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Probing the binding mechanism of novel dual NF-kB/ AP-1
inhibitors by 3D-QSAR, docking and molecular dynamics
simulations

Shaojie Ma,® Shepei Tan,’Danqing Fang,”” Rong Zhang,’Shengfu Zhou,Wenjuan Wu,” and
Kangcheng Zheng®

Nuclear factor-kB (NF-kB) and activator protein-1 (AP-1) are promising targets for a number of immunoinflammatory
diseases, including asthma, psoriasis, rheumatoid arthritis, and transplant rejection. In this work, based on a dataset
consisted of 127 pyrimidine/quinazoline-based derivatives as dual NF-kB/AP-1 inhibitors, an integrated computational
protocol including the three-dimensional quantitative structure-activity relationship (3D-QSAR), molecular docking and
molecular dynamics (MD) simulations was performed to explore the influence of the structural features on the NF-kB and
AP-1 inhibitory activities and design derivatives with improved potency. The obtained COMFA (comparative molecular field
analysis) model exhibited satisfactory internal and external predictability. The most probable binding sites of two
receptors had been identified by docking and MD simulations, showing that they just locate on the joint regions between
NF-kB (or AP-1) and DNA, where inhibitors can effectively prevent free NF-kB (or AP-1) from binding to DNA. At the same
time, the key residues/deoxynucleotides for achieving strong binding were also revealed by docking studies, and the
detailed dynamic binding process and binding modes of the inhibitors with different activities were determined by MD
simulations. The binding free energies are in good agreement with the experimental bioactivities. The decomposition of
binding free energies by MM-GBSA suggests that the hydrophobic interactions play an important role for the binding of
compounds to NF-kB and AP-1. The results presented here can provide significant insight into the development of novel
NF-kB /AP-1 inhibitors.

potential dual

(GM-CSF) and matrix metalloproteases (MMP)M. Therefore,
the inhibition towards NF-kB and AP-1 mediating

NF-kB and AP-1 are DNA-binding proteins and two important
transcriptions factors for the regulation expression in many
cytokinesl' 2 Many studies have shown that the over-
activation of NF-kB (or AP-1) is associated with a number of
inflammatory and immune diseases, including ashthma,
psoriasis, rheumatoid arthritis and transplant rejection 2 In
activated T cells, NF-kB and AP-1 orchestrate the expression of
many genes. NF-kB regulates proinflammatory cytokines
interleukin-1 (IL-1), IL-6, IL-8, and tumor necrosis factor-a
(TNF-a), while AP-1 regulates the production of the cytokines
IL-2, IL-3, granulocyte-macrophage colony stimulating factor
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transcriptional activation in T cells is very important to treat
inflammatory diseases, and NF-kB and AP-1 have become
potential targets for the development of novel anti-
inflammatory drugs7’8.

As for, a variety of NF-kB or AP-1 inhibitors with different
scaffolds have been developedg' 10, but very few compounds
are known to inhibit both NF-kB and AP-1. Recently, Palanki
and co-workers have  synthesized a  series of
pyrimidine/quinazoline-based derivatives and assessed their
activities "', They discovered that these compounds potently
inhibited NF-kB and AP-1 proteins at low nanomolar
concentrations, demonstrating the great potential of
developing pyrimidine /quinazoline-based derivatives as a
novel class of dual NF-kB /AP-1 inhibitors for inflammatory
diseases therapy. Moreover, There is now abundant evidence
that dual or multi-targeted inhibitors, usually inhibiting
different cell pathways or compensatory mechanisms, might
be more effective than selective inhibitors, so the search for
dual NF-kB/AP-1 inhibitors is a very attractive work™. Although
some processes have been made in experimental researches,
so far the theoretical studies on the structural factors of these
compounds which affect their anti-inflammatory activities as
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well as the inhibitory mechanisms of these compounds toward
NF-kB and AP-1 kinases remain largely unknown.

In recent years, 3D-QSAR, molecular docking and molecular
dynamics (MD) simulations have been widely and successfully
applied to guide the design of lead compoundsls’ Y The 3D-
QSAR models can help to find the key structural features
affecting the activities and understand the nonbonding
interaction characteristics between the drug molecule and
target, because they are vivid and robust™®%. Meanwhile,
molecular docking is an approach to predict the possible
orientations of ligand in the active site of receptor, and to
study the protein-ligand interactions®™ . In addition, MD
simulation is a useful methodology providing vivid pictures to
depict the fluctuations and conformational changes of
molecules, and allowing further investigating the interaction
mechanism of a protein complex with a ligand at the atomic
level*. Therefore, a combined 3D-QSAR, molecular docking
and MD simulation study can offer the deep insight into
understanding the structural features of ligand-receptor
interactions.

