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Abstract Human paraoxonase 1 (huPON1) is a calcium-
dependent esterase responsible for hydrolysis of a wide
variety of substrates including organophosphates, esters,
lactones, and paraoxon. Although its natural substrate is
unknown, the action of PON as an antioxidant is well
documented. Because recent reports have suggested gly-
cation may induce reduced PON activity in diabetes, we
investigated the structural features of huPONI and its
glycated mutant by template-based modeling, docking, and
molecular dynamics (MD) simulations. Our results cor-
roborated the importance of the His115-His134 dyad in
both the lactonase and paraoxonase activity of huPONI.
Structural alterations in the glycated model reflected weak
interactions between the docked substrate and the active
site cleft. We also used MD simulation to gain insight into
glycation-induced conformational changes of huPON1 and
the implication of this on depleted enzymatic activity. The
catalytic calcium found on the surface interacts with the
side chain oxygen of residues, including Asn224, Asn270,
Asnl68, Asp269, and Glu53, and this interaction with the
respective residues undergoes minor displacement on gly-
cation. The root-mean-square fluctuation had high motional
flexibility in the non-glycated model whereas the confor-
mation of the glycated structure was comparatively stable.
Our findings emphasize the consequence of glycation-
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induced alterations and their effect on overall enzymatic
activity.
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Introduction

Human paraoxonase 1 (huPON1) is a calcium-dependent
esterase located on chromosome 7. It belongs to a multi-
gene family containing three members, PON1, PON2, and
PON3 (Primo-Parmo et al. 1996). Although all three
members share 65% homology at the sequence level, they
differ in their expression pattern. PON1 and PON3 are
primarily expressed in the liver and are circulated in the
blood in association with high-density lipoproteins (HDL)
whereas PON2 is ubiquitously expressed in a variety of
tissues except blood (Mackness 1989; Reddy et al. 2001).
The natural substrate, and hence the physiological action of
this family is unknown. The most extensively studied
member of the group, PON1 has paraoxonase, arylesterase,
and lactonase activity and is capable of neutralizing toxic
compounds, for example xenobiotics (Shih et al. 1998;
Davies et al. 1996; Broomfield and Ford 1991; Billecke
et al. 2000). PONs have a protective effect against LDL
oxidation, thus reducing levels of cholesterol (Ng et al.
2001), indicating their antiatherogenic property (Liu et al.
2008). Animal model studies have proved that PON
expression is capable of inhibiting or reverting athero-
sclerosis development by reducing oxidative stress, thus
acting as an anti-oxidant (Shih et al. 1998). Reduced PON1
activity has been reported in many disorders, including
cancers, Alzheimer’s disease, cardiovascular diseases,
diabetes, and cataract which is not unexpected, because
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oxidative imbalance has been implicated in etiology of
these disorders (Upham and Wagner 2001; Dhalla et al.
2000; Vinson 2006; Hashim and Zarina 2007). It has also
been suggested that oxidative stress is a consequence of
hyperglycemia, because of the possibility of glucose auto-
oxidation and generation of advanced glycation end prod-
ucts (AGEs) (Baynes and Thorpe 1999). Indeed, loss of
PONI1 activity has been found to be greater in diabetic
subjects than in controls (Hashim and Zarina 2007).

