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Abstract Paraoxonase (PON) constitutes a family of
calcium-dependent mammalian enzymes comprising of
PON1, PON2, and PON3. PON family shares ~60%
sequence homology. These enzymes exhibit multiple
activities like paraoxonase, arylesterase, and lactonase
in a substrate dependent manner. Decreased PON activity
has been reported in diseases like cardiovascular disease,
atherosclerosis, and diabetes. Even though, PON2 is the
oldest member of the family, PON1 is the only member
studied in silico. In this study, the structure of PON2 was
modeled using MODELLER 9v7 and its interactions
with relevant ligands and it's physiological substrate
homocysteine thiolactone was performed using AutoDock
4.0. The results reveal that PON1 and PON2 share
common ligand binding patterns for arylesterase and
lactonase activity, whereas in case of paraoxon binding,
the residues involved in the interactions were different.
Interestingly, the substrate HCTL was found to have the
lowest free energy of binding (ΔG) and highest affinity
for PON2 than PON1.
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Introduction

Paraoxonase-1 (PON1; EC 3.1.8.1) is a calcium-dependent
esterase synthesized in the liver and contained in plasma high-
density lipoproteins (HDL) [1, 2]. HDL-associated proteins
have been now understood to have diverse biological
function in the pathogenesis of atherogenesis and inflamma-
tory processes especially in cardiovascular disease [3]. PON1
has been found to have essential functions of ArylEsterase,
organophosphatase, and lactonase activity depending on the
substrate they act upon [4]. PON1 is an essential antioxidant
enzyme, which possess peroxidase-like activity and also
hydrolyzes platelet-activating factor, bioactive phospholipids
which are involved in lipid peroxidation and vascular disease
development [5]. Apart from preserving the function of
HDL, PON1 has been reported to beneficially influence
atherogenesis via inhibition of low-density lipoprotein (LDL)
oxidation [6]. PON constitutes a family of mammalian
enzymes with three members including PON1, PON2, and
PON3. The members of the PON family share ~60%
sequence identity. This PON enzyme has been associated
with various systemic diseases like atherosclerosis [7],
Diabetes [8] as well as in tissue-specific pathologies such
as in ocular disease like retinal venous occlusion [9], age-
related macular degeneration [10]. Amongst the PON family,
PON1 is the best-studied member [11] while PON2, the
oldest member of the family, has not been crystallized so far
[12]. PON2 is intracellularly located and has the highest
lactonase activity. The native enzyme activity of PON was
recently found to be as a lactonase [12, 13]. In contrast to
PON1 and PON3, PON2 is not present in serum, and it has
minimal arylesterase and paraoxonase activity.

In this context, modeling and docking techniques could
add insight towards structure-based analysis, pertaining to
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molecular interaction studies. Hence, the present study aims
at predicting the three-dimensional (3D) structure of PON2
by employing in silico modeling techniques and also to
characterize its interactions with ligands of biological
importance.

Materials and methods

Retrieval of sequences

Human PON2 protein sequence (Swiss-Prot id Q15165)
[14] was obtained at the UniportKB (http://www.uniprot.
org/). Template for (human PON2) modeling the 3-D
structure was identified by BLASTP (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) [15] search against Protein Data Bank
(PDB) with default search parameters. PON 1 (1V04) [16]
was selected as template to model PON2. The template
structure was downloaded from PDB (http://www.pdb.org/
pdb/home/home.do) [17].

Homology-modeled 3D structure generation and analysis

Since there are no three-dimensional structural data of
the Human PON2, 3D structure of PON2 has been
predicted using MODELLER9v7 [18].This software
implements homology modeling of proteins by satisfying
spatial restraints. ClustalW was used to align the target
and template sequences and the resultant alignment was
stored as PIR format [19].The alignment and the template
atom files were given as input to MODELLER 9v7, to
generate the 3D structure of PON2. Since PON family has
two Ca 2+ ions [20] which is the characteristic feature of
the family, the modeling process was customized to
accommodate two Ca 2+ ions in the predicted structure,
as present in template. The scripts “align-ligand.py” and
“model-ligand.py” was used to generate ten rough 3D
models. Modeller automatically derives restraints from
known related structures. The restraints include distances,
angles, dihedral angles, pairs of dihedral angles, and some
other spatial restraints. Bond and angle values are taken
from CHARMM-22 force field [21].

