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This study assessed the molecular interactions of (±)-anti-and-syndibenzo[a,l]pyrene-11,12-diol-13,14-epoxide
(DBPDE),
7,12dimethylbenz[a]anthracene-3,4-diol-1,2-epoxide
(DMBADE), N2hydroxylated-PhIP (N2-OH-PhIP), (±)-anti-and-syn-benzo[a]pyrene-7,8-diol9,10-epoxide (BPDE) with various Glutathione S-transferase (GST) and Nacetyltransferase (NAT) isozymes. Our in-silico data revealed that GSTP1 (8.83 kcal/mol), showing more plausible binding as compared to GSTM1 (-8.74
kcal/mol) and GSTA1 (ΔG: -8.03 kcal/mol) against (-)-anti-DBPDE and (+)syn-DBPDE. We also investigated the involvement of GST and NAT isozymes in
the conjugation of DMBADE and N2-OH-PhIP as a control despite their
preferred routes sulfonation and glucuronidation for detoxification. The
findings exhibited feeble binding of different classes of GSTs with metabolites
of DMBA and PhIP, as highlighted by their free energy of binding. The
enzymatic activity of GSTM1 against the most potent diol-epoxide of
benzo[a]pyrene (BP), (+)-anti-BPDE, and (+)-syn-BPDE followed by GSTP1
and GSTA1 has well documented. In addition, these ﬁndings provide new
perspectives for most probable mechanistic details of the detoxification
pathway of PAHs and xenobiotics useful in combination therapy for future
ligand-based drug discovery and development.
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Introduction
Polycyclic aromatic hydrocarbons (PAHs) are
widespread
mutagenic
and
carcinogenic
1,2
pollutants that require metabolic activation to
electrophilic intermediates3-5 and subsequent
covalent adduct formation with cellular DNA to
elicit their biological activity.6,7 However, several
different activation pathways exhibited strong

evidence of a prominent role of the bay-and-fjordregion diol-epoxides as ultimate mutagenic8,9 and
carcinogenic metabolites of PAHs.3,9 Diol-epoxides
of PAHs have produced stereoselectivity in a
consecutive sequence of reactions catalyzed by CYP
isozymes (3) and microsomal epoxide hydrolase.10
Principally they exist as two enantiomeric pairs of
diastereomers designated (-) diol-epoxide-2 or (-)-
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anti-diol-epoxide, (+) diol-epoxide-2 or (+)-antidiol-epoxide, (-) diol-epoxide-1 or (-)-syn-diolepoxide, (+) diol-epoxide-1 or (+)-syn-diolepoxide.
The balance between the metabolic activation and
detoxification process influences the intracellular
level of diol-epoxide-DNA-adduct formation.
Sterically hindered bay-region diol-epoxides show
an apparent low affinity for microsomal epoxide
hydrolase11 and their half-lives, substantially
increased by a stabilization effect of intracellular
lipids.12 At the same time, the spontaneous
enzyme(s)-catalyzed hydrolysis to less toxic
tetraols appear to ΔG of minor importance in the
cellular defense against diol-epoxides appear to ΔG
the glutathione S-transferase (GST) catalyzed
conjugation with glutathione.13
Several studies indicate that the efficiency of
inactivation by the pattern and the level of
expressed GST isozymes, and the cellular level of
glutathione.14,15 The conjugation of diastereomeric
diol-epoxides of various PAHs was studied well
with purified rodent human GSTs.16,17 It shows
significant differences in the activity and
enantioselectivity towards these metabolites,
dependent on the absolute configuration and the
geometry of the aromatic structure. For example,
the stereoisomeric bay-region diol-epoxides,
particularly the syn-diastereomers, were in most
cases efficiently conjugated by human GST of class
mu
(GSTM)
with
wide
variations
in
enantioselectivity ranging from 50-90%. In
contrast, in most cases, human GST of class mu
showed only an appreciable activity towards bayregion anti-diol-epoxides and a high preference for
conjugation of enantiomers with (R, S, S, R)configuration.17
Apart from GST isozymes, another vital phase II
enzyme, N-acetyltransferase (NAT), plays an
essential role in detoxifying heterocyclic amines
and other xenobiotics.18 These NAT isozymes can
detoxify molecules by N-acetylation. They can also
activate other molecules through O-acetylation to
form reactive acetoxy-esters that are unstable and
decompose to electrophiles that bind to DNA

