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Abstract

The signaling molecules TNF-a, AP-1, and NF-xB act to integrate multiple stress signals into a series of diverse antiprolifera-
tive responses. Disruption of these processes can promote tumor progression and chemoresistance. Naturally occurring plant
derived compounds are considered as attractive candidates for cancer treatment and prevention. Phytoconstituents can control
and modify various biological activities by interacting with molecules involved in concerned signaling pathways. The aim of
this study was to find binding conformations between phytoconstituents and these signaling molecules responsible for multiple
stress signals of UVB induced photodamage. Induced fit docking was carried out for understanding the binding interactions of
pantothenic acid (vitamin BS5); 3,4,5-trihydroxy benzoic acid (gallic acid); madecassic acid and hexadecanoic acid, ethyl ester
(palmitic acid) with TNF-a, AP-1, and NF-«xB. Favorable binding conformations between these signaling molecules and the four
phytoconstituents were observed. A number of poses were generated to evaluate the binding conformations and common interact-
ing residues between the ligands and proteins. Among them, the best ligands against TNF-a, AP-1, and NF-«B are reported. The
present investigation strongly suggests the probable use of these flavonoids for the amelioration of UVB induced photodamage.
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Background

Ultraviolet-B (UVB) radiation is the most damaging compo-
nent of the solar radiation reaching the Earth. UVB is impli-
cated in the generation of free radicals and oxidative damage.
It reportedly causes numerous skin disorders in humans and
induces a number of harmful responses including inflam-
mation, photoaging and skin cancer (Halliday 2005; Afaq
et al. 2005). UVB induced ROS generation can oxidize and
damage cellular lipids, proteins and DNA, leading to unfa-
vorable changes including cytological impairments in the
structure of skin that could result in inhibition of their regu-
lar functions (Sklar et al. 2013). Direct absorption of UVB
leads to the formation of cyclobutane—pyrimidine dimers
and pyrimidine-pyrimidone (6-4) photoproducts. UVB rays
can also alter protein function by directly interacting with
aromatic amino acids in proteins (Verschooten et al. 2006).

UVB exposure is known to stimulate inflammatory
responses in skin via up regulation of pro-inflammatory
cytokines such as tumor necrosis factor-o (TNF-a), inter-
leukin-1, IL-6, and IL-8 (Ishida and Sakaguchi 2007).
Enhanced expression of TNF-a under UVB-irradiation
is mainly responsible for the activation of multifunc-
tional cytokines such as interleukin-6 (IL-6), COX-2 and
nuclear factor kappa-B (NF-kB) expressions (Balupillai
et al. 2015). Activation of NF-kB by various pro-inflam-
matory proteins including TNF-a, COX-2 and IL-6 lead to
skin inflammation has also been reported by Young et al.
(2008). It is also known that UVB-induced damage to the
keratinocytes frequently promotes hot spot mutations in
the p53 gene that ultimately may lead to a faulty trigger
to apoptosis and there by promote the non-melanoma skin
cancers.

The MAPK family includes c-Jun N-terminal kinase
(JNK), extracellular signal-regulated kinases (ERK) and
p38 kinase. All these three members play important roles in
the regulation of cellular functions, such as differentiation,
apoptosis, proliferation, inflammation and photo-aging (Sun
et al. 2016). UVB-irradiation induced ROS significantly dis-
turb the signaling pathways leading to altered gene expres-
sion and activation of mitogen-activated protein kinases
(MAPKSs) that play a vital role in UVB induced skin damage.

Phytochemicals possess antioxidant properties and their
consumptions could effectively salvage damages mediated
by free radicals. Therefore phytochemicals are considered as
valuable tools for maintaining human health. Attempt have
been made in this study to derive support to the ameliorative
effects of selected flavanoids by analyzing their molecular
docking behavior with some signalling molecules involved
in photo-oxidative damages.