Human PON1 (huPONT1) contains 355 amino acid res-
idues, and its catalytic site, binding interactions with HDL,
and antioxidant capability at a structural level have been
studied in detail (Harel et al. 2004). The crystal coordinates
of PONI available at the Protein Databank are of recom-
binant PON, which has a characteristic six bladed S pro-
peller structure having two calcium ions for the stability
and catalytic activity of the protein (Harel et al. 2004). One
of the calcium ions (Cal), the catalytic calcium, is found
on surface whereas the other calcium ion (Ca2) has a
structural role and is located in the central region. The
calcium ions are approximately 3 A apart (Kuo and La Du
1998). Cal interacts with the side-chain oxygen of five
residues including Asn224, Asn270, Asnl68, Asp269, and
Glu53, and with water molecules and the oxygen of
phosphate ions (Kuo and La Du 1995). The catalytic cal-
cium facilitates formation of the enzyme—substrate com-
plex and accelerates the breakdown of intermediates into
enzyme and products (Eckerson et al. 1982). The residues
found to be crucial for huPONI1 activity include Lys70,
Tyr71, Leu240, Val346, Phe292, 11e291, Phe222, Leu69,
His115, His134, His285, Thr332, Leu267, and Phe347
(Harel et al. 2004; Josse et al. 2001). Among these, it has
been suggested that the His115-His134 dyad is catalyti-
cally important for lactonase activity (Khersonsky and
Tawfik 2006). There is no direct evidence indicating
involvement of His115 in paraoxonase activity. A recent
study has revealed the importance of Tyr71, Pro72,
Argl92, Leul91, Met196, Aspl88, Prol189, Phe222 and
Phe292 to paraoxonase activity (Hu et al. 2009).

Structural analysis of protein models using MD simu-
lations has recently generated much interest among com-
putational biologists. The objective of this study was to
evaluate the effect of glycation on the binding capability of
huPONI1 after docking of the substrates paraoxon and
lactones into the active site. To examine glycation-induced
conformational variations, MD simulation studies of
huPON1 with and without glycation on the picosecond
time scale have also been conducted. To the best of our
knowledge, this is the first attempt to examine structural
variation of the huPONI glycated model using MD
simulation.
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Methods and materials
Computational resources

Bioinformatics analysis of protein molecules was per-
formed on Sun Ultra 20 M2 work stations under licensed
Windows XP and the models were constructed using
Modeller 8v1 (Sali and Blundell 1993). The docking study
was performed using FlexX version 3.1.1 (Rarey et al.
1996) and visual inference was carried out using Chimera
(Pettersen et al. 2004) and Discovery Studio Visualizer.
MD simulations were carried out on an AMD opteron
Model 2220 dual core (1.8 GHz) equipped with a Linux
environment running under Redhat 5.1. Amber 10 (Case
et al. 2008) was used for MD simulation and VMD
(Humphrey et al. 1996) was used for visualization of
trajectories.

Modeling of human paraoxonase 3D structure

The glycated and non-glycated models of huPON1 were
constructed as described elsewhere (Hashim et al. 2009). In
brief, the amino acid sequence of huPON1 (Acc. no:
P27169) was retrieved from UniProtKB/Swiss-Prot data-
base (Bairoch and Apweiler 1996) and was subjected to the
BLAST (basic local alignment search tool) algorithm
(Altschul et al. 1997) against PDB. The target sequence
was 84% identical (92% similarity) with the recombinant
paraoxonase structure (PDB ID: 1V04) with an E-value of
0.0. The three-dimensional structure of huPON1 was con-
structed using crystal structure coordinates (resolution: 2.2
A) of recombinant paraoxonase 1V04 using Modeller (Sali
and Blundell 1993). Modeller is a completely automated
program capable of generating energy-minimized models
using CHARMM as energy-minimization tool. Twenty
models of huPON1 were constructed and the best was
selected after evaluation by Procheck (Laskowski et al.
1993). All models (normal and mutated) were evaluated by
use of ProSa (Wiederstein and Sippl 2007). For creation of
glycated mutants, potential glycation sites were predicted
using the NetGlycate 1.0 Server; (http://www.cbs.dtu.dk/
services/NetGlycate/) which identified 13 Lys residues
which could possibly be glycated. Glycated mutants were
created as described elsewhere (Hashim et al., 2009).
Briefly, pentosidine, and carboxymethyllysine were
inserted at Lys70 and Lys75 using the molecular graphic
software Discovery Studio Visualizer. Further, the mod-
els were equilibrated and energy-minimized by use of
Chimera software (Pettersen et al. 2004). After minimi-
zation the protein molecules were docked with different
ligands.
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Docking studies

Lactones and paraoxon were docked on glycated and non-
glycated models of huPONI1 by use of FlexX (Rarey et al.
1996). The mol2 files of ligands were obtained from the
Pubcomp library of the NCBI database (http://www.ncbi.
nlm.nih.gov/pccompound). FlexX uses the incremental
construction algorithm and optimizes the torsion angles of
the ligand without altering its bond length and angles.
Essential residues for PON1 activity within a range of 10 A
radius were included in the cavity binding the ligand (Harel
et al. 2004) during the analysis. Default values and the SIS
algorithm of FlexX were used for this work. The software
generates more than 100 poses which are numbered
according to the minimum docking energies calculated by
use of a built-in scoring function. FlexX docking interac-
tions were visualized by use of LigPlot (Wallace et al.
1995).