leading to mutagenesis and carcinogenesis.[18]
Polymorphisms in NAT enzymes result in
differences in acetylation rate (slow and rapid) and
can occur more commonly in specific ethnic
populations.19 The GLY191ALA mutant in NAT2 is
more common in the African population, but the
GLY268GLU common in Asians. Slow acetylation
rates may make individuals more susceptible to
certain diseases, and numerous studies indicate a
relationship between NAT polymorphisms and
certain kinds of cancers.20,21 Slow NAT2 acetylation
phenotypes have shown a relationship to urinary
bladder cancer22, while associated colon, breast,
lung,
and
prostate
cancers
are
more
23
controversial.
In present study we have comprehensively
investigated and elucidated the mechanism of
metabolic detoxification of diastereomers of
dibenzo[a,l]pyrene (DBP) namely (-) DBPDE-2 or ()-anti-DBPDE, (+) DBPDE-2 or (+)-anti-DBPDE, (-)
DBPDE-1 or (-)-syn-DBPDE and (+) DBPDE-1 or
(+)-syn-DBPDE (Figure 1); 7,12-DMBA-3,4-diol1,2-epoxide
(DMBADE)
of
7,12dimethylbenz[a]anthracene
(DMBA)
(Figure
2); N2-hydroxylated metabolite (N2-OH-PhIP) of 2amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP) (Figure 3); (-) BPDE-2 or (-)-anti-BPDE, (+)
BPDE-2 or (+)-anti-BPDE, (-) BPDE-1 or (-)-synBPDE and (+) BPDE-1 or (+)-syn-BPDE metabolites
of benzo[a]pyrene (BP) (Figure 4) by various GST
isozymes including GSTA1, A2, A3, A4, A5, GSTM1,
M2, M3, M4, M5, GSTP1 and NAT isozymes
including NAT1and NAT2 using computational
approach.
Materials and methods
Retrieval and optimization of proteins 3D
structures
3D structures of GSTA1 (PDB: 1GSE), GSTA2
(1AGS), GSTA3 (1TDI), GSTA4 (1GUL), GSTM1
(2VCT), GSTM2 (1HNA), GSTM3 (3GTU), GSTM4
(4GTU), GSTP1 (13GS), NAT1 (2IJA) and NAT2
(2PFR) were retrieved from Protein Data Bank
(http://www.rcsb.org/pdb), while 3D structures of
GSTM5 and GSTA5 accessed from the SMR database
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(http://swissmodel.expasy.org/repository/).
Proteins were prepared for docking by removing
undesired atoms, ions, and molecules. By applying
appropriate force field energy minimization,
remove the bad steric clashes using the steepest
descent algorithm for 1000 steps at an RMS
gradient of 0.01.24

Figure 3: Chemical structure of N2-OH-PhIP

Figure 4: Absolute stereochemistry of anti-and
syn-diol-epoxides of BP.

Figure 1: Chemical structure and absolute
stereochemistry of anti-and syn-diol-epoxides of
DBP.

Figure 2: Chemical structure of DMBADE.

Retrieval and optimization of ligands 3D structures
The molecular formula and SMILES notations of
(±)-anti-DBPDE, (±)-syn-DBPDE, DMBADE, N2-OHPhIP, (±)-anti-BPDE and (±)-syn-BPDE retrieved
from
PubChem
database
(http://pubchem.ncbi.nlm.nih.gov) The SMILES
string was taken for each of the ligands and
submitted to another online software system
CORINA
(http://www.molecularnetworks.com/products/corina). It takes SMILES
string as input and generates the 3D structure of
the molecule for which structural coordinates file
downloaded in PDB format suitable for AutoDock
Tools 4.0.25 Appropriate force field was applied to
them and subjected to single-step energy
minimization using the steepest descent algorithm
for 500 steps at an RMS gradient of 0.01.24
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Active site identification
We identified the preferable ligand binding site of
different GST and NAT isozymes by Q-Site finder
(http://www.modelling.leeds.ac.uk/qsitefinder). It
takes PDB files or PDB ID of proteins as input,
predicts binding sites, and gives residues
responsible for making a particular binding site
along with a graphic view of that particular binding
site as output. One of the active sites having a larger
volume carried forward for docking to show
molecular interactions with different ligands.26
Docking simulation
Docking studies of (±)-anti-DBPDE, (±)-syn-DBPDE,
DMBADE, N2- OH-PhIP, (±)-anti-BPDE and (±)-synBPDE performed using the AutoDock Tools 4.0 to
find the preferred binding conformations of the
ligands in the receptor.27 Docking to
macromolecule was performed using an empirical
free energy function and Lamarckian Genetic
Algorithm, with an initial population of 250
randomly placed individuals, a maximum number
of 106 energy evaluations, a mutation rate of 0.02,
and a crossover rate of 0.80. One hundred
independent docking runs executed for each ligand.
Results differing by <2.0 Å in positional root-meansquare deviation (RMSD) were clustered together
and represented by the result with the most
favorable free energy of binding.25
Visualization of docked complexes
Ligplot:
(http://biochem.ucl.ac.uk/bsm/ligplot/ligplot.htm
l), a command-line-based program and ghost script
viewer (http://www.cs.wisc.edu/~ghost/gsview/)
was used to show the protein-ligand interactions.
After successful execution, Ligplot generates a
postscript file that further converted to desirable
graphic images with the help of GSV.28
Validation of docking methodology
To validate the docking methodology, we re-docked
the ligand present within the active site of GSTP1
(PDB: 13GS) using the same parameters used for
docking the metabolites of DBP, DMBA, PhIP, and

