led to 163, 175, 326 and 338
eigenvalues, and their corresponding eigenvectors as well. In the
end, the projection of the displacements on each eigenvector
showed the width of the essential space explored by the system as
a function of time [33-36].

2.6. MM/GBSA methodology and energy decomposition

The MM/GBSA method [37, 38] was used to calculate the
binding free energy between IN and its substrate EBR28
peptide. 50 snapshots were extracted from the trajectory every
50 ps from 1050 to 2000 ps in order to calculate the mean
binding free energy. The formula was used as:

AGpind = AEvm + A4Ggor — TAS

where AGy;,q is the binding free energy, and A Eypy denoted the
sum of molecular mechanical energies in vacuo and could be
further divided into the contributions from electrostatic, van
dew Waals, and internal energies. This term could be computed
through molecular mechanics method. AAG, is the solvation
free energy which includes the polar solvation free energy
calculated with the Generalized Born (GB) approximation

model [39-41] and the non-polar part obtained by fitting
solvent accessible surface area (SASA) [42]. The last term in the
above equation, i.e., TAS is the solute entropy which is usually
estimated by normal mode analysis method [43].

The essential idea of energy decomposition was to decompose
the energy contribution of each residue from the association of the
receptor with the ligand into three parts. The molecular internal
energy in vacuo was computed with the molecular mechanics
method. The polar contribution of solvation free energy was
calculated with the Generalized Born (GB) approximation model
[39-41]. The nonpolar solvation part was obtained with the
LCPO model [44,45]. Additionally, all the energies were decom-
posed into backbone and side-chain atoms. Through energy de-
composition, we can analyze the contributions of the key residues
to the binding.

3. Results and discussion
3.1. Binding modes prediction

By observing the top 200 lowest energy structures selected
from the 10° decoys provided by global docking, it is found that
all ligands located in the middle of the interface of the IN; and
IN, systems. The final docking results have the lowest score in
the most highly populated cluster, and the RMSD tolerance for
the cluster analysis is 0.3 nm.

Fig. 4 shows the binding modes between EBR28 with IN;
and IN,, which excludes the probable binding modes proposed
by Soultrait et al. [12]. As suggested by by Soultrait, EBR28
may competitively bind to the same catalytic pocket, which is
characterized by the conserved DD-35-E motif, in the core
domain as is occupied by viral DNA. In our global dockings,
none of this type of complex is observed. As shown from Fig. 4,
the hydrophobic side of EBR28 faces the interface of INj,
which is consistent with experimental data [12]. As for the
IN,_EBR28 system, the hydrophilic one locates near that of
chain A of the IN; system (IN,) while the hydrophobic side is
up against the interface of chain B of the IN, system (INy).

Table 1 lists the contact residues of the IN;_EBR28 and
IN,_EBR28 systems in the neighborhood of 0.4 nm of EBR2S.
As shown from Table 1, the contact residues mainly lie in the
B3, al and a5 regions. The binding site of IN; with EBR28 is
somewhat different from that of IN,. Specially, the former is
closer to a5 region (residues 172—184) and the latter slants from
the 33 region (residue 83—89) and a1 region (residues 94—105)
of IN, to the a1 region of IN,,. It is unexpected that EBR28 can
bind to IN, more deeply than to IN; since the steric hindrance of
Y1 in EBR28 is obvious. Y1 seems to have the locating
function by interacting with Q177 in the two complexes, which
is also observed in the hydrogen bond analysis (see below).

3.2. Molecular dynamics simulation

Fig. 5 shows the potential energies and RMSD evolutions for
the four MD simulation systems (IN;, IN;_EBR28, IN, and
IN,_EBR28). The potential energies of the four systems are stable
after 200 ps. The mean values of the potential energies for the IN;,
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Fig. 4. The binding modes of EBR28 with (A) IN; and (B) IN,. The structures of IN; and IN, are represented by a schematic model. EBR2S is displayed with solid-

ribbon model.