Model evaluation

The backbone conformation of the ten models was
inspected using the Phi/Psi Ramachandran plot given by
PROCHECK server (http://nihserver.mbi.ucla.edu/SAVS/)
[22].The results indicate that two models out of ten
generated models were perfectly fit with no residues in
the disallowed region of Ramachandran plot. Furthermore,
the prediction quality was assessed using Protein Quality
Predictor (ProQ) based on LGscore [23].

Docking

The set of biologically relevant ligand molecules studied in
this study include homocysteine thiolactone [Pubchem,
107712], γ-thiobutyro lactone[Pubchem, 13852], Δ-valero
lactone[Pubchem, 10953], benzyl acetate[Pubchem, 8785], 2-
naphthyl acetate[Pubchem, 73709], phenyl acetate [Pubchem,
31229], and paraoxon[Pubchem, 9395] .The structure of these
ligand molecules were retrieved from NCBI-Pubchem Com-
pound database [24] (Fig. 1).

The geometry of the ligands were optimized via
geometry optimization protocol, (Broyden-Fletcher-Gol-
farb-Shanno line search method set to 1,000 steps) using
ArgusLab [25], a popular free suite of molecular modeling
and simulation solutions for drug discovery. Each of the
minimization was carried out using Universal Force Field
(UFF) [25] (Table 1).

Docking calculations for the selected compounds
with PON2 were carried out using AutoDock 4.0 suite,
a comprehensive software for performing automated
docking of ligands to their macromolecular receptors
[26]. In this docking simulation, we used semi-flexible
docking protocols [27], in which the target protein PON2
was kept rigid and the ligands being docked were kept
flexible in order to explore an arbitrary number of
torsional degrees of freedom. Graphical User Interface
program “AutoDock Tools” was used to prepare, run, and
analyze the docking simulations. Kollman United atom
charges [28] and polar hydrogens were added into the
receptor PDB file for the preparation of protein in
docking simulation. Gasteiger charges were also assigned
prior to docking. The rigid roots for each ligand were
defined automatically. The amide bonds were made non-
rotatable and the peptide backbone bonds were made
rotatable. The modified ligand molecules were saved as
PDBQT. The grid parameter files are to be set before
running a docking calculation, as AutoDock 4.0 requires
pre-calculated grid maps for each atom type present in the
ligand being docked. The grid which is set must cover the
area of interest in the protein. Since, the active binding
site is unknown; the grid box was set to cover the entire
protein. The grid box size in x-, y-, and z-axes was set to
126×126×126 Å and was kept constant for all the
ligands. The spacing between the grid points was
0.375 Å. Autogrid 4.0 program, provided along with
AutoDock 4.0 was used to produce grid maps. To search
for the best conformers, Lamarckian Genetic Algorithm
was chosen. A maximum of ten conformers were
considered for each compound and a maximum of
2,500,000 energy evaluations, maximum number of
generations set to 27,000, maximum number of top
individual that automatically survived was set to 1, rate
of mutation was set to 0.02 and the rate of crossover was
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set to 0.8. Finally, the protein-ligand complexes were
analyzed using DS Visualizer [29] and PyMOL visuali-
zation tool [30].

Results

Human PON2 shares 81% sequence similarity to recombi-
nant variant PON1 (1V04), this close homology indicates

the fold equivalence of the 3D structures. Hence, the
homology model predicted in this study is highly plausible
(Fig. 2).