BP into its active site. The top-ranking
conformations clustered in terms of root mean
square deviation (RMSD) between docked position
and experimentally determined position for the
ligand.
Results and Discussion
Metabolic detoxification of (±)-anti-DBPDE, (±)syn-DBPDE with GST and NAT isozymes

Figure 5: Ligplot showing molecular interactions of
(-)-anti-DPBDE with a) GSTA1, b) GSTM1, c)
GSTP1. Dashed lines and arcs show hydrophobic
contacts and H-bonds, respectively.
Docking simulation exhibited the preferred binding
pattern of (±)-anti-DBPDE and (±)-syn-DBPDE with
various GST and NAT isozymes using AutoDock
Tools 4.0. Our docking results revealed that (-)anti-DPBDE showed a strong binding affinity with
GSTP1 (ΔG: -8.83 kcal/mol, Ki: 0.338 µM) followed
by GSTM1 (ΔG: -8.74 kcal/mol, Ki: 0.393 µM) and
GSTA1 (ΔG: -8.03 kcal/mol, Ki: 1.30 µM).
Furthermore, GLN51, SER65, TYR108, ILE04,
ARG13, PRO53 residues of GSTP1, LYS36, GLU215,
LYS211, GLU214 residues of GSTM1, PRO134,
GLU137, LYS141, and LYS138 residues of GSTA1
(Figure 5a-c) are involved in hydrophobic
interaction of (-)-anti-DPBDE. The binding pattern
of GSTA and GSTM isozymes against the (-)-antiDPBDE
were
followed
the
order
asGSTA1>A3>A4>A2>A5, GSTM1>M3>M5>M4> M2
(Table 1). In addition, our docking findings also
revealed that NAT2 (ΔG: -9.37 kcal/mol, Ki: 0.135
µM) showed more favorable binding than NAT1
(ΔG: -5.84 kcal/mol, Ki: 52.84 µM) with (-)-antiDPBDE (Table 1). THR289, PHE37, SER125,
GLY126, PHE217, LEU288, CYS68, PHE93, VAL106,
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ILE95 residues of NAT2 are hydrophobically
involved with (-)-anti-DPBDE.
Further, (+)-anti-DPBDE showed slightly less
binding affinity and different order as-GSTA1 (ΔG: 6.44 kcal/mol, Ki: 18.90 µM) > GSTM1 (ΔG: -6.41
kcal/mol, Ki: 20.14 µM) > GSTP1 (ΔG: -6.37
kcal/mol, Ki: 21.56 µM) when compared to (-)-antiDPBDE. LYS141, LYS138, GLU137 residues of
GSTA1, ALA38, GLU39, LYS218, GLU214 residues of
GSTM1, TYR49, GLN51, GLN64, and ARG13
residues of GSTP1 are engaged in hydrophobic
interaction with (+)-anti-DPBDE. The binding
pattern of GSTA and GSTM isozymes against the
(+)-anti-DPBDE were followed the order asGSTA1>A2>A4>A5>A3; GSTM1>M2>M4>M3> M5
(Table 1). In addition, our in-silico results also
revealed that NAT2 (ΔG: -8.31 kcal/mol, Ki: 0.813
µM) showed more favorable binding than NAT1
(ΔG: -7.91 kcal/mol, Ki: 1.59 µM) with (+)-antiDPBDE (Table 1). THR289, LEU288, ILE95,
VAL106, PHE93, PHE37, and GLY126 residues of
NAT2 are hydrophobically involved (+)-antiDPBDE.
Our in-silico findings further elicited that (+)-synDPBDE showed a more favorable binding affinity
with GSTM1 (ΔG: -8.36 kcal/mol, Ki: 0.749 µM)
followed by GSTP1 (ΔG: -7.72 kcal/mol, Ki: 2.20
µM) and GSTA1 (ΔG: -6.89 kcal/mol, Ki: 7.55 µM).
LYS218, ALA38, ARG221, PHE222 residues of
GSTM1, ILE104, CYS101, ARG13, GLN51, GLN64
residues GSTP1, SER142, LYS141, LYS138, and
GLY137 residues of GSTA1 are involved in
hydrophobic interaction of (+)-syn-DPBDE.
Furthermore, the binding pattern of GSTA and
GSTM isozymes against the (+)-syn-DPBDE were
followed the order as- GSTA1 >A4 >A3 >A5 >A2,
GSTM1>M5>M4>M3>M2 (Table 1). In addition,
our in-silico results also revealed that NAT2 (ΔG: 9.71 kcal/mol, Ki: 0.075 µM) showed more
favorable binding than NAT1 (ΔG: -6.25 kcal/mol,
Ki: 26.15 µM) with (+)-syn-DPBDE (Table 1).
THR289, LEU288, ILE95, VAL106, PHE93, PHE37,
CYS68, SER125, and GLY126 residues of NAT2 are
hydrophobically involved with (+)-syn-DPBDE.