IN,_EBR28, IN, and IN,_EBR28 systems are —2.648 x 10°,
—2.5%10°,-3.686 % 10° and—3.67x10° kJ'mol ', respectively.
Their corresponding standard deviations are 507, 489, 588 and
615 kJ-mol~ !, which account for the total values less than 0.2%.
As shown from Fig. 5 (B), the RMSD values of Ca atoms in the
IN;, IN;_EBR28, IN, and IN,_EBR28 systems, which have been
calculated after fitting the Ca atoms to the initial minimized
structures, converge around 0.22, 0.23, 0.21 and 0.25 nm after
1500 ps. The RMSD values of the docked complexes, especially
IN,_EBR28, exhibit higher fluctuation. This may be caused by
the high mobility of EBR28 (see the following motive difference
analysis of EBR2S).

3.3. The motive difference of EBR2S8 in the two binding modes

To explore the motility of EBR28, the RMSD values of Ca
atoms in EBR28 have been calculated in the IN;_EBR28 and
IN,_EBR28 systems. The mobility of EBR28 in IN;_EBR28 is
relatively weaker than that in IN,_EBR28. In IN;_EBR28, the
RMSD values maintain around 0.075 nm from 100 to 1000 ps
and reach about 0.1 nm at 1050 ps. In IN,_EBR2S, the mobility
of EBR28 is relative higher, and the RMSD values fluctuate
around 0.075 nm in the period of 100 to 1400 ps and there is an
abrupt transition to 0.2 nm after 1400 ps. Thus, we superimpose
the average structure of IN;_EBR28 from 200 to 1000 ps onto
that from 1100 to 2000 ps, and the average structure of
IN,_EBR28 from 200 to 1400 ps onto that from 1500 to
2000 ps. It can be seen in Fig. 6 that the positions of the catalytic
pockets comprised of DD-35-E motif in the two docked
complexes keep somewhat stable, while the conformation of
EBR2S in the IN,_EBR28 system undergoes more significant
change than that of EBR28 in the IN;_EBR28 system.
Specifically, EBR28 exhibits visible rotation along Y1 and
unobvious translation to outside.

In order to obtain the EBR28 movement characters in the
IN,_EBR28 systems further, the motion tendency angle (IN,_
EBR28_INy) is defined by the mass center of IN,, the mass center
of INy, and the pivot formed by the mass center of EBR28. The
subunit distances (IN,_INy) are formed between the mass center
of IN, and that of IN,, in the IN,_EBR28 and IN, systems. Fig. 7
shows the IN,_IN;, distances and the IN,_EBR28_IN,, angle as a
function of simulation time. As for the IN, system, the IN,_INj,
distance value is relative stable and the mean value is 2.06 nm.
However, the distance in IN, EBR28 system exhibits a
somewhat fluctuation around 2.11 nm. Thus, the subunit distance
increase by about 0.05 nm after the association of EBR28. From
Fig. 7 (B), it is also found that the IN,_EBR28_IN; angle
gradually decreases from 58 to 54 degree.

In summary, the associations of EBR28 with both IN, and
IN; have unobvious influence on the catalytic region. EBR28 is

Table 1
The interactions between each residue of EBR28 and the contact residues in the
two docked complexes

EBR28 Contact residues of IN,_EBR28

Y1 IN,: E87, V88, K103
INy: E87, V88, Y99, K103, Q177
Q2 IN,: E87, V88, 189, P90, E96, F100 —

Contact residues of IN;_EBR28
R107, Q177, F181, F185

L3 IN,: V88, P90 R107
L4 INy: E87, P90, E96 E85, A86, V180
15 IN,: Y99 -

INy: K173

R6 IN,: P90 -

M7  INu: P90 K103

I8 IN,: V88, 189, P90 K173, Q177
Y9 INy: Y99, H171 -

K10 - -

N1l INu: P90
112 INy: H171

E87, V88, K173
K173

“The sign of “~” indicates there is no contact residues for the systems.
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Fig. 5. MD simulations of the four systems in explicit water at 300 K. (A) Time evolution of the potential energies. (B) RMS Deviations comparing with the initial

minimized structures as a function of time.

still stable after binding to the interface of IN;. When EBR28
binds to IN,, the subunit distance of IN, increases inconspic-
uously. In addition, EBR28 has a bit tendency of keeping away
from IN, along with simulation.