Materials and methods
Molecular docking

Molecular docking was performed on Centos 6 Linux work-
station using Maestro (Schrodinger LLC 2009, USA) by fol-
lowing Parasuraman et al. 2012. Grid based Ligand Dock-
ing with Energetics (GLIDE-6.0) searches were performed
for understanding docking interactions of compounds viz;
pantothenic acid (vitamin BS5); 3,4,5-trihydroxy benzoic
acid (gallic acid); madecassic acid and hexadecanoic acid,
ethyl ester (palmitic acid) with TNF-a, NF-kB and AP-1.
All molecular modeling was carried out using optimized
potential liquid simulation for all atoms (OPLS-AA) force
field. Ligprep 2.3 module (Schrodinger) was employed for
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Fig. 1 Structure of proteins and compounds used for docking analysis
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all compounds preparation. The three-dimensional crystal
structures of TNF-a (PDB: 2E7A), NF-kB (PDB: 1SVC)
and AP-1 (PDB: 1FOS), were downloaded from the protein
data bank (PDB) (http://www.rcsb.org). Protein preparation
wizard of Schrodinger was used for TNF-a, NF-kB and AP-1
preparation. No hydrogen atoms were minimized until the
average root mean square deviation reached a default value
of 0.3 A. Sitemap 2.3 was used to understand binding site in
the ligand-binding domain (LBD) of the above mentioned
proteins. Induced fit docking was performed to predict com-
pound binding modes and structural movements in the LBD
region of proteins using Glide and Prime modules. The pre-
pared proteins were loaded on the workstation and the grid
values were calculated about 20 A to cover the entire active
site amino acids. About 20 conformational images were cre-
ated and analyzed for the best conformation pose based on
the docking score and glide energy.

Molecular modeling calculations

All computational works were performed on Red Hat Enter-
prise Linux EL-5 workstation using the molecular modeling
software Maestro (Schrodinger LLC 2009, USA). GLIDE-
6.0 searches were made for favorable docking interactions
between one or more ligand molecules with the proteins
macromolecules. All the molecular modeling simulations
were carried out using OPLS-AA force field (Glide 6.0)
(Friesner et al. 2004). Hydrogen bond interactions and
hydrophobic contacts were observed between protein and
ligand using Ligplot software (Wallace 1995).

Ligand preparation

Compounds like pantothenic acid (vitamin B5); 3,4,5-trihy-
droxy benzoic acid (gallic acid); madecassic acid and hexa-
decanoic acid, ethyl ester (palmitic acid) were built using
builder panel in Maestro. The four compounds were taken
for ligand preparation by Ligprep 2.3 module (Schrodinger,
USA), which performs addition of hydrogen as well as 2D to
3D conversions, measurement of realistic bond lengths and
bond angles, assessing low energy structure with correct chi-
ralities, ionization states, tautomers, stereochemistries and
ring conformations.

Protein preparation and active site prediction

For the docking study, modifications were carried out in
TNF-a (PDB: 2E7A), NF-kB (PDB: 1SVC) and AP-1 (PDB:
1FOS). Missing hydrogen atoms were added and correct
bond orders were assigned, and then formal charges and
orientation of various groups were fixed. Following this,

optimization of the amino acid orientation of hydroxyl
groups and amide groups were carried out. All amino acid
flips were assigned and H-bonds were optimized. Non
hydrogen atoms were minimized until the average root mean
square deviation reached default value of 0.3 A. Sitemap
2.3 was used to explore binding site in the docking studies
(Halgren 2007).

Induced fit docking

The prepared protein was loaded in the workspace and the
sitemap predicted active site was specified for IFD. Grid was
calculated about 20 A to cover all the active site residues
defined by the sitemap. The van der waal’s radii of non polar
receptor and ligand atoms were scaled by a default factor
of 0.50. IFD calculations were carried out for the pantoth-
enic acid (vitamin BS5); 3,4,5-trihydroxy benzoic acid (gallic
acid); madecassic acid and hexadecanoic acid, ethyl ester
(palmitic acid) with the TNF-a (PDB: 2E7A), NF-kB (PDB:
1SVC) and AP-1 (PDB: 1FOS) receptors. Following this,
20 conformational poses were calculated and the best con-
formational pose was selected based on the docking score,
glide energy, hydrogen bonding and hydrophobic bonding
interactions.