In this paper, a novel series of pyrimidine/quinazoline-
based derivatives acting as dual NF-kB/AP-1 inhibitors were
selected to perform an integrated computational protocol by
using molecular docking, MD simulations and 3D-QSAR
methods. The purpose is to develop a rational predictive
model and to investigate the interaction details between these
compounds and NF-kB (and AP-1). The optimum 3D-QSAR
CoMFA models were established, and the key structural
features contributing to the inhibitory activities were also
identified. Then, the orientations and the probable binding
modes of these compounds interacting with both NF-kB and
AP-1 were located by docking and MD simulations. We hope
the obtained results could guide rational design of novel and
more efficacious dual NF-kB/AP-1 inhibitors and offer some
references for experiment work.

2. Materials and methods

2.1. Date set

A set of 127 pyrimidine/quinazoline-based derivatives with a
wide spectrum of anti-inflammatory activities against dual NF-
kB and AP-1 receptors“'14 were collected to perform this
study. The general structural formulae of the studied
compounds and template molecules 109 and 50 are displayed
in Fig. 1. The total set of these derivatives was divided into a
training set (88 compounds) for 3D-QSAR model generation
and a test set (39 compounds, labeled with an asterisk) for
model validation (ESITable S1). The test compounds were
selected manually considering the structural diversity and wide
range of activities in the data set®™. Al original IC5o values were
converted to plCsy (-loglCso) values and used as dependent
variables in the 3D-QSAR study.

The 3D-structures of pyrimidine/quinazoline-based
derivatives were constructed by the sketch molecule module
in Sybyl 6.9 software. Structural energy minimization was
carried out using the Powell gradient algorithm and the Tripos
force field with a convergence criterion of 0.001 kcalemol ™ eA™
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and a maximum of 1000 iterations MMFF94 charges were
assigned to each inhibitor?®. The minimized structure was used
as the initial conformation for molecular docking.

(a)

Fig.1 General structural formula and numbering of pyrimidine(a,
compounds 1-104) and quinzolinederivatives (c, compounds 105-
127), and template molecules (b, compound 50 and d, compound
109).

2.2. Molecular docking
To determine the probable binding conformations and
orientations of the studied derivatives interacting with both
NF-kB and AP-1 kinases, docking studies were carried out using
the Dock 6.0 program27.

The X-ray crystal structures of NF-kB (1INFK) and AP-1
(2H7H) were obtained from the Protein Data Bank and used to
dock. At the beginning of docking, all the water and subunits
were removed, hydrogen atoms and AMBERFF99 charges were
added to the protein, and only hydrogen positions were
energy-minimized in 10000 cycles with Powell method in
SYBYL 6.9. Next, the surface of protein was calculated with
DMS program. To obtain possible binding sites, some spheres
are generated and selected by Sphgen module of the DOCK 6.0
program. At last, all compounds were flexibly docked into the
binding sites where the protein is considered as rigidity. The
box size, the grid space, energy cutoff distance, and max
orientation were set as 8 A, 0.3 A, 12 A and 10,000,
respectively 3
2.3. 3D-QSAR studies
CoMFA studies were performed using the QSAR option of
Sybyl 6.9 software Models of steric and electrostatic fields
were based on both Lennard-Jones and Coulombic potentials.
The steric and electrostatic fields were calculated at each grid
point using a sp3 carbon probe atom with a charge of +1.0, a
van der Waals radius of 0.152 nm, a grid spacing of 0.2 nm.

This journal is © The Royal Society of Chemistry 2015
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The truncation for both the steric and the electrostatic
energies was set to 30 kcal/molzg' 30

The 3D-QSAR equations were generated using the partial
least square (PLS) statistical method. PLS algorithm with the
leave-one-out (LOO) cross-validation method was exploited to
yield the highest cross-validation correlation coefficient (qz)
and the optimum number of components N. The non-cross-
validation methods were appraised by the conventional
correlation coefficient Rz, standard error of estimates (SEE),
and F value. To further assess the robustness and statistical
validity of the derived models, bootstrapping analysis for 100
runs was also performed31' 32