Molecular dynamics (MD) simulations

MD simulations were carried out for glycated (pentosidine)
and non-glycated PON1 in an explicit solvent system using
Amber (Case et al. 2008) and the force field 03 (Ryckaert
et al. 1977). To maintain the neutrality of the system, 11
and 16 Na* ions were added in glycated and non-glycated
huPON1, respectively. The models were solvated by 4,185
and 3,434 water molecules, respectively, in a rectangular
box around the solute unit. The sizes of the cells were
100.59 A x 11834 A x 117.32 A, consisting 72,145
atoms, and 98.62 A x 9443 A x 107.53 A, consisting
32,528 atoms, for glycated and non-glycated huPONI,
respectively. The rectangular solvation box was created by
using the Xleap interface of Leap. The solvated protein
systems were subjected to a thorough energy minimization
before undergoing MD simulations. To relax the system
and to avoid any steric conflicts, minimization of water
molecules was conducted while holding the solute fixed
(1,000 steps using the steep descent algorithm followed by
1,000 steps of conjugate gradient minimization of the
whole system). Bond lengths involving hydrogen were
constrained with the SHAKE algorithm (Berendsen et al.
1984). The time step for all MD simulations was set to 2 fs,
a nonbonded cutoff of 8 A was used, and periodic boundary
conditions were used to simulate a continuous system. The
system was then subjected to a gradual temperature
increase from 0 to 300 K over 100 ps, and then equili-
brated for over 100 ps at 300 K, followed by the produc-
tion run of 5 ns. Temperature (298 K) and pressure (1 atm)
were kept constant by using the Berendsen coupling
algorithm with a time constant for heat-bath coupling of
0.2 ps. The dielectric constant was set to 1.0. Long-range
electrostatic calculations were performed by the particle

mesh Ewald method. The resulting trajectories were ana-
lyzed by the use of PTRAJ module of the Amber package.

Results
Glycated and non-glycated models of huPON1

After construction of the huPON1 model using 1V04 as a
template, the best model was selected on the basis of ste-
reochemical properties as evaluated by Procheck. The
Ramachandaran plot revealed 99.2 and 0% residues in the
most favored and disallowed regions, respectively. For
glycation, Lys 70 and 75 were selected as potential gly-
cation site, because both residues are located on the active
site lid and are of critical importance in movement of the
active site lid and substrate entry. Models of glycated
(pentosidine and carboxymethyllysine) huPONI were
constructed and the best models were selected on the basis
of their Ramachandaran plot (99% residues in the most
favored region). None of the residues were found in the
disallowed region. All structures were validated by use of
ProSa, which gave Z scores of —6.83 and —7.29 for the
template 1V04 and all huPON1 models (glycated and non-
glycated), respectively.

Docking studies

The glycated and non-glycated models of huPON1 were
docked individually with 14 lactones, paraoxon, mioticol,
and nitrophenylhalon. Each ligand was docked deep into
the active site of mutated and normal protein molecules,
and best interactions were selected on the basis of docking
energies. A remarkable increase was noticed in docking
energies in glycated protein models compared with the
non-glycated protein (Table 1). This variation was found to
be more for the pentosidine adduct than for that of car-
boxymethyllysine, so we focused on the pentosidine adduct
for further analysis. All results shown for the glycated
mutant refer to the pentosidine adduct unless stated
otherwise. Figure la, b shows the interaction of the gly-
cated and non-glycated models of huPON1 with that of
dihydrocoumarin (lactone). Fig. 2a, b depicts the docked
conformation of huPON1 (pentosidine adduct and non-
glycated) with paraoxon.