In continuation (-)-syn-DPBDE showed slightly less
binding affinity and different order as- GSTM2 (ΔG:
-6.01 kcal/mol, Ki: 39.70 µM) > GSTA4 (ΔG: -5.34
kcal/mol, Ki: 122.26 µM) > GSTP1 (ΔG: -4.55
kcal/mol, Ki: 461.55 µM) when compared to (+)syn-DPBDE (Table 1) The binding pattern of GSTA
and GSTM isozymes against the (-)-syn-DBPDE
were
followed
the
order
asGSTA4>A5>A2>A3>A1, GSTM2>M3>M4>M1>M5
(Table 1). In addition, our docking findings also
publicized that NAT2 (ΔG: -7.01 kcal/mol, Ki:
7.31µM) showed more favorable binding than
NAT1 (ΔG: -6.90 kcal/mol, Ki: 8.83 µM) with (-)syn-DPBDE (Table 1). THR289, LEU288, ILE95,
VAL106, PHE93, PHE37, SER125, and GLY126
residues of NAT2 are engaged in hydrophobic
interactions with (+)-syn-DPBDE.

Table 1: Molecular docking studies of (±)-diolepoxides of DBP with GST and NAT isozymes
Most of the wet-lab data exhibited better enzymatic
activity of GSTA1 against the most potent diolepoxide of DBP, namely (-)-anti-DBPDE and (+)syn-DBPDE followed by GSTM1 and GSTP1
(GSTA1>GSTM1>GSTP1).17,29-31 However, our insilico findings showed the lowest Ki-in GSTP1
followed by GSTM1 and GSTA1 against (-)-antiDBPDE. In (+)-syn-DBPDE, GSTM1 showed the
highest affinity, followed by GSTP1 and GSTA1.
These results are not in complete harmony with
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wet-lab data that emphasized the significant
enzymatic activity of GSTA1.13,17 Although there are
no significant differences reflected in the above insilico findings, which means GSTA1, GSTM1, or
GSTP1 might conjugate with (-)-anti-DBPDE.
Furthermore, GSTA1, A2, A3, A4, and A5
(A1>A3>A4>A2>A5) also showed plausible binding
activity with (-)-anti-DBPDE, which is nearly close
to experimental data.32 Further, in-silico results
also revealed the significant involvement of GSTM1
(ΔG: -8.36 kcal/mol, Ki: 0.749 µM) followed by
GSTP1 (ΔG: -7.72 kcal/mol, Ki: 2.20 µM) and GSTA1
(ΔG: -6.89 kcal/mol, Ki: 7.55 µM) towards the
molecular interactions with other potent
carcinogenic metabolites, (+)-syn-DBPDE of DBP,
which is partially concord with wet-lab data.[13,17]
However, in-silico findings are consistent with
GSTA1 against both carcinogenic metabolites, (-)anti-DBPDE and (+)-syn-DBPDE of DBP.
In addition, the binding pattern of GSTA1, M1, and
P1 with week carcinogenic metabolites, (+)-antiDBPDE (GSTA1>M1>P1) and (-)-syn-DBPDE
(GSTM2>A4>P1) is different and showed
comparatively low activity. Furthermore, NAT2
activity is consistent and more than NAT1 either
(±)-anti-DBPDE or (±)-syn-DBPDE metabolites of
DBP, which is in accord with wet-lab findings.
No wet lab data investigated to date the direct
involvement of NAT isozymes in the detoxification
of (±)-anti-DBPDE and (±)-syn-DBPDE. However,
its involvement in detoxification of certain
monocyclic and heterocyclic amines is reported33-35
and inferred that enzymatic activity of NAT2
appreciably more than NAT1.33,36 Our in-silico data
exhibited preferable binding of NAT2 as compared
to NAT1 against either (±)-anti-DBPDE or (±)-synDBPDE (Table 1). Thus, our computational findings
are in reasonably good support to wet-lab data.
Furthermore,
this in-silico study
provided
additional insight into various GSTs and NATs
against the DBP diol-epoxides over wet-lab
experimentations.