3.4. Hydrogen bonding analysis
The subunit distance of IN, increases by about 0.05 nm after

the association of EBR28. The hydrogen bonds between the two
subunits in the IN, and IN,_EBR28 systems were compara-

tively analyzed to explore the influence of the subunit distance
change on the interactions between the two subunits. Herein, the
geometric criteria [46] for the formation of hydrogen bonds are
the angle of donor—hydrogen—receptor larger than 135° and the
distance of donor—receptor less than 0.35 nm.

Table 2 lists all hydrogen bonds with the frequencies of
occupancy over 50% between the two subunits in the IN, and the
IN,_EBR28 systems. As shown in Table 2, there are four
hydrogen bonds whose occupancy frequencies are over 50% in
the IN, system. As to the IN,_EBR28 system, the corresponding

Fig. 6. The motive difference of EBR28 in the two binding modes. (A) Superimposition of the average structure in IN;,_EBR28 from 200 to 1000 ps (black line) upon
that from 1100 to 2000 ps (gray line). (B) Superimposition of the average structure in IN,_EBR28 from 200 to 1400 ps (black line) upon that from 1500 to 2000 ps
(gray line). The stick model indicates the inhibitor EBR28, and the one-letter ball-stick model is used to represent the DD-35-E motif residues. Mg®" ion is described

with the CPK model.
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amount of the hydrogen bonds is five. Thus, the number of
hydrogen bonds between subunits does not decrease with the
subunits remoteness from each other. Specifically, the hydrogen
bonds between G106 with N184 and between Q168 with W132
maintain in the two systems. It is also found that the maximum
contribution to the formation of hydrogen bonds is from the a1
and o5 regions of the proteins.

Comparing the hydrogen bonds involved in EBR28 of the
IN;_EBR28 and IN, _EBR28 systems, it can be seen that the
hydrogen bond between Y1 of EBR28 with Q177 exists in the
two systems. Its occupancy frequency in the IN;_EBR28 system
is 88.09%, and that in the IN,_EBR28 system is only 30.07%.
The occupancy frequency of the hydrogen bonds between Y1 of
EBR28 and V88 is also observed in the IN2_EBR28 system and
its occupancy frequency is 86.71%. All the results are consistent
with the above results obtained through contact residues
analysis, which further shows the orientation potency of Y1.

3.5. Essential dynamics

To explore how the binding of EBR28 bear on the motions of
IN; and IN,, the four MD simulation trajectories from 100 to

2000 ps were used to perform ED analysis. After analyzing the
top 20 eigenvalues as a function of its corresponding eigenvector
index in the the IN;, IN;_EBR28, IN,, IN,_EBR28 systems. It is
found that the eigenvalue distribution of IN; is very similar with
that of IN;_EBR28 and those of IN, and IN,_EBR28 are similar
also. Analyzing all eigenvalues indicates that over 65% of all
motions are accounted for by the first four eigenvectors and 58%
by the first three eigenvectors. Thus, the first three or four top
motion models owning the top 3 or 4 large eigenvalue can be
used to substitute the total motion through the motional
contribution analysis. Then, four MD simulation trajectories
were projected on each of the first four eigenvectors. The results
show that the range of conformational space explored along each
eigenvector is very similar for IN; and IN;_EBR28, and those of
IN, and IN,_EBR28 are similar too. The narrow Gaussian
displacement distribution which is the local harmonic motion
character appears after the third eigenvectors, which indicates
that the functional un-harmonic motions are correspond to the
first three motions.