To assess the predictive abilities of 3D-QSAR models
generated from the training set, the biological activities of 39
compounds in the external test set were predicted. The
predictive power of the models is judged based on the
predictive correlation coefficient (Rzp,ed) calculated by the
following equation: Rf,red= (SD-PRESS)/SD , where SD is the sum
of the squared derivations between the actual activities of the
test set compounds and the mean activity of the training set
compounds, and PRESS is the sum of the squared derivations
between the actual and predicted activities of the test set
compounds33.
2.4. Molecular dynamics simulations
To confirm the docking results, MD simulations were
performed with AMBER 9.0 software package34. The docked
complexes of 1INFK and 2H7H with two compounds (highly
active compound 109 and lowly active compound 50) were
used as the initial structures for MD simulations. The
electrostatic potentials (ESP) of the ligands were calculated at
B3LYP/6-31G (d) level in the Gaussian 09 program, and the
partial atomic charges for the ligand atoms were assigned
using the RESP protocol implemented in the Antechamber
module®®. The FFO3 AMBER force field and the general AMBER
force field (gaff) were used to describe the proteins and
ligands, respectively. Each complex was neutralized by adding
sodium ions and solvated in a truncated octahedron box of
water molecules with a margin distance of 12 A 36,37,

Subsequently, two-stage energy minimizations
performed to avoid possible steric stress. Firstly, each complex
was fixed with a restraint constant of 2.0 kcalemol™eA™ and

were

the water molecules and sodium ions were minimized with
steepest descent (SD) method for 2000 steps followed by
conjugated gradient (CG) method for 3000 steps. Secondly, the
whole relaxed system was optimized by 5000 steps steepest
descent minimization and 5000 steps conjugated gradient
minimization. Then, each complex was gradually heated from
0 to 300 K in 200 ps with a weak constraint of 1.0 kmoI/moI-/"-\2
at a constant volume and equilibrated for 500 ps at 300 K and
1 atm. Finally, 10 ns production MD simulation was performed
in a NPT (constant composition, T = 300K and P = 1.0 atm)
ensemble. During these steps, the particle mesh Ewald (PME)
method was used to treat the long-range electrostatic
interactions with non-bonded cutoff of 8.0 A, and the SHAKE
algorithm was turned on to constrain all covalent bonds
involving hydrogen atoms with 2 fs time step38' 39 Coordinated
trajectories were recorded every 1 ps and the stability of the

This journal is © The Royal Society of Chemistry 2015
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complexes was checked from the root mean square deviation
(RMSD).
2.5. Binding Free Energy Calculations
To estimate the binding stability of the ligand-protein
complexes, the binding free energy calculations of each
binding complex were performed by the MM-PBSA procedure
in AMBER 9.0 software *®*. For each system, a total of 200
snapshots of the simulated structures extracted from the last 2
ns stable MD trajectory were used for the calculations. The
binding free energy (AGying) is calculated as follows:
AGbind=Gcomplex'(Gprotein"'GIigand}:AGMM+AGsoI'TAS (1)
where AGyw is the molecular mechanics free energy, AGg,is
the solvation free energy, and TAS is the entropy contribution.
The molecular mechanics gas-phase free energy (AGuwm)
contains the van der Waals energy (AG,q,) and electrostatic
(AGeIe) energy:

AGMM=AGde+AGeIe(2)

The solvation free energy (AG,,) is the sum of the
electrostatic solvation,
energy (AGgeso) and the nonpolar solvation free energy
(AGnonpoI,soI):

including the polar solvation free

AGsoI=AGeIe,soI+AGnonpoI,sol(3)

The AGge,s01 Was determined by solving Poisson Boltzmann
(PB) equation with the dielectric constant for solute and
solvent set to 4.0 and 80.0, respectively. The AGponpol,so Was
determined by using:

AGnonpoI,soI=VXSASA+6(4)
where SASA is the solvent accessible surface area. The
solvation parameters of y and 8 were set to 0.0072 kcal/mol AZ,
and 0, respectively. As the calculation of entropy term was
time-consuming and its value seldom converge, the entropy
contribution has been omitted in this study a2

For discerning the difference of the binding modes of these
complexes, the binding free energies were decomposed to
each residue using MM-GBSA method. Each inhibitor-residue
pair concludes four energy terms: van der Waals contribution
(AG,4w), electrostatic contribution (AGge), polar solvation
contribution (AGgeso)) and nonpolar solvation contribution
(AGhonpolsol), Which can be summarized as the following
equation:

AGinhibitor.residue=AGvdw+AGele+AGeIe,soI+AGnonpoI,soI (5)
where AG,4,, and AG,. were calculated with sander program in
AMBER 9.0. The polar contribution was determined by the
generalized Born (GB) model (GBOBC, igb=2). The nonpolar
contribution was computed using the solvent accessible
surface area (SASA) 3

