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Computational modeling of human