Figure 6: Validation of docking methodology
through showing the same binding orientation of
the ligand present within the active site of GSTP1
(green) and that after re-docking the same (red).
Validation of docking methodology
The ligand present in GSTP1 (PDB: 13GS) was
extracted and dock within the active site using the
same parameters as considered in (±)-anti-DBPDE
and (±)-syn-DBPDE. The binding orientation of the
ligand was the same as that in the parent molecule,
confirming the accuracy of the binding and docking
program used (Figure 6).
Metabolic detoxification of DMBADE with GST and
NAT isozymes
Docking findings revealed that DMBADE showed
plausible binding with GSTM1 (ΔG: -5.41 kcal/mol,
Ki: 108.17 µM) followed by GSTP1 (ΔG: -5.29
kcal/mol, Ki: 133.38 µM) and GSTA1 (ΔG: -4.87
kcal/mol, Ki: 271.12 µM). Furthermore, PHE34,
LYS33, LYS43, LEU44, ILE35, ASP40 residues of
GSTM1, ARG70, ASN66, ARG13, SER65, GLU97,
GLN64 residues of GSTP1, LYS138, and LYS141
residues of GSTA1 are involved in hydrophobic
interaction of DMBADE (Figure 7a-c). The binding
pattern of GSTA and GSTM isozymes against the
DMBADE were followed the order as- GSTA1 >A3
>A2 >A4 >A5, GSTM1 >M2 >M4 >M5 > M3 (Table
2). In addition, our docking findings also revealed
that NAT2 (ΔG: -8.06 kcal/mol, Ki: 1.24 µM) showed
more favorable interactions than NAT1 (ΔG: -7.22
kcal/mol, Ki: 5.12 µM) with DMBADE (Table 2).
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VAL106, CYS68, SER125, PHE37, GLY126, PHE93,
PHE217, THR289, and LEU288 residues of NAT2
are engaged hydrophobic interactions with
DMBADE.

Figure 7: Ligplot showing molecular interactions of
DMBADE with a) GSTA1, b) GSTM1, c) GSTP1.
Dashed lines and arcs show hydrophobic contacts
and H-bonds, respectively.

Table 2: Molecular docking studies of diol-epoxide
of DMBA with GST and NAT isozymes.
Data published so far, emphasized that the
carcinogenic metabolite of 7,12-DMBA, DMBA-3,4diol-1,2-epoxide (DMBADE) is mainly conjugated
by sulfotransferases.37,38 However, we have
investigated GST and NAT isozymes in the
conjugation
of
DMBADE
instead
of
sulfotransferases. Our in-silico findings exhibited
the feeble binding pattern among the different
classes of GST as highlighted by their binding
energies complementing the wet-lab data that the