3. Results and discussion

3.1. Search the favorable binding sites

Prior to docking, it is important to define the binding pockets
for NF-kB and AP-1 models. Two docking steps were used to
find out possible binding sites of two receptors. Frist, the DNA
helix and the subunit of NF-kB (or AP-1) were used as ligand
and receptor, respectively, and the spheres within 12 A were
selected as the binding pocket of two proteins. Sequentially,
the binding sites defined by the spheres within 6 A from the
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connecting points between DNA and NF-kB (or AP-1) protein.
Herein, we selected seven sites 1-7 as the probable binding
sites for NF-kB and AP-1 (Fig. 2), respectively.

Fig.2 Possible binding sites of the pyrimidine/quinazoline-
based derivatives on NF-«kB (a) and AP-1 (b) binding to DNA, in
which the green represents NF-kB and AP-1 protein, yellow
indicates DNA.

In order to find the optimal binding sites of two receptors,
docking studies were also carried out on the dataset. All
studied compounds were docked into the possible binding
sites of NF-kB and AP-1, and the energy scores of these
different binding sites are listed in ESI Table S2, where no
precise correlations could be found between docking scores
and plCsy values. This is not surprising, because the
experimental plCsy values are very complicated, depending on
not only the binding energy, but also many other factors. The
average values of the energy scores are -61.7, -37.1, -45.4, -
59.2 and -14.4, -14.6, -21.7 klemol™ from site 1 to 4 for NF-kB
and site 5 to 7 for AP-1, respectively. Obviously, the binding
sites 1 and 7 have lower average values of the energy scores
than sites 2-4 and 5-6, respectively. So, site 1 and site 7 may be
the most possible binding sites for NF-kB and AP-1,
respectively.

In order to further ensure the rationality of binding sites of
two receptors, we selected the above seven binding modes of
NF-kB and AP-1 with the highest active compound 109 as
initial conformations for following 8.0 ns MD simulations.

First, to argue whether the MD simulations were stable
and converged, the RMSD values of protein backbone atoms

4 | RSC Adv., 2015, 00, 1-3

Journal Name

with respect to the seven starting systems are analyzed and
displayed in Fig. 3(a) and (b). The plots show that seven
systems reach equilibrium after 0.5 ns. The mean RMSD values
were 1.7 A, 2.2A, 1.3 A1.8 A, 2.1A, 1.6 A and 1.4 A,
respectively, and the relative RMSD fluctuations were very
small. These results suggested that the conformations of seven
systems were relatively stable throughout the MD simulations.
Then, the binding free-energy calculations for the 200
snapshots of the last 1.0 ns MD simulations were also carried
out by MM-PBSA method and the corresponding results are -
36.68, -16.60, -21.20 and -36.04 kcal/mol from site 1 to 4 for
NF-kB, and -29.98, -25.40, and -38.11 kcal/mol for site 5 to 7 of
AP-1, respectively. So it is easy to find that the trend of
energies for MD simulation is almost the same as that for the
docking, and site 1 and site 7 having the lowest binding free
energies are the most favorable binding sites for NF-kB and
AP-1, respectively. Thus the sites 1 and 7 were selected to
further analyses below.
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Fig. 3 The rmsd of backbone atoms of the studied complexes
during MD simulations.(a) complexes109-1NKF in sites 1-4 of
NF-kB. (b) complexes109-2H7H in sites 5-7 of AP-1.(c)
complexes109-1NFK and 50-1NFK. (d) complexes109-2H7H
and 50-2H7H.

3.2. Docking Studies

The detailed structures of the most potent dual inhibitor 109
in the binding sites 1 and 7 predicted by the above studies are
shown in Fig.4, from which we can find that compound 109
locates the junctions between NF-kB (or AP-1) and the double
helix of DNA, and thus it can effectively inhibit NF-kB (or AP-1)
from their strongly binding to DNA. Fig. 4(b) shows that
compound 109 immerges into a pocket constructed by
deoxynucleotide DT-7, DT-8, residues 141-144, 204-208 and
241-244. The ligand can form two H-bonds with DT-7 and
Asp206 with corresponding bond lengths of 3.0 A and 3.3 A,
respectively. Moreover, the electrostatic interaction between
the positive His141, Lys144 and the negative S atom of
substituent R; is very important for stabilizing the ligand.
Compound 109 can also make hydrophobic interaction with
residues Leu207, Met205, Ser208, Lys241, Ala242 and Pro243.
For AP-1 [Fig. 4(d)], the residues nearest to the ligand are
Alal3, Serl6, Argl7, Lys20, Leu2l and Arg23, and the
deoxynucleotide thymine-207, guanine-208, adenine-209 and
guanine-210 can also interact with the ligand. There is one
hydrogen bond between the N; atom of quinazoline ring and
the NH backBone of the Lys20. Besides, the electrostatic
interaction between the positive Argl7 and the negative S
atom on the thienyl ring also contributes to the binding affinity
of 109 to AP-1.