Results

Induced fit docking studies using pantothenic acid (vitamin
B5); 3,4,5-trihydroxy benzoic acid (gallic acid); madecas-
sic acid and hexadecanoic acid, ethyl ester (palmitic acid)
with the TNF-a (PDB: 2E7A), NF-kB (PDB: 1SVC) and
AP-1 (PDB: 1FOS) (Fig. 1) have revealed that the inter-
actions with flavonoids have significant levels of docking
score and glide energies (Table 1). The glide energy scores
against TNF-o (PDB: 2E7A) were found to be — 6.72943,
—9.85743, and — 7.6138 kcal/mol for 3,4,5-trihydroxy ben-
zoic acid (gallic acid); madecassic acid and hexadecanoic
acid, ethyl ester (palmitic acid), respectively (Table 1 and
Fig. 2). The glide energy scores against AP-1 (PDB: 1FOS)
were found to be — 7.31009, — 6.13536 and — 6.43068 kcal/
mol for pantothenic acid (vitamin B5); 3,4,5-trihydroxy ben-
zoic acid (gallic acid) and hexadecanoic acid, ethyl ester
(palmitic acid), respectively (Table 1 and Fig. 3). The glide
energy scores against NF-kB (PDB: 1SVC) were found to
be — 7.01477 and — 8.72394 kcal/mol for 3,4,5-trihydroxy
benzoic acid (gallic acid) and hexadecanoic acid, ethyl ester
(palmitic acid), respectively (Table 1 and Fig. 4). All the
flavonoids used in this study, showed very good glide energy
scores, docking scores and hydrogen bond interaction with
all the tested proteins.
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Table 1 Induced fit docking of selected flavonoids

Proteins Flavonoids Docking score/  Hydrogen bond interactions Distance between No. of
energy (kcal/ donor and acceptor  hydrogen
mol) A) bond

2E7A (TNF-a) 3,4,5-Trihydroxy benzoic acid (Gallic acid) — 6.72943 TYRI119 (O-H....0) 2.80 3

TYR261 (O-H....0) 2.76
ILES8 (O....0) 2.35
Madecassic acid —9.85743 TYR115 (O-H....0) 2.51 3
SER245 (O....0) 2.90
GLN149 (O....0) 3.02
Hexadecanoic acid, ethyl ester (Palmitic —7.6138 ILE208 (O....N) 3.30 1
acid)
1FOS (AP-1)  Pantothenic acid (vitamin B5) —7.31009 ARG159 (N....0) 222 6
THRI162 (O....0) 2.18
ARG285 (N....0) 2.61
ARG285 (N....0) 2.68
ARG401 (N....0) 3.00
ARG401 (N....0) 2.57
3,4,5-Trihydroxy benzoic acid (Gallic acid) — 6.13536 GLN166 (N....0) 3.00 7
THR352 (O....0) 2.36
ARG401 (N....0) 2.98
ARG404 (N....0) 2.80
GLU356 (O....0) 2.53
ASP170 (O....0) 3.02
GLN349 (0O....0) 2.76
Hexadecanoic acid, ethyl ester (Palmitic — 6.43068 THR306 (O....Cl) 2.98 1
acid)
ISVC (NF-xB) 3,4,5-Trihydroxy benzoic acid (Gallic acid) — 7.01477 VALG61 (N....0) 2.86 6
HIS112 (N....O0) 3.05
SER113 (0....0) 2.71
VALI145 (N....0) 2.77
ARG157 (N....0) 2.61
LEU143 (O....0) 2.76
Hexadecanoic acid, ethyl ester (Palmitic — 8.72394 PROS51 (C....CD) 2.99 3
acid) SER237 (C....Cl) 3.59
VALS5 (N....Cl) 3.16
Discussion Perkins 2007). NF-kB plays an important role in inflamma-

Environmental stressors like UVB-irradiation alter the pro-
duction of some pro-inflammatory cytokines, apoptotic and
photo-aging markers such as tumor necrosis factor-alpha
(TNF-a), NF-kB, interleukin IL-6, p53 and AP-1, leading
to the process of inflammation, apoptosis and photo-aging
in human epidermal keratinocytes. However flavonoids with
significant antioxidant properties exert regulation of differ-
ent signaling molecules in UVB-induced photo-damage
(Mansuri et al. 2014).