Molecular dynamics simulation

After observing deviations in the interaction of the sub-
strate with the glycated and non-glycated models of
huPON1, we tried to compare the dynamics of these
structures using the MD simulation approach. For this
purpose, the total energy of the whole system and the root-
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Table 1 Docking energies of
substrate interaction with
glycated (pentosidine and

Substrate (lactones and paraoxon)

Docking energy (kJ/mol)

Non-glycated  Glycated model  Glycated model

carboxymethyllysine) and non- model normal  (pentosidine) (carboxymethyllysine)

glycated models of huPON1
Dihydrocoumarin —17.603 —11.691 —14.761
Coumarin —16.121 —10.311 —14.2880
Gamma-butyrolactone —11.603 —7.702 —8.7920
Gamma valerolactone —11.210 —-17.776 —5.9332
Gamma-hexalactone —11.470 —6.197 —10.4981
Gamma heptalactone —6.112 —6.156 —9.3496
Gamma-octalactone —10.546 —6.006 —7.0069
Gamma nonalactone —10.364 —4.671 —7.9157
Gamma-decalactone —9.438 —4.462 —6.4252
Propiolactone —10.710 —6.858 —9.9081
Pantolactone —15.874 —12.936 —15.5164
Glucuronolactone —15.391 —11.308 —19.7143
Paraoxon —4.9533 —2.0644 —4.9533
Mioticol (Diisopropyl paraoxon) —0.6884 —1.2200 —0.6884
Nitrophenylhalon (2-Chloroethyl paraoxon) —1.8597 0.9690 —1.8597

Fig. 1 Docked conformation of A B

dihydrocoumarin with the non-
glycated (a) and pentosidine-
glycated (b) models of huPON1
using FlexX showing the
interaction with the crucial

residues in the active site cleft Asn 168

o

Phe 222

Tyr71

mean-square deviation (RMSD) from the initial structure
were observed to determine the sustainability and conver-
gence of MD simulations. These changes in the structural
conformation were monitored in terms of RMSD and root-
mean-square fluctuations (RMSF). Figure 3 shows plots of
RMSDs calculated for the backbone atoms of the two
simulated systems over the entire simulation of 5 ns. Fig-
ure 4 shows RMSF plots of glycated huPON1 and non-
glycated huPON1 with average values of 4.24 A and 4.38
A, respectively.
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Discussion

Contemporary developments in computational approaches,
for example docking studies and molecular dynamics
simulation methods, have led to new means of investiga-
tion of the interactions between a protein molecule and its
substrate (Azam et al. 2009; Lu et al. 2010). These tools are
not only beneficial for identification of structural variations
because of alteration of a single amino acid residue but also
have the ability to find the orientation that participates in a
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Fig. 2 Docking output of paraoxon with the non-glycated (a) and pentosidine-glycated (b) models of huPON1 showing the interaction of

paraoxon

Nonglycated

Glycated

RMSD in Angstroms
~

Time in nanoseconds

Fig. 3 Root-mean-square deviation (RMSD) of the Ca backbone for
both non-glycated and pentosidine added models of huPON1 against
the entire simulation of 5 ns

stable interaction having minimized energy (Gohlke et al.
2000; Kramer et al. 1999). In this study we focused on
structural alterations of huPONI1 induced by glycation after
docking with lactones and paraoxon, because the enzy-
matic activity of huPONT1 has been shown to be reduced by
40% on in-vitro glycation (Hedrick et al. 2000). Further-
more, MD simulation studies were performed to depict the
interaction of molecules on the picoseconds time scale.