Fig. 8 shows the Ca displacement along the three main
eigenvectors. It can be seen from Fig. 8 that the functional loop
region (residues 139—-149) and another loop region (residues
185—195) between the a5 region and a6 region exhibit relative
high flexibility in the four systems. It is interesting that the
interfaces of the IN;_EBR28 and IN,_EBR2S systems (i.e., 33

Table 2
The hydrogen bonds between the two subunits in the IN, and IN,_EBR28
systems®

System Acceptor® Donor®  Dist.(nm)  Angle®(°) Freq. (%)
IN, G106-O N184/- 0.286+0.01 162.62+9.23  71.61
ND2-
HD22
R107-O Y83’-OH- 0.281+0.01 170.79+9.19  70.27
HH
G106’-0  N184- 0.287+0.01 171.82+9.29 62.45
ND2-
HD22
Q168'- W132- 0.286+0.01 169.34+10.48 62.20
OE1 NEI-HE1
IN,_EBR28 K173-O Y99’-OH- 0.278+0.01 169.51+10.62 84.02
HH
G106-O Y83’-OH- 0.279+0.01 164.81+8.51 72.73
HH
G106’-0  N184- 0.287+0.01 161.14+9.11 64.74
ND2-
HD22
Q168’- W132- 0.285+£0.01 157.8+11.26 56.84
OE1 NEI1-HE1
Q177- R107’- 0.278+£0.01  154.3+12.69 52.85
OE1 NH2-
HH22

* The hydrogen bonds pairs, whose frequencies of occupancy are over 50%, in
the IN, and IN,_EBR28 systems. single quotation mark is used to describe the

residues of INy,
° Receptor atoms.
¢ Donor atoms.

o a

-

The donor—receptor distance.
The angle of donor—hydrogen—receptor.
The probability of hydrogen bond occurring in the MD simulation.
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Fig. 8. Residue displacement caculated fore each Ca atom along the three main eigenvectors.

region, a1l region and a5 region) still display small flexibility in
spite of the association with EBR28. The mobility of the
conserved DD-35-E motif in the catalytic region is small and
similar in the four systems.

It is noteworthy that the total motility of IN,_EBR2S is
somewhat higher than that of IN,, which has correlation with
the 0.05 nm separation between the two subunits of IN,.
Whereas as a whole, EBR28 binds to the low flexible region of
the proteins (i.e., a1, a5 and B3 regions), therefore the motion
models of IN; and IN, undergo unobvious change after the
association with EBR28. These results exclude the assumption
that the dysfunction of IN results from the change of motional
modes [12].

3.6. Binding free energy calculation for IN; with a series of
mutated peptides

The binding free energies between IN; and a series of
EBR28 mutated peptide were calculated by using MM/GBSA
method. It is noteworthy that the entropy values for IN;_EBR28
is estimated by the normal-mode analysis method [43], while
those of the other mutated complexes are fitted with the semi-
empirical method proposed by Andrew [47].

Table 3 lists the exact contribution to binding free energy. By
analyzing the non-polar interaction values (AE, 4+ AGg4) and
the polar interaction one (AE.,,+AGgg), it is found that the
associations between IN; and a series of peptides are mainly

Table 3

Binding free energy values for IN with a series of mutated peptides

Compd.* AEy4,° AEeon® AGsp* AGgp© -TAS' AGgy AGey, AAG*E
IN,_EBR28 —2493 -369.2 -35.6 462.1 157.5 —34.5 -30.6 -39
IN;_Q2A —241.7 —390.4 -36.5 487.5 150.3 -30.8 -293 1.5
IN,_L3A —237.7 -275.6 -35.5 379.7 154.6 —14.5 -21.6 7.1
IN,_L4A —248.5 —378.3 —35.6 476.6 154.6 =312 -279 -33
IN,_I5A —232.4 —453.8 -36.4 559.2 154.4 -9.01 -24.9 13.9
IN,_R6A —231.8 —589.7 -353 680.0 149.7 -27.1 —25.7 -14
IN;_M7A -216.2 —476.3 —34.2 551.9 151.4 -23.4 -23.9 0.5
IN,_IBA —249.3 —416.2 -36.5 519.4 154.4 —282 -25.6 -2.6
IN;_Y9A —236.5 —360.6 -35.1 461.0 152.8 —18.4 -253 6.9
IN,_K10A —2253 —803.5 -33.9 875.8 149.6 -373 —28.5 -8.8
IN;_N11A —253.6 —336.2 -35.7 430.8 153.2 —41.5 -29.6 -11.9
Mean —238.4 —440.9 -355 534.9 152.9 -26.9 —26.6 5.62

a

® van der Waals energy.