NF-«B is found in almost all animal cell types and is
involved in cellular responses to different stimuli such as
cytokines, free radicals, heavy metals, ultraviolet irradiation,
and bacterial or viral antigens (Gilmore 2006; Brasier 2006;
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tory pathways, mostly induced by oxidative stress. NF-xkB
transcription factors also regulate the expression of hun-
dreds of genes that are involved in regulating cell growth,
differentiation, development, and apoptosis (Oeckinghaus
and Ghosh 2009). Hence methods of inhibiting NF-xB
signalling could have potential therapeutic applications in
cancer and inflammatory diseases. The discovery that oxida-
tive stress mediated activation of NF-kB nuclear transcrip-
tion factor could be kept under control by phytochemicals,
gives a promising avenue for developing novel strategies
for targeting NF-xB inhibition (Vlahopoulos et al. 1999).
Drugs such as disulfiram, olmesartan and dithiocarbamates
that are capable of inhibiting the nuclear factor-xB (NF-xB)
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Fig.2 Induced-fit docking models of the flavonoids a 3,4,5-trihy-
droxy benzoic acid (Gallic acid); b Hexadecanoic acid, ethyl ester
(Palmitic acid) and ¢ Madecassic Acid, at drug-binding sites of TNF-

signalling cascade are already available in market (Cvek and
Dvorak 2007).

Induced fit docking (IFD) is one of the main compli-
cating steps in docking studies, which predicts accurate
ligand-binding modes and concomitant structural move-
ments in the receptor using Glide and Prime modules. In
IFD, when ligand binds to the receptor, it undergoes side
chain or backbone conformational changes or both, in many
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a. Pymol on left side and Ligplot on right side. Hydrogen bonds are
shown by green dotted lines

proteins. These conformational changes allow the receptor
for better binding according to the shape and binding mode
of the ligand (Keskin 2007). The present investigation has
revealed that the interactions of NF-kB (PDB: 1SVC) with
3.,4,5-trihydroxy benzoic acid (gallic acid) and hexadecanoic
acid ethyl ester (palmitic acid) produced the GLIDE energy
scores of — 7.01477 and — 8.72394 kcal/mol, respectively.
The results of the present study are significant in the light
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of the previous report by Ramachandra et al. (2008), that
the interaction of daunorubicin and dexamethasone (well-
known drugs for NF-kB inhibition) with NF-kB yielded the
glide energy score of — 6.15 and — 7.6, respectively. The
present study has also indicated better GLIDE scores than
the ones previously reported for the interaction of NF-kB
with Coclaurine (— 4.199), hirsutine (— 3.993) and haider-
ine (4.103), isolated from Cocculus hirsutus L. (Thavamani
et al. 2016).
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Fig.3 Induced-fit docking model of the flavonoids a hexadecanoic
acid, ethyl ester (Palmitic acid); b 3,4,5-trihydroxy benzoic acid (Gal-
lic acid) and ¢ pantothenic acid (vitamin B5), at drug-binding sites of
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TNF-a is a critical cytokine involved in various autoim-
mune diseases as it plays an extensive role in inflammatory
disorders by acting as a central regulator of inflamma-
tory pathways (Esposito and Cuzzocrea 2009). The pri-
mary role of TNF-a is in the regulation of immune cells.
TNF-a, being an endogenous pyrogen, is able to induce
fever, inflammation, apoptotic cell death as well as inhibi-
tion of tumorigenesis and viral replication. Deregulation
of TNF-a production has been implicated in a variety of
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human diseases including cancer (Locksley et al. 2001),
psoriasis (Victor and Gottlieb 2002), inflammatory bowel
disease (IBD) (Brynskov et al. 2002), Alzheimer’s disease
(Swardfager et al. 2010) and major depression (Dowlati
et al. 2010). Inhibition of TNF-a effect can be achieved
with a number of drug formulations such as infliximab
(Remicade), adalimumab (Humira), certolizumab pegol
(Cimzia), and golimumab (Simponi), thalidomide (Immu-
noprin) and its derivatives (Haraoui and Bykerk 2007).
However, most of these TNF-o inhibitors exhibit serious
side effects including secondary infections (especially
reactivation of latent tuberculosis), lymphomas, demyeli-
nating disease, congestive heart failure, a lupus-like syn-
drome, injection site reactions, induction of auto-antibod-
ies, and systemic side effects (Scheinfeld 2004).