Docking of glycated and non-glycated huPON1
with lactones

Previous investigations have revealed that the Hisl15-
His134 dyad and Asp269, Asnl168, and Asn224 are crucial

87— ——r T T T

L Nonglycated 4 | Glycated

RMSF in Angstroms

..............

ol
0 25 50 75 100 125 0 50 100 150 200 250 300 350

Residue Number

Fig. 4 Root-mean-square fluctuation (RMSF) of the Co backbone of
non-glycated (active site cleft) and pentosidine-glycated (whole
protein) models

for lactonase activity (Khersonsky and Tawfik 2006). Our
docking analysis with lactones confirmed these interactions
(Fig. 1a). In the glycated model, however, we observed
that His115 is no longer involved in interaction with the
substrate (Fig. 1b). Although some interactions (Tyr71 and
Phe222) were retained in the glycated mutant, other
interactions were found to be absent. Hydrophobic inter-
actions of the glycated model with Glu53 and Val346, but
not with Tyr71 and Phe222, were also observed. A recent
study has revealed the involvement of Tyr71 in binding of
the substrate with the active site (Hu et al. 2009). It is
interesting to note that the Tyr71 interaction is retained in
the glycated model. In the non-glycated model (Fig. 1a)
hydrogen bond formation between Hisl15, Asnl68, and
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Asn224 and the lactone (dihydrocoumarin) was also
observed. The oxygen (Ol) atom of dihydrocoumarin
interacts with NE2 nitrogen of Hisl115 (2.90 10\), and the
oxygen O2 of dihydrocoumarin participates in hydrogen
bonding with ND2 of Asnl168 (3.15 A) and Asn224 (2.78
A). No hydrogen bonding was observed for the glycated
mutant (Fig. 1b), indicating destabilization of active site
cleft.

Docking of glycated and non-glycated huPON1
with paraoxon

The mechanism of hydrolysis of paraoxon by protein
paraoxonase is unknown. Glycated and non-glycated
huPON1 were docked with paraoxon, mioticol, and nitro-
phenylhalon. The resulting models revealed hydrogen
bonding of His115 with all three molecules. The NE2 of
His115 interacted with O7 (2.93 10\) of paraoxon, and ND2
of Asnl168 formed a hydrogen bond with O7 (2.75 A) of
paraoxon. Tyr71 and Phe222 participated in hydrophobic
interactions with paraoxon, as shown in Fig. 2a. More
conformational changes in crucial residues were observed
for the glycated model; these resulted in weak substrate—
enzyme interaction (Fig. 2b). Normally, His134 provides
the proton shuttle mechanism and supports the activity of
His115. Because of the glycation, His134 and the active site
lid residues, including Tyr71, Pro72, Gly73, and Lys75,
interacted hydrophobically with the ligand molecule.

Simulation studies

The comparative evaluation of the two models was based on
the RMSD and RMSF values obtained after simulation anal-
ysis. The average RMSD was less than approximately 2.12 A
for glycated huPON1. For the non-glycated huPON1, on the
other hand, the RMSD was higher (approx. 4.79 A) with an
increasing trend (Fig. 3). This results mostly from the higher
flexibility of the non-glycated system, which, on formation of
the advanced glycation end products, is a comparatively stable
conformation throughout the MD simulation. Recently
reported RMSDs for non-glycated human PON (Hu et al.
2009) seem to be in agreement with our results.

Dynamic root-mean-square fluctuations (RMSF) of
proteins around their average conformations are an
important indicator of many biological processes, e.g.
enzymatic activity. RMSF for our system of interest were
examined for the C-alpha atoms of each residue, and rep-
resent the average displacements of these atoms. Figure 4
shows the fluctuations resulting from truncated PDB for the
non-glycated model, whereas the whole protein was taken
into account for MD simulation of glycated huPONI.
Despite these higher values, the atomic fluctuations are
slightly lower for glycated huPONI1 suggesting that
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average RMSF decreases on formation of AGEs. This
decrease in value is indicative of some hindrance in the
enzymatic activity of the protein on glycation. This finding
is in complete agreement with the outcome of our docking
results. Because the X-ray structure of the glycated protein
was not available, the RMSF value could not be compared.