The best refined model generated had a ground state
energy value of −40,123.82 Kcal/mol. The structural
alignment of Human PON2 model to the template using
Combinatorial Extension of Polypeptides [31] exhibited
0.4 Å of RMSD of the backbone superimposition. This
confirms that the folds shared are highly similar. The

Ligands Energy levels with minimization maximum of 1,000 steps

Initial potential energy (KCal/mol) Final potential energy (KCal/mol)

Homocysteine thiolactone 26.572 13.957

Δ Valero lactone 35.825 11.541

Γ Thiobutyro lactone 18.379 11.080

2- Naphthyl acetate 47.984 22.663

Benzyl acetate 40.820 30.240

Phenyl acetate 36.688 27.350

Paraoxon 198.835 78.844

Table 1 Energy minimized
values of ligands of PON2

Fig. 1 Two dimensional structures of ligands of PON2: a Homo-
cysteine thiolactone (HCTL), b Gamma thiobutyrolactone (GTBL), c
Delta Valero lactone (DVL) d Phenyl acetate (PA), e Benzyl acetate

(BA), f 2- Naphthyl acetate (2-NA), g Paraoxonase (PAR). These
images were generated using MarvinSketch

66 j ocul biol dis inform (2010) 3:64–72



backbone conformation of the model generated was
inspected using Phi/Psi Ramachandran plot obtained in
PROCHECK server (Fig. 3).

Eighty- nine percent of the residues lie in the most
favorable regions of the Ramachandran plot (100% in
allowed region; Table 2). Moreover, the ProQ prediction for
the model also indicates significant predictive accuracy,
wherein, the LGscore [32] obtained was 5.486 (LGscore
range for excellent model>5). Docking simulation of ten
runs of GA-LAwas performed for a set of seven minimized
ligands into PON2. The best docked conformation of each
ligand with PON2 was determined as the one having the

lowest binding free energy among the ten different poses
generated. The binding free energy and binding site
residues of PON2 which are involved in hydrogen bond
and hydrophobic interactions with the ligands used for the
study are given in Table 3.

Discussion

Homology modeling of PON2

Owing to the high degree of similarity between recombi-
nant variant PON 1 and human PON2, as expected, after
homology modeling, the folds of its ground state model
remained very similar to that of its template with an RMSD
of 0.4 Å computed over the backbone atomic coordinates.
Superposition of the 3D structures of the two isoforms
reveals non-conserved residues at the N-terminal region.
The analysis of human PON2 model revealed that, the six-
bladed β-propeller scaffolds with each blade containing
four strands and the Velcro closure of N- and C-termini
typical of PON1, was conserved in PON2 also. Two
calcium ions, 7.3 Å apart, are seen in the central tunnel of
the propeller, one at the top interacting with Asp 168, Asp
54, and Ile 116 residues of PON2 and one in central section
interacting with Glu 53, Asp 268, Asn 269, Asn 167, and
Asn 223 residues of PON2.

The hydrogen bond donors, acceptors, bond length,
van der Waals interaction residues, binding free energy,
and docking energy of each ligand with PON2 is given
in Table 3

Fig. 2 The modeled structure of human PON2. Ca2+ involved in
interactions with ligand is colored in wheat. Other Ca2+ ion is colored
white. The N-terminal region which is not similar to PON1 is colored
blue. This image was generated using PyMol visualization tool

Fig. 3 Ramachandran plot of
the finest PON2 model generated
usingMODELLER software. The
Ramachandran plot calculations
on 3D structure of PON2 were
computed using PROCHECK in
SAVS server
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Docking Homocysteine thiolactone into PON2

After docking homocysteine thiolactone (HCTL) into
PON2, hydrogen bond interactions between hydrogen atom
of the hydroxyl group of Thr170, oxygen atom of carboxyl
group of Ile169, oxygen atom of carboxyl group of Ile225,

and oxygen atom of carboxyl group of Asp168 with oxygen
and hydrogen atoms of HCTL were observed. The residues
involved in van der Waals interaction were Glu53, Asp54,
His114, Ile116, Ser117, Asn167, Asp168, Ile169, Ala171,
Asn223, Asn226, Asp268, Asn269, and Leu270 and Ca2+

ion was found to be involved actively. The binding free
energy and docking energy of the complex was observed to
be −6.63 and −7.12 Kcal/mol, respectively which was
found to be the lowest amongst all the ligands used in the
study (Fig. 4a).