Compared with the above docking results for NF-kB and
AP-1, we can find that key residues in site 1 (NF-kB) or site 7
(AP-1) (such as Ala243/13, Ser208/16, His144/Argl7,
Lys144/20, Leu206/21) are almost the same, demonstrating
that the binding conformation and interaction with NF-kB of
the target compound 109 are similar to those with AP-1.
Therefore, there is no doubt that these compounds acting as
dual NF-kB/AP-1 inhibitors.

3.3. CoMFA Statistical results

CoMFA analysis was performed with steric and electrostatic
fields, and its statistical parameters were listed in Table 1. This
optimal COMFA model has high non-cross validation R? (0.92),
q2 (0.72) and F value (160.2), as well as small SEE (0.28),

This journal is © The Royal Society of Chemistry 2015
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Fig.4 Docking structure of the highly potent compound
109andcorrespondingsurfaceofNF-kB  (a) and AP-1 (c).
Interactions between the NF-kB (b) and AP-1 (d) active binding

RSC Adv., 2015, 00, 1-3 | 5
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site and compound 109. Hydrogen bonds are depicted as
dotted lines.

indicating that the established CoMFA model is reliable and
predictive for these compounds. Moreover, the szs of 0.95
and SD, of 0.01 obtained from bootstrapping analysis (100
runs) further verify the statistical validity and robustness of the
established COMFA model. The contributions of the steric and
are 43.5% and 56.5%, respectively,
indicating that both the steric field and electrostatic fields
have all important influences on the ligand-receptor
interactions and that the electrostatic field is more
preponderant than the steric field. So both the volume and the
polarity of the compound have much impact on its inhibitory
activity towards NF-kB and AP-1.

electrostatic fields

Table 1 Statistical results of the COMFA model

Statistical parameters CoMFA
R’ 0.92

N 5

q 0.72
SEE 0.28

F 160.2
R%s 0.95
SDys 0.01

R pred 0.71

Note: N is the optimal number of components, q2 is the square
of leave-one-out (LOO) cross-validation coefficient, R? is the
square of non-cross-validation coefficient, SEE is the standard
error of estimation, F is the F-test value, szs is themeanR’ of
bootstrapping analysis (100 runs), SD, is the mean standard
deviation by bootstrapping analysis.

94

©

Predicted pIC,

N

6 7
Actual pIC_|

Fig.5 Plots of the predicted versus actual values using the
training set (triangle) and test set (dot) based on the CoMFA
models.

Furthermore, the test set of 39 inhibitors was used to
verify the efficacy of the CoMFA model, where a predictive
coefficient Rzp,ed of 0.71 was achieved, further demonstrating
that our COMFA model has a satisfactory predictive ability. The
predicted plICsy values and the residual values of compounds
for the CoOMFA model are listed in SEl Table S1. The plot of the
predicted plCsy values by CoMFA versus the actual ones is
depicted in Fig. 5, where most points are evenly distributed
along the line Y = X, implying that the 3D-QSAR CoMFA model
is of good quality.