Electrostatic energy.

Hydrophobic contribution to solvation free energy.
Hydrophilic contribution to solvation free energy.
T Conformational entropy multiplied by temperature.

c
d

e

The sequences of the native EBR28 and mutated peptides are the same as de Soultrait’s work [12].

€ The difference between calculated binding free energy (AGe,) and the corresponding experimental value (AGeyp). The unit of all the values is kJ/mol.
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Fig. 9. Correlation between the calculated and experimental binding free
energies for IN with a series of peptides.

driven by the favorable non-polar interaction while the polar
interactions are unfavorable to ligand binding.

Fig. 9 shows a majority of the calculated AG,, values have
good correlations with the experimental values, except for the
ISA and N11A systems whose errors are 13.9 and —11.9 kJ/mol,
respectively. If the high error value of ISA is not taken into
account, the average absolute error between predicted values
and experimental values is 4.79 kJ/mol, and the coefficient of
linear regression is 0.88. These results are similar with that
reported by Kuhn and Hou [48,49]. In Kuhn’s work with nine
inhibitors of avidine and streptavidin, the predicted AG values
have a good correction with its corresponding experimental one.
The correlation between the calculated and experimental AG is
0.92, but the mean error reaches 15.9 kJ/mol. In Hou’s work
with eight hydroxamate inhibitor and MMP-2, the coefficient is
0.84 and the mean error is 8.9 kJ/mol.

Considering the good correlation of the calculated and
experimental binding free energies, the docked IN;_EBR28
complex structure is creditable. Presently, the docking between
a protein and a small peptide is a challenging question, and the
main difficulty lies in the high flexibility of small peptide [18]
which makes it hard to determine its predominant conformation.
In this work, EBR28 tends to form a stable a-helix (see Fig. 2).
The initial EBR28 structure before docking obtained after MD
sampling, is in agreement with that provided by NMR
experiment [12]. The superimposing and ED analysis men-
tioned above show that the IN conformation doesn’t undergo
significant change in spite of the association with EBR2S. If the
receptor and ligand exhibit small flexibility, this type of
unbound docking is relatively easy [18]. Thus, a good docked
result can be obtained finally in this work.

3.7. The interactions between interfaces of the IN;_EBR2S,
IN,, IN,_EBR28 systems

To explore the interfacial interactions and key residues to the
association, the energy decomposition method is used to
calculate the contribution of each residue to the formation of

the three complexes (i.e., the IN;_EBR28, IN, and IN,_EBR28
systems). Herein, the binding energy includes the solvent effect.

Fig. 10A—B shows the contribution of each residue to the
dimerization of IN. For simplified analysis, IN, is regarded as
the receptor and INy, is treated as the ligand. As shown in
Fig. 10A-B, the total binding energy is —441.2 kJ/mol. Spe-
cifically, the dimerization is primary dependent on the
interactions involved by the P3 region (residues 84—89), al
region (residues 94—105) and o5 regions (residues 172—185),
which is similar with the result gained by hydrogen bond
analysis and is also consistent with the experimental data [50].