Docking γ-thiobutyro lactone into PON2

Docking simulation of γ-thiobutyro lactone (GTBL) into
PON2 resulted in the formation of single hydrogen bond

Table 3 Molecular interactions of the ligands into PON2

Ligands H-bond
donor

H-bond
acceptor

H-bond
length (Å)

vdW interaction residues
(scaling factor=1.00 Å)

Binding
energy
(Kcal/mol)

Docking
energy
(Kcal/mol)

Homocysteine thiolactone (HCTL) HCTL::H Asp168:OD2 1.880 Glu53, Asp54, His114,
Ile116, Ser117, Asn167,
Asp168, Ile169, Ala171,
Asn223, Asn226, Asp268,
Asn269 Leu270 Ca 355

−6.63 −7.12
HCTL::H Ile169:O 1.785

HCTL::H Ile225:O 1.944

Thr170:
HG1

HCTL:O 2.202

Δ Valero lactone
(DVL)

Thr170:
HG1

DVL:O 1.769 Glu53, Asp54, His114,
Ile116, Ser117, Thr118,
Asn167, Asp168, Ile169,
Asn223, Asn226, Asp268,
Asn269, Leu270, Ca 355

−4.06 −4.06

Ala171:HN DVL:O 2.132

Γ-Thiobutyro lactone
(GTBL)

Thr170:
HG1

GTBL:O 2.004 Glu53, Asp54, His114,
Ile116, Ser117, Thr118,
Asn167, Asp168, Ile169,
Ala171, Asn223, Asn226,
Asp268, Asn269, Leu270,
Ca 355

−3.69 −3.69

Phenyl acetate (PA) Thr118:HN PA:O 2.062 Glu53, Asp54, His114,
Ile116, Ser117, Asn167,
Asp 168, Ile169, Thr170,
Asn223, Ile225, Asn226,
Asp268, Asn269, Leu270,
Ca 355

−4.73 −5.38
Ala171:
HN

PA:O 1.947

Thr118:OPA:O 2.767

2- Naphthyl acetate
(2- NA)

Ile57:HN 2-NA:O 2.364 Glu53, Asp54, Ile55,
Asp56, His114, Ile116,
Ser117, Thr118, Asn167,
Asp 168, Ile169, Thr170,
Asn223, Ile225, Asn226,
Asp268, Asn269, Leu270,
Ser271, Ser334, Ca 355

−6.34 −7.08
Ile272:HN 2-NA:O 2.066

Benzyl acetate (BA) Thr170:
HG1

BA:O 2.062 Glu53, Asp54, Ile55,
Asp56, His114, Ile116,
Ser117, Thr118, Asn167,
Asp 168, Ile169, Thr170,
Asn223, Ile225, Asn226,
Asp268, Asn269, Leu270,
Ca 355

−5.21 −6.16

Ala171:HN BA:O 1.911

Paraoxon (PAR) Lys46:HZ2 PAR:O 1.741 His43, Leu44, Ile45, Met88,
Glu93, Lys94, Arg96,
Leu341, Tyr351

−5.56 −7.95
PAR:H Pro95:O 1.923

Table 2 Ramachandran plot statistics for the best model generated

Plot statistics Best model

Percentage of residue in most favored regions 89.6

Percentage of residue in the additionally allowed 9.4

Percentage of residue in the generously regions 1.0

Percentage of residue in disallowed regions 0.0

Percentage of non-glycine and non-proline residues 100
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with the bond distance of 2.004 Å and it was observed that
hydrogen atom of hydroxyl group of Thr170 acts as
hydrogen bond donor to interact with oxygen atom of
GTBL. The residues taking part in van der Waals
interactions are Glu53, Asp54, His114, Ile116, Ser117,
Thr118, Asn167, Asp168, Ile169, Ala171, Asn223,
Asn226, Asp268, Asn269, and Leu270. Also, a Ca2+ ion
was found to be actively involved in the interaction. The
binding free energy and docking energy of the complex was
observed to be −3.69 Kcal/mol each (Fig. 4b).

Docking Δ-valero lactone into PON2

Upon assessing position and orientation of PON2–Δ-valero
lactone (DVL)-docked complex, hydrogen atom of amine
group of Ala171 interacts with an oxygen atom of DVL and
hydrogen atom of hydroxyl group of Thr170 of PON2
interacts with oxygen atom of DVL. The van der Waals
interactions between PON2 and DVL were also observed in
the residues Glu53, Asp54, His114, Ile116, Ser117, Thr118,

Asn167, Asp168, Ile169, Asn223, Asn226, Asp268,
Asn269, and Leu270and a Ca2+ ion was found to be
actively involved in the interaction. Both binding free
energy and docking energy of the complex was observed to
be −4.06 Kcal/mol (Fig. 4c).