6 | RSC Adv., 2015, 00, 1-3

3.4. CoMFA contour maps analyses

The 3D-QSAR models can be displayed as vivid 3D contour
maps, which can provide a more exhaustive interpretation of
the biological activity and the related molecular region
information, and thus may also be helpful to detect the key
residues determining the activities of the studied compounds.
Fig. 6(a) shows the sterically favorable (green) and disfavorable
(yellow) regions of the template compound 109. There is a big
yellow contour, a small green and a small yellow contours near
substituent R; and embedding 5’- and 4’- positions of the
thienyl ring, suggesting that a moderate-sized substituent R,
with its 5’- or 4’- atoms being medium-size atom can improve
the activity. The docking results shows that the substituent R,
locates on proximity of the side chain of residue Glu204 and
Thr202 in NF-kB (or Arg23 and DT207 in AP-1), suggesting that
overlarge groups have unfavorable steric hindrance for the
receptor. This is consistent with the fact that compounds 18,
32, and 105 with 5’- or 4’- thienyl as substituent R; exhibits
higher activity than corresponding compounds 21 and 23, 30
and 34, and 106 and 107 with 2-benzo-thienyl, phenyl,
cyclopropyl, CH3;CH, or CF; at the same location. Comparing
derivative 49 with 48 and 50, their activity discrepancies can
be explained by these contours. A large green polyhedron is
embedded in the pyrrole ring of substituent R,, demonstrating
that bulky substituent R, would enhance the activity, which is
consistent with the fact that there is a big carve in docking.
Therefore, compounds 61, 60 and 59 have an order for the
activity of 61>60>59, with the corresponding R, substituent -
ethyl, -methyl, -H, respectively. Comparing derivative 62 with
48, their activity discrepancies can be explained by this green
contour. Four yellow contours and a green contour are found
near the Cg- and Cg-positions of ring-B, suggesting that
moderate-sized substituents at these positions will benefit the
activity. This can be explained by the fact that compounds 110
and 127 with OCH; or N(CHj3), linking to Cq-position have high
activities than corresponding compounds 117 and 105, 126
and 107 with N-morphinoyl, 1-piperidyl, or H at the same
location. Compared compound 109 with 105, as well as 120
with 107, their activity discrepancies can be also explained by
those contours.

The electrostatic contour map of COMFA is displayed in Fig.
6(b). A big red and a small blue contours near the 1’- position
and 3’- position of ring-C, suggests that introducing a high
electronegative group to the 1’- position or electropositive
group to 3’-position of ring-C may improve the activity. This
may be attributed to electrostatic interactions between the
electronegative S atom of ring-C and NH;" group of Lys144 in
NF-kB (or Argl7 in AP-1).

Most of the excellent derivatives (105, 108-116) all possess
an election-withdrawing S atom at the 1’-position, meanwhile,
those with high electronegative N or O atoms at the 3’-
position of ring-C (75-77, 50, 59, 27 and 10) are most inactive
compounds. Comparing derivative 1 with 2, as well as 26 with
27, their activity discrepancies can be explained by this red or
blue contour. For substituent R,, two blue contours

This journal is © The Royal Society of Chemistry 2015
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(a)

(b)

Serl6
DG210
: Lys20

JoT21

oS u HT207

)
/Ata13

Fig.6 COMFA contour maps of the highly active compound 109,
in which the purple and black represent NF-kB and AP-1
protein, respectively. (a) Steric contour map, (b) Electrostatic
contour map.

embedding in the 2”’-, 5”-positions of ring D and near the
terminal H atoms of -CH; at 3”’-substituent of ring D and C;-,
Cs- positions of ring B, implies that electropositive groups at
these positions can improve the activity. Therefore,
compounds 67, 69, 70 have an order for the activity of
69>67>70, with the corresponding 3”’-substitent of ring D -CHj3,
-H and -Cl, respectively. Comparing compound 67 with 72 as
well as 101 with 98, their activity discrepancies can be
explained by these blue contours. Meanwhile, it can be easily
found that four red contours are near the N;,, O3 and Oy,
atoms, which mean some electronegative groups at these
positions are favorable. It indicates that electron-withdrawing
groups or atoms linking to ring D would increase the activity.
Compounds 50, 59, 75-77 bearing the electropositive C or H
atom at 12-position, with -CF; or H as substituent R, are the
most inactive compounds. In addition, there is a bigger blue
contour in the vicinity of Co- and Cyp-substituents of ring-B,
suggesting the importance of electropositive atoms or groups
on this region. Most of the excellent derivatives (108-113, 119
and 120) all possess -OCHj linking to ring-B, in which -CH; with
electropositivity just falls into the blue areas. Similarly, the fact
that compounds 108 and 109 are more active than compounds
114 and 115 can also be interpreted. Compounds 122, 123 and
124 have an order for the activity of 122>123>124, with the
corresponding  Cg-substituent -SMe, -SOMe, -SO,Me,
respectively.

From the above, we can deduce that the medium-sized
substituent R, with electronegative group on 1'-position is
favorable to the activity. In Figure 4a and c, it can be

This journal is © The Royal Society of Chemistry 2015

apparently observed that the terminal of Ry is close to the
surface of protein and the negative charge can be replenished
with the positive charge around S atom. As for R,, it is also
shown that bulky and electronegative groups linking to 2-and
5- positions of ring D would increase the activity. In
comparison with Figure 4a and c, there are large binding
pockets accommodating R, in two receptors. Thus, we can
conclude that the structural features of binding sites for two
enzymes are consistent with the results of 3D-QSAR. We can
further validate that sites 1 and 7 may be the optimum binding
sites for NF-kB and AP-1, respectively.