GSTs are not the primary detoxification enzyme for
DMBADE.38 In addition, no wet-lab data reveals the
direct involvement of NAT isozymes in the
detoxification of DMBADE. However, our insilico data showed preferable binding of NAT2 as
compared to NAT1 against DMBADE. Thus, our
computational
findings
highlighted
the
involvement of NAT isozymes while feebly support
the conjugation by various GST isozymes.
Metabolic detoxification of N2-OH-PhIP with GST
and NAT isozymes
The computational results revealed that N2-OHPhIP showed plausible binding with GSTP1 (ΔG: 6.23 kcal/mol, Ki: 27.11 µM) followed by GSTM2
(ΔG: -5.76 kcal/mol, Ki: 59.86 µM) and GSTA3 (ΔG:
-5.48 kcal/mol, Ki: 96.36 µM). Furthermore, GLN51,
TYR49, GLN64, GLU97, ARG13, SER65, PRO53, and
LEU52 residues of GSTP1 are involved in the
hydrophobic interaction N2-OH-PhIP (Figure 8a-c).
The binding pattern of GSTA and GSTM isozymes
against the N2-OH-PhIP were followed the order asGSTA3 >A4>A5 >A1 >A2, GSTM2 >M3 >M4 >M1 >
M5 (Table 3). In addition, docking simulation study
also revealed that NAT2 (ΔG: -9.86 kcal/mol, Ki:
0.059 µM) showed more favorable interactions
than NAT1 (ΔG: -8.56 kcal/mol, Ki: 0.530 µM)
with N2-OH-PhIP (Table 3). SER287, LEU288,
SER216, PHE217, CYS68, GLY124, HIS107, ASP122,
PHE93, and PRO96 residues of NAT2 are engaged
in hydrophobic interactions with N2-OH-PhIP.
The experimental data emphasizes glucuronidation
of N2-OH-PhIP.39,40 However, we have thoroughly
examined the involvement of GST and NAT
isozymes in the conjugation of N2-OH-PhIP.
Findings exhibited the feeble binding pattern
among the different classes of GST, as highlighted
by their binding energies. In addition, our insilico data showed preferable binding of NAT2
compared to NAT1 against the N2-OH-PhIP. Thus,
our computational findings highlighted the
involvement of NAT isozymes while feebly support
the conjugation by various GST isozymes.
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the
order
asGSTA2>A4>A3>A1>A5,
GSTM1>M4>M3>M2> M5 (Table 4). In addition,
our docking findings also revealed that NAT2 (ΔG: 7.19 kcal/mol, Ki: 5.34 µM) showed more favorable
binding than NAT1 (ΔG: -6.98 kcal/mol, Ki: 29.75
µM) with (-)-anti-BPDE (Table 4). PHE150, ASP122,
SER125, PHE93, TYR190, ILE189, GLN163,
SER129, LEU135, and MET131 residues NAT2 are
hydrophobically involved with (-)-anti-BPDE.
Figure 8: Ligplot showing molecular interactions of
N2-OH-PhIP with a) GSTA1, b) GSTM1, c) GSTP1.
Dashed lines and arcs show hydrophobic contacts
and H-bonds, respectively.

Table 4: Molecular docking studies of (±)-diolepoxides of BP with GST and NAT isozymes.
Table 3: Molecular docking studies of N2-OH-PhIP
with GST and NAT isozymes.
Metabolic detoxification of (±)-anti-BPDE, (±)-synBPDE with GST and NAT isozymes
The docking findings revealed that (-)-anti-PBDE
showed plausible binding with GSTP1 (ΔG: -5.90
kcal/mol, Ki: 47.64 µM) followed by GSTM1 (ΔG: 5.44 kcal/mol, Ki: 102.40 µM) and GSTA1 (ΔG: -4.26
kcal/mol, Ki: 753.46 µM). Furthermore, ARG13,
GLN64, TYR49, GLN51, PRO53, LEU52 residues of
GSTP1, LYS43, LEU44, ILE35, PHE34, LYS33, ASP40
residues of GSTM1, SER142, LYS138, LYS141, and
PRO134 residues of GSTA1 (Figure 9a-c) are
involved in hydrophobic interaction of (-)-antiBPDE. The binding pattern of GSTA and GSTM
isozymes against the (-)-anti-BPDE were followed