Fig. 10C-D shows the contribution of each residue to the
formation of the IN;_EBR28 complex, in which IN; is taken for
the receptor and EBR28 is regarded as the ligand. Summed from
Fig. 10C-D, the total binding energy is —192.0 kJ/mol. The
non-polar residues (i.e., L3, L4, M7, I8 and N11) are essential
for the IN;_EBR28 system stabilization. The binding energies
of residues Y1, Q2 and K10 in EBR2S are positive, especially
that of K10 reaches 6.6 kJ/mol, which further proves that the
polar interactions are unfavorable for the formation of
IN;_EBR28. As for IN;, the key residues are Q177, K173,
F100, L104, E85 and Y83, whose binding energies are —17.0,
-16.7, —4.02, —2.8, —20.4 and —8.1 kJ/mol, respectively.
Obviously, all these key residues lie in the the p3, al and a5
regions. The residues which are most unfavorable for the
association were K10 of EBR28 and K103 of IN;, whose
binding energies were 6.6 and 5.9 kJ/mol, respectively. By
comparing the binding energy decomposition analyses of IN,
and IN,_EBR28, it is found that EBR28 in the IN;_EBR28
system serves as the substitute for the other subunit of IN,.

Two models are used to analyze the interactions between the
interfaces of the IN, _EBR28 system. In model 1, IN, is
regarded as the receptor and EBR2S is taken for the ligand. In
model 2, IN,_EBR2S is as the receptor and IN, is as the ligand.
After the calculation, the binding energy is —59.0 kJ/mol in the
model 1 and —516.6 kJ/mol in the model 2. By comparing the
binding energy of the model 1 with that of IN;_EBR28, it can
be seen that the association of EBR28 with IN, is weaker than
that with IN;. From the comparison of the binding energy of
model 2 with that of IN,, the interactions between the two
subunits in the IN, still keep stable in spite of the association
with EBR28, which is consistent with the conclusion by the
hydrogen bonds analysis. Though the association of EBR28
with IN, makes the two subunits separate 0.05 nm, the
dissociation and subunit structure change of IN, are hardly
observed.

Fig. 10E reports the contribution of each residue to the
formation of the IN,_EBR28 complex from the two models.
Based on the model 1, the non-polar residues (I5 and I8) of
EBR28 favor binding with IN,. The a1 and B3 regions of IN,
aid the association with EBR28 while the contribution of a5
region is very small, which may have correlation with the
binding site of EBR28 in the vicinity of the 33 region. From the
model 2, some non-polar residues (L4, I5 and I8) of EBR28 are
the key residues which aid the association. It is also found that
the a1, B3 and a5 regions of IN}, is more important than those
of IN, for the formation of IN,_EBR28, which may be relative
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Fig. 10. The interactions between the interfaces of the IN,, IN;_EBR28 and IN,_EBR28 systems. Energy contribution of each residue to the dimerization of IN, in the
receptor (A) IN, (colored in black) and the ligand (B) IN}, (colored in gray). Energy contribution of each residue to the association of the receptor (C) IN; (colored in
black)with the ligand (D) EBR28 peptide (colored in gray). (E) energy contribution of each residue to the dimerization of IN,_EBR28, and in the two modes, the

receptor is represented in black and the ligand is displayed in gray.

to that the hydrophobic side of EBR28 faces IN, and the
hydrophilic one locates near IN, (see Fig. 4).

In conclusion, the stabilization of IN, mainly depends on the
interactions between the 33, al, a5 regions. The formation of
IN;_EBR28 is driven by both the hydrophobic residues (L3, L4,
M7 and I8) of EBR28 and the B3, al, a5 regions of IN;. In
other words, the function of IN; is mostly substituted by
EBR28. Compared with IN,, the B3, a1, a5 regions of INy, are
still important for the formation of IN,_EBR28, however, those
of IN, are ultimately replaced by the dispersed regions of IN,
and the hydrophobic residues of EBR28 in the IN,_EBR28
system.

3.8. Hypothetical inhibiting mechanism of EBR28

The structures of the docked complexes show that the
influence of the association with EBR28 on the catalytic pocket
characterized by the conserved DD-35-E motif is very small.
This indicates that the previous proposed inhibiting mechanism
that EBR28 interacts with the catalytic pocket and inhibit the
binding of viral DNA is excluded [12].