Docking phenyl acetate into PON2

Phenyl acetate (PA), arylester substrate for PON2, is
hydrolyzed by PON2. The binding modes of PA with
PON2 were analyzed through docking studies. On examin-
ing the position and orientation of PA in PON2 predicted by
our docking procedure, it was observed that hydrogen atom
of the amine group of Thr118 and hydrogen atom of
Ala171 acts as hydrogen bond donors to make hydrogen
bond interaction with oxygen atoms of PAwith bond length
of 2.062 and 1.947 Å, respectively. Also, the oxygen atom
of Thr118 formed a covalent bond with oxygen atom of PA.
In addition, the residues Glu53, Asp54, His114, Ile116,
Ser117, Asn167, Asp 168, Ile169, Thr170, Asn223, Ile225,

Fig. 4 Illustration of docked complex for PON2 into:a Homocysteine
thiolactone (HCTL), b Gamma thiobutyro lactone (GTBL), c Delta
Valero lactone (DVL) d Phenyl acetate (PA), e Benzyl acetate (BA), f

2- Naphthyl acetate (2-NA), g Paraoxonase (PAR). These images were
generated using DS visualizer
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Asn226, Asp268, Asn269, and Leu270 were involved in
van der Waals interactions. The Ca2+ ion at the top of the
central tunnel has greater accessibility to the ligand binding
site for making van der Waals contacts into PA. The
binding free energy and docking energy calculated by
AutoDock for PA was −4.73 and −5.38 KCal/mol,
respectively (Fig. 4d).

Docking benzyl acetate into PON2

Docking simulation of benzyl acetate (BA) into PON2
resulted in the formation of two hydrogen bonds and it
was observed that hydrogen atom in the hydroxyl group
of Thr170 and hydrogen atom of the amine group of
Ala171 acts as hydrogen bond donor to interact with
oxygen atom of BA. The amino acid residues Glu53,
Asp54, Ile55, Asp56, His114, Ile116, Ser117, Thr118,
Asn167, Asp 168, Ile169, Thr170, Asn223, Ile225,
Asn226, Asp268, Asn269, and Leu270 were involved
in van der Waals interaction with active participation of
Ca2+ ion. The binding free energy and docking energy of
the complex was observed to be −5.21 and −6.16 Kcal/
mol, respectively (Fig. 4e).

Docking 2- naphthyl acetate into PON2

Docking of 2-naphthylacetate into PON2 resulted in the
formation of two hydrogen bonds and it was observed that
hydrogen atom of amine group of Ile57 and hydrogen atom
of amine group of Ile272 were the hydrogen bond donors to
oxygen atoms of 2- naphthyl acetate (2-NA) and residues
involved in van der Waals interaction were Glu53, Asp54,
Ile55, Asp56, His114, Ile116, Ser117, Thr118, Asn167,
Asp 168, Ile169, Thr170, Asn223, Ile225, Asn226,
Asp268, Asn269, Leu270, Ser271, and Ser334 and Ca2+

ion was found to be involved actively. The binding free
energy and docking energy of the complex was observed to
be −6.34 and −7.08 Kcal/mol, respectively (Fig. 4f).

Docking paraoxon into PON2

The binding of paraoxon into PON2 resulted in the formation
of hydrogen bonds and it was observed that hydrogen atom of
amine group of Lys46 acts as hydrogen bond donor and
oxygen atom of Pro95 acts as hydrogen bond acceptor. Van
der Waals interaction with paraoxonase (PAR) was formed by
His43, Leu44, Ile45, Met88, Glu93, Lys94, Arg96, Leu341,
and Tyr351 residues of PON2. The binding mode of PAR to
PON2 was different from the other substrates. PAR exhibited
binding, in a region outlying from the substrate binding site
which was in coherence with the already documented
experimental report wherein, PON2was also shown to exhibit
negligible paraoxonase activity [12] (Fig. 4g).