3.5. Molecular dynamics simulations

To further investigate the detailed ligand-acceptor interactions
in the binding process, the four docking complexes
(compounds 109-2H7H, 50-2H7H, 109-1NFK and 50-1NFK)
were performed for 10 ns MD simulations. The RMSD plots [Fig.
3(c) and (d)] indicate that each system is stable throughout the
MD simulations. Moreover, the superimpositions of the
average structure of the last 1 ns trajectory and the initial
docked structures for four systems are displayed in ESI Figure
S1, where the blue line represents the initial structure of the
docked complex, and the magenta line represents the average
MD simulated structure. It can be found that the docked
complexes and the MD average structures are well overlapped
at the same binding site with only slight positional derivatives,
which further verified the reasonability and rationality of the
docking results. Furthermore, analyses of root-mean-square
fluctuation (RMSF) versus the residue number for four
complexes are displayed in Fig. 7. From Fig. 7, we can see that
the protein structures of the two complexes in each diagram
share similar RMSF distributions and similar trends of dynamic
features. The active site, including His141-Lys144, Met204-
Ser208, and Lys241-Asn244 for NF-kB (or Alal3, Serl6, Argl7,
and Lys20-Arg23 in AP-1), has larger conformational drift for
the 50-1NFK (or -2H7H) system than that for 109-1NFK (or -
2H7H) system, suggesting that the compound 109 should have
a more stable interaction with the receptor than 50. Overall,
these analyses for binding stabilization consist with the
experimental activities.
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Fig.7 The RMSFs of each residue of the protein for the four
systems. (a) complexes109-1NFK and 50-1NFK, (b) complexes
109-2H7H and 50-2H7H.

The hydrogen bond interaction is also one of the important
forces stabilizing the binding of a ligand to a receptor. For the
four systems, the hydrogen bond interactions from MD
simulations are listed in Table 2. The hydrogen bond was
characterized by distance (< 3.5 A) and orientation (the angle
D-H..A > 120°). From Table 2, we can see that in NF-kB
systems, compound 109 (or 50) can form one strong H-bond
with Asp206 (or Tyr57) and another relatively weak H-bond
with Lys144 (or Asp206), because of the different structural
scaffold of two ligands. While in the 109-2H7H system,
deoxynucleotide DC210 solidly formed a hydrogen bond with
compound 109, with one occasionally formed hydrogen bond
was observed between DG208 and compound 109, instead of
the long distance H-bond (3.4 A) between N; and Lys20 in
docking study.

Table 2 H-bond analysis from MD

interactions (AG,qw) make significant contribution to the
binding, and there is great difference of van der waals energies
for compounds 109 and 50. The electrostatic interactions
(AGge) and the nonpolar solvation free energy (AGnonpol,sol)
slightly favor the affinity. Whereas the polar solvation free
energy (AGeeso) Opposes the binding strongly. From these
results, we can conclude that in the four studied systems, the
hydrophobic interactions play a determinant role for stabilizing
the ligand in the receptor.

Table 3 The binding free energy of the four systems
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syste donor acceptor occupa Distance  Angl
m ney (%) (A) e(?)
109- Asp206@O ligand@N 87.45 2.878 34.1
INFK D2 12-H 8
ligand@0O1 Lys144@ 11.20 2.933 26.3
3 NZ-HZ2 8
50- ligand@09 Tyr57@0 97.12 3.043 28.8
INFK H-HH 6
Asp206@0 ligand@N 214 3.009 28.5
D2 7-H 6
109- ligand@0O1 DC210@ 67.80 3.092 39.0
2H7H 4 N4-H42 0
DG208@0 ligand 7.00 3.040 19.6
2P @N12-H 1

3.6. Binding free energy analysis

The calculated binding free energies of four systems are
presented in Table 3. It can be seen that the calculated AGy,g
values for 109-1NFK and 109-2H7H systems (-46.05 and -57.59
kcal/mol) were higher than the values of 50-1NFK and 50-
2H7H systems (-31.17 and -28.10 kcal/mol), suggesting that
compound 109 can form stronger binding to the receptor than
50, which was in accordance with the order of experimental
activities. Form Table 3, it can be seen that the van der waals