By superimposing the structure of IN;_EBR28 onto that of
IN,, it is found that the position of EBR28 is obviously
overlapped by the place of one of the subunit a5 regions in the
IN, system (Fig. 11) .Thus, the association of IN1 with EBR28
prevents the formation of IN dimmer. In other modeling
experiment, the IN, and IN,, subunits are obtained by manually
separating the IN, system. Then, a near native IN,_IN,, complex
whose RMSD is 0.152 nm comparing with the initial IN, structure
can be gained by docking IN, to IN, with the RosettaDock

package. The near IN, structure can not be acquired when INj, is
docked to IN,_EBR28 formed by the addition of EBR28. As
described by Maroun et. al., the association—dissociation reaction
equilibrium of IN exist in the AIDS patient. Thus, some types of
subunit ensembles simultaneously exist and exhibit dynamic
rearrangements [50]. In this work, the binding of IN; to EBR28
decreases the concentration of dissociative IN; and interferes the
formation of the IN, dimmer, which inhibits IN from binding with
viral DNA in the end. The dimmer structure of IN is necessary for
binding viral DNA [10,11].

Through molecular docking, EBR28 inserts into the in-
terspaces of the subunits of IN, and forms the IN, EBR28

asS/as’

BT

Fig. 11. Superimposing the structure of IN;_EBR28 onto that of IN,. The 3,
al, a5 regions of IN;_EBR28 is represented by black solid-ribbon, and EBR28
is represented by a ball-stick model. The B3, a1, a5 regions structure of IN, are
shown as a line-ribbon model in gray.
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complex, which seems to indicate that the insertion of EBR28
may promote the disassociation of IN,. In fact, the view is not
unreasonable from the following four points: (1) EBR28 has a
tendency to translate to outside by analyzing the motive
difference of EBR2S in the two docked complexes. The limited
MD time is the only reason for the peptide not leaving the
binding site in the dimmer—peptide system. (2) The structure
and the motion mode of the catalytic region of IN, are not
influenced by the association with EBR28. (3) The very small
separation (0.05 nm) of two subunits resulting from the
insertion of EBR28 does not over-influence the viral DNA to
bind with the positive charged strip of IN,. (4) Compared with
IN,, the interactions between the subunits of IN,_EBR28 do not
decrease at all. Thus, it is proposed that the insertion of EBR28
to the interspace of the subunits of IN, is not the inhibition
mechanism of EBR2S.

In conclusion, EBR28 binds to the interface of IN monomer
through hydrophobic interactions and prevents the formation of
IN dimer, which leads to the partial loss of binding potency for
viral DNA with IN.

4. Conclusions

The binding modes between the inhibitor peptide EBR28
with IN; and IN, were proposed by using molecular docking
method. EBR2S interacts with the interfaces (the 33, a1 and a5
regions) of IN; and IN,, which excludes one of the previous
views that EBR2S interacts with the catalytic region character-
ized by the conserved DD-35-E motif.

By comparing the calculated binding free energies between
IN; and a series of EBR28 mutated peptides with the experimental
ones, it is found that the modeling values agree well with the
experimental data and the coefficient is 0.88. Thus, the validity of
the binding mode between IN; and EBR2S is further confirmed.
Through using the binding energy decomposition methods to
calculate the interactions between interfaces of the IN;_EBR2S,
IN, and IN,_EBR2S systems, the bindings of EBR28 to IN; and
IN, are mainly driven by the hydrophobic interactions between
the hydrophobic residues of EBR28 and the B3, ol and o5
regions of IN.

Finally, this work has provided insights into the detailed
inhibition mechanism of EBR28. EBR28 binding to the interface
of IN; which is overlapped by the position corresponding to one
of the subunits a5 region of IN,. Thus, EBR28 serves as
affecting the dimerization of IN, which is necessary for HIV-1 IN
to bind with viral DNA. Due to the instability of EBR28 in the
IN,_EBR28 system and low influence on the IN; structure and
its motion mode, the insertion of EBR28 into the interfaces of the
IN, subunits does not interfere with the association of IN, with
viral DNA. All the above simulation results are in agreement
with the experimental data and provide us with the helpful
information for structured-based anti-HIV peptide drug design.
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