In continuation, (+)-anti-BPDE showed slightly
more binding affinity and different order as-GSTP1
(ΔG: -7.22 kcal/mol, Ki: 5.11 µM) > GSTA1 (ΔG: 6.97 kcal/mol, Ki: 7.73 µM) > GSTM3 (ΔG: -6.43
kcal/mol, Ki: 19.45 µM) when compared to (-)-antiBPDE. LYS141, LYS138 residues of GSTA1, TYR49,
LEU44, LYS33, PHE34, LYS43 residues of GSTM1,
ASN66, SER65, GLN64, ARG13, ILE104, and GLN51
residues of GSTP1 are engaged in hydrophobic
interaction with (+)-anti-BPDE. The binding
pattern of GSTA and GSTM isozymes against the
(+)-anti-BPDE
followed
the
order
asGSTA1>A4>A3>A2>A5, GSTM3>M2>M1>M5>M4
(Table 4). In addition, our in-silico results also
revealed that NAT1 (ΔG: -6.05 kcal/mol, Ki: 36.88
µM) showed more favorable binding than NAT2
(ΔG: -4.51 kcal/mol, Ki: 490.83 µM) with (+)-anti-
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BPDE (Table 4). ARG187, PHE125, ILE189, VAL93,
ILE106, VAL216, PHE127, PHE287, and TYR94
residues of NAT1 are hydrophobically involved
with (+)-anti-BPDE.

Figure 9: Ligplot showing molecular interactions of
(-)-anti-BPDE with a) GSTA1, b) GSTM1, c) GSTP1.
Arcs show hydrophobic contacts.
Our in-silico findings further elicited that (+)-synBPDE showed a more favorable binding affinity
with GSTP1 (ΔG: -6.89 kcal/mol, Ki: 8.90 µM)
followed by GSTM2 (ΔG: -5.91 kcal/mol, Ki: 46.27
µM) and GSTA1 (ΔG: -5.81 kcal/mol, Ki: 54.89 µM).
LYS138, LYS141, GLU137, PRO134 residues of
GSTA1, LYS43, LEU44, ILE35, PHE34, LYS33, ASP40
residues of GSTM1, GLN51, LEU52, PRO53, GLN64,
ARG13, GLU97, and CYS101 residues of GSTP1 are
involved in hydrophobic interaction of (+)-synBPDE. Furthermore, the binding pattern of GSTA
and GSTM isozymes against the (+)-syn-BPDE
followed the order as- GSTA1>A4>A2>A5>A3,
GSTM2>M3>M1>M4>M5 (Table 4). In addition,
our in-silico results also revealed that both NAT1
(ΔG: -5.95 kcal/mol, Ki: 143.83 µM) and NAT2 (ΔG:
-5.16 kcal/mol, Ki: 166.33 µM) have almost
identical binding against (+)-syn-BPDE (Table 4).
PHE125, CYS68, HIS107, ILE106, PHE217, VAL216,
PHE287, and VAL93 residues of NAT1 are
hydrophobically involved with (+)-syn-BPDE.
Further, (-)-syn-BPDE showed almost the same
binding affinity as (+)-syn-BPDE with different GST
and NAT isozymes having binding energy in the
range of -4.01 to -5.39 kcal/mol (Table 4).
The experimental data studied so far exhibited the
more enzymatic activity of GSTM1 against the most

potent diol-epoxide of BP, namely (+)-anti-BPDE
and (+)-syn-BPDE followed by GSTP1 and
GSTA1.[13,31,41]
However,
our in-silico findings
showed
the
involvement
of
GSTs
as
GATP1>A1>M1, contrary to wet-lab data.
Further, in-silico data exhibited preferable binding
of NAT1 as compared to NAT2 against either (±)anti-BPDE or (±)-syn-BPDE (Table 4). Thus, our
computational findings are partially agreed with
wet-lab data. However, these in-silico findings
provided significant structural insight into various
GST and NAT isozymes against the stereoisomeric
diol-epoxides of BP over to wet-lab data.
Conclusion
Different isomeric forms of diol-epoxides of DBP,
DMBA, PhIP, and BP have shown significant and
more substantial molecular interactions with
various isozymes of GST and NAT, suggesting that
these metabolites could be highly reactive towards
these enzymes. Subsequent interactions probably
will lead to the inactivation of these detoxifying
enzymes favoring the formation of DNA adducts
from these diol-epoxides, which could lead to
genetic instability. Our results may not be in
complete agreement with the wet-lab findings for
different carcinogenic metabolites due to several
factors inside the cells and the constitutive actions
of various metabolites together. Further, the simple
fast-track protocol can be pretty valuable in
predicting the GST and NAT isozymes involved in
detoxifying the known metabolite(s) of PAHs.
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