The effects of TNF-a are inhibited by several natural
compounds, including curcumin (a compound present in
turmeric) (Gulcubuk et al. 2006), and catechins (in green
tea) (Chen et al. 2011) without any apparent side effects.
Activation of cannabinoid (CB1 or CB2) receptors by
cannabis or Echinacea purpurea also seems to have anti-
inflammatory properties through TNF inhibition (Raduner
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et al. 2006). In the present study the docking of 3,4,5-tri-
hydroxy benzoic acid (gallic acid); madecassic acid and
hexadecanoic acid, ethyl ester (palmitic acid) with TNF-a
shows significant levels of interactions (Table 1) com-
pared to the previously reported interactions of isorham-
netin-3-o-rutinoside, Kaempferol and kaempferol-3-glu-
curonide with TNF-a having glide scores of — 9.1, — 4.8
and — 7.0, respectively (Shankaran et al. 2016).

Reactive oxygen species (ROS) are necessary partici-
pants in multiple MAPK (mitogen activated protein kinase)
pathways that are responsible for the activation of Activator
protein 1 (AP-1) which in turn, up regulates MMP expres-
sions (Jung et al. 2014). AP-1 controls a number of cellular
processes including differentiation, proliferation, apoptosis
and photoaging (Mukherjee et al. 2006). Increased AP-1 lev-
els lead to increased transactivation of target gene expression
(Vesely et al. 2009). Regulation of AP-1 activity is there-
fore important for cell functions. The present study revealed
the interaction of pantothenic acid (vitamin B5); 3,4,5-tri-
hydroxy benzoic acid (gallic acid) and hexadecanoic acid,
ethyl ester (palmitic acid) with AP-1 (PDB: 1FOS) and the
glide energy score were found to be — 7.31009, — 6.13536

:ARG:B?P‘ ALA:111
E:TH R:153 s
P:THR:146 .
” :SER:113
= 0
of o [
P:LYS:149 . ]
|P:HI$:1|.2
o :VAL:145
o
E:LEU:li_sj-

[m‘ P:HIS:144

[P:TYR:60
Interactions

[[] vander waals

I:, Conventional Hydrogen Bond

pLEGH PiVAL:13S
PiGLY:136
e i
P:GLU:49
piLev:ls (P:vaL:Ss|
E:PHE.EE “
P:PRO:51
P:GLN:50
E:SER:BZ
| | Interactions
[ HvdrogenBond
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and — 6.43068 kcal/mol, respectively, which is significantly
higher than previously reported interaction of nutraceuti-
cal like 6-gingerol with AP-1, having a docking score of
— 10.2340 (Teimouri et al. 2016). These interactions spe-
cificities against the transcription factors used in the present
study give a theoretical entry to use these phytoconstitu-
ents as a potential inhibitor against the signalling molecules
involved in different stress mediated responses.

Conclusion

In this study, the binding interactions of four phytoconstitu-
ents viz., pantothenic acid (vitamin BS5); 3,4,5-trihydroxy
benzoic acid (gallic acid); madecassic acid and hexadeca-
noic acid, ethyl ester (palmitic acid) were carried out against
TNF-a, NF-kB and AP-1, the major signaling molecules
involved in the UVB induced photo-oxidative pathway. All
the constituents interact with these target proteins through
hydrogen bonding, hydrophobic interactions etc., and show
significant glide energies. Results of the present investiga-
tion strongly suggest the probable use of these flavonoids
for the amelioration of UVB induced photodamage. Further
studies need to be carried out to explore the pharmacologi-
cal properties and inhibitory potentials of these flavonoids
in experimental models.
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