Comparing PON 1 and PON2

The residues Glu 53, His 114, Asn168, Asn 223, Asp 270,
and Asn269 exhibit hydrogen bonding interaction for both
lactonase and arylesterase activity in PON1 [33], including
the natural substrate HCTL, whereas, in PON2 the same
residues Glu 53, His 115, Asn167, Asn 224, Asp 269, and
Asn270 were found to have hydrophobic interactions for
the same activity. The paraoxon binding site was found to
overlap with the lactonase and arylesterase binding sites of
PON1, but similar interaction was not observed in PON2
and it was found to bind to a region away from the central
Ca 2+ ion, at residues His43, Leu44, Ile45, Lys46, Met88,
Glu93, Lys94, Pro95, Arg96, Leu341, and Tyr351 forming
the hydrogen bonding and hydrophobic interactions. It was
observed that the PON2 had lowest binding energy and
highest affinity for the physiological substrate HCTL
(−6.63 Kcal/mol [34]) than PON1 which showed a binding
energy of (−5.72 Kcal/mol).

The docked structures of PON2 exhibit relatively a large
number of amino acid residues involved in ligand interactions
and the involvement of one of the Ca 2+ ions were observed in
each PON2–ligand interaction except paraoxon. This shows
that the calcium present in the central section of the central
tunnel has catalytic activity. As shown in the Table 3, it is
obvious that out of the seven ligands tested, six ligands share
the same binding modes in PON2 enzyme; whereas, para-
oxon exhibits a completely different binding mode. There are
several reports which show homocysteine (Hcys) to be a risk
factor for cardiovascular disease and atherosclerosis [35],
and recent reports have shown that the concentration of Hcys
is increased in the serum and vitreous of diabetic patients
[34, 36]. In all these conditions, the level of PON is found to
be lowered [37, 38]. In addition to the known ligands, this
study also gives the molecular interaction for the physio-
logical substrate namely, HCTL which is formed in all cell
types when there is excess homocysteine, as a result of
error-editing met-tRNA synthetase [39].

In summary, this is the first molecular modeling study that
proposes the structure of the PON2 isoform. Unlike PON1,
which is mainly associated with HDL, PON2 is not found in
the circulation and acts as an intracellular antioxidant [40, 41]
and may provide an innate antioxidant activity in most of the
cells, independent of secretory PON. PON2 is ubiquitously
present in all tissues and is also reportedly present
intracellularly in the three major vascular cell types namely,
cultured human umbilical vein endothelial cells, smooth
muscle vascular cells, and aortic adventitial fibroblasts with
the major function of reducing the reactive oxygen species-
mediated endothelial cell dysfunction [42]. PON2-deficient
mice exhibit elevated tissue levels of lipid hydroperoxides
and increased migration of macrophage into the artery wall,
leading to formation of atherosclerotic lesion as compared to
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their wild-type controls [43]. It is suggested that PON2
protects macrophages from foam cell formation and thus
contributes to the prevention of atherogenesis [44]. Impor-
tantly, a decreased PON2 expression has been observed in
hypercholesterolemic patients [45] and during progression of
atherogenesis [46].

Conclusion

In this work, molecular modeling and docking studies were
performed to explore possible binding modes of known
substrates HCTL, GTBL, DVL, PA, BA, 2-NA, and PAR
into PON2 enzyme. MODELLER 9v7 software was used to
model the enzyme PON2 and AutoDock 4.0 software was
used to dock the ligands into PON2. The binding pattern of
the amino acid residues participating in the interaction were
identified and validated by site of reaction and calculated
interaction energies of the docked complexes. It was found
that Thr170 made an important contribution in terms of
hydrogen bond formation for lactonase activity which
needs to be further validated by wet lab studies. The
binding energy for HCTL, which is the physiological
substrate for this enzyme, is −6.63 Kcal/mol and therefore
has the maximal affinity when compared to other lactones
(GTBL and DVL) and ester substrates (PA, BA, and 2- NA)
used for this study. This is indicative of elevated lactonase
activity of PON2 when compared to its esterase activity.
Since, this study reveals the higher lactonase activity,
characteristic of PON2. Thereby, factors augmenting
PON2 activity will be of significant therapeutic value.
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