8 | RSC Adv., 2015, 00, 1-3

polar nonpolar
Complex _contributions contributions AGping
AGele AGele sol AGvdw AGnom:ool sol
109- -4.70  9.08 -45.11 -5.32 )
INFK 46.05
50-INFK -4.96 7.56 -29.91 -3.86 i
31.17
109- -7.01 11.94 -56.28 -6.23 -
2H7H 57.59
50- -
-1.14 4.78 -27.57 -4.16
2H7H 28.10

To gain further insight into the detailed ligand-receptor
interactions, binding free energy was decomposed to ligand-
residue pairs using the MM-GBSA approach. From Fig. 8 (a), it
can be seen that almost all residues energetically contribute
more for the binding of compound 109 than that of compound
50, especially residues Asp206, Leu207, Ala242 and Pro243. As
far as most of latter three residues are nonpolar, it is
reasonable to conjecture that there are strong van der waals
interactions between inhibitors and these residues. Moreover,
the hydrogen bond between Asp206 and
inhibitors, which had been validated by docking studies, also
played key roles in the binding. Meanwhile, we can also find
that the amino acids exhibited more favorable interaction
contributions to the binding process of two NF-kB complexes
than those of deoxynucleotides. For AP-1 [Fig.8(b)], it is shown
that the residues Alal3, Serl6, Argl7, DG208 and DC210 are
mainly responsible for the energy difference between 109 and
50. Obviously, the amino acids and deoxynucleotides have all
important influences on the binding free energies for two
compounds.

interactions

(a)

energy (kcal/mol)

35 . 109
L_EU
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Fig.8 Free energy decomposition plots for the four systems. (a)
complexes109-1NFK and 50-1NFK, (b) complexes 109-2H7H
and 50-2H7H.

The above analyses showed that hydrophobic interactions
play a very important role for stabilizing these dual NF-kB/AP-1
inhibitors to the receptors.

4. Conclusions

In the present study, a combined method of the comparative
molecular field analysis (CoMFA), molecular docking and MD
simulation was performed to study the possible binding modes
and the inhibitory mechanism for a series dual NF-kB/AP-1
inhibitors. The CoMFA study gave stable and statistically
significant predictive models with high qz, R? and Rzp,ed, and
the structural features influencing the inhibitory activity were
discussed in detail. The docking results revealed that the sites
1 and 7 with the lowest average values of energy scores may
be the most favorable binding sites for NF-kB and AP-1,
respectively. The MD simulation and MM-PBSA calculations
confirmed the reasonable binding modes of these complexes
at the binding sites and the key interaction features. The
calculated binding free energies were in accordance with the
experimental activities. The decomposition of binding free
energy to each residue revealed that hydrophobic interaction
is a predominant factor affecting the binding process. These
results could provide a detailed understanding of the binding
mechanisms between targets and inhibitors and it can direct
the drug molecular design.
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Probing the binding mechanism of novel dual NF-kB/ AP-1 inhibitors

by 3D-QSAR, docking and molecular dynamics simulations

Shaojie Ma,’ Shepei Tan,” Danging Fang,” Rong Zhang,” Shengfu Zhou,” Wenjuan Wu,®" and Kangcheng

Zheng®

Potent dual NF-kB/AP-1 inhibitors could
effectively treat immunoinflammatory diseases
so theoretical studies of dual NF-kB/AP-1
inhibitors are very significant. An integrated
computational study was carried out to identify
the most favourable binding sites, the structural
features and the interaction mechanisms.
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Fig.1 General structural formula and numbering of pyrimidine(a, compounds 1-104) and
quinzolinederivatives (c, compounds 105-127), and template molecules (b, compound 50 and d, compound
109).
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Fig.2 Possible binding sites of the pyrimidine/quinazoline-based derivatives on NF-kB (a) and AP-1
(b) binding to DNA, in which the green represents NF-kB and AP-1 protein, yellow indicates DNA.
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Fig.4 Docking structure of the highly potent compound 109andcorrespondingsurfaceofNF-kB (a) and AP-1
(c). Interactions between the NF-kB (b) and AP-1 (d) active binding site and compound 109. Hydrogen
bonds are depicted as dotted lines.
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(a) : (b)

Fig.6 CoMFA contour maps of the highly active compound 109, in which the purple and black represent NF-
kB and AP-1 protein, respectively. (a) Steric contour map, (b) Electrostatic contour map.
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Fig.7 The RMSFs of each residue of the protein for the four systems. (a) complexes109-1NFK and 50-1NFK,
(b) complexes 109-2H7H and 50-2H7H.
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Fig.8 Free energy decomposition plots for the four systems. (a) complexes109-1NFK and 50-1NFK, (b)
complexes 109-2H7H and 50-2H7H.
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