Significant fluctuation within the regions surrounding the
active site was observed for the non-glycated huPONI
compared with glycated huPON1, the overall fluctuation of
which shows the stability of the system towards the end of
simulation. The active site seems to deviate structurally for
the non-glycated huPON1 model compared with the gly-
cated one. Some flexibility was observed in the conformation
of the catalytic His115, as was also observed in docking
studies. After glycation, fluctuation and deviation were
observed at Tyr71 and Lys70, which are important in rec-
ognition of the substrate and provide the backbone for the
stability of the active site (Liu et al. 2008). Figure 5a, b
shows the conformational changes brought about in the
structure of non-glycated and glycated huPON1 at regular
time intervals of 0, 3, and 5 ns, respectively. Because
huPONI1 is a calcium-dependent esterase, we also examined
the role of calcium. Interaction of calcium with the five
protein residues Asn224, His115, Asnl68, Asp 269, and
Glu53 seemed to be highly disturbed in the glycated model.
Previous studies showed that the interactions of calcium with
these five amino acid residues were in the range 2.2-2.5 A
(Harel et al. 2004). In comparison with the aforementioned
range, in our glycated model the range was increased to
2.1-5.7 A for a simulation time of 5 ns (Fig. 6). This dif-
ference indicated that the interactive displacement of cal-
cium with five amino acid residues has been increased by
glycation. Thus, glycation clearly induces conformational
changes in the protein. These findings also predict that the
reduced stability may be because of calcium. Table 2 shows
the distance of the five key residues from calcium for both
glycated and non-glycated huPON1. As is evident from the
table, the residues of the non-glycated huPON1 move further
away from the calcium at the start of the simulation
(t = 0 ns) until the end of the simulation (r = 5 ns). For the
non-glycated huPON1, the greatest movement is that of
Glu53 (43.37 A) and the least is that of Asp269 (23.05 A), at
the end of 5 ns of simulation. For the glycated huPONI1, the
greatest distance is that of Asn168 (11.14 A). Interestingly,
His115 is closer to the calcium (3.86 A) at the end of the
simulation. Overall, the stability of calcium is compromised
because of displacement of calcium at the binding site. The
differences between the distances moved by the residues in
non-glycated and glycated huPON1 could possibly be
attributed to structural constraints imposed on the glycated
huPONI1. The conformational changes caused by glycation
might have prevented key interactions of the residues with
the calcium.
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Fig. 5 Schematic diagrams of A

non-glycated huPON1 (a) and 0 ns

pentosidine-glycated huPON|1

(b) after simulation for 0, 3, and

5 ns )
Y
'?v{i, =

Sns

Fig. 6 Conformation of huPONI1 (pentosidine-glycated model)
observed in MD simulations of the interactions of the catalytic
calcium with surrounding residues after 5 ns

Table 2 Distance of key residues from calcium for pentosidine
glycated and non-glycated models of huPON1

Time (ns)  Distance of residues from calcium (A)
Type Glu53 Hisll5 Asnl68  Asn224

0 Glycated 5.58 491 9.33 6.87
Non-glycated 5.5 5.06 6 3.7

3 Glycated 6.55 4.17 10.07 8.4
Non-glycated 20.34  15.8 11.98 13.29

5 Glycated 7.31 3.86 11.14 10.75
Non-glycated  43.37  27.26 31.15 26.06

Conclusions

This study provides information about the architecture of
the active site of huPONI1 and about its binding with its
substrate. The 3D structures of non-glycated and glycated

huPON1 were constructed by homology modeling and the
substrate interactions were observed by docking. These
investigations suggest the importance of the Hisl15—
His134 dyad in both the lactonase and paraoxonase
activity of huPONI1. Docking output is indicative of
hydrogen-bonding interaction of His115 with lactones
and paraoxon, whereas Tyr71 and Phe222 participate in
hydrophobic interactions. Upon glycation at Lys70 and
Lys75, crucial residues undergo conformational variation,
resulting in highly disturbed substrate—active site inter-
actions. The residue in the active site lid and Tyr71
interacted weakly with the substrate. This outcome is
strongly supported by the MD simulation studies. RMSD
and RMSF values for the glycated model are clearly
indicative of structural alteration of the protein molecule.
Calcium, which is important in the function and stability
of the protein, interacts weakly with its surroundings in
the glycated model. Calcium seems to be involved in
providing structural stability only in its vicinity, and
glycation induced conformational changes in the protein
throughout the entire simulation. This work has added a
new dimension to understanding of and comparison of
calcium dynamics in a variety of biological and phar-
macological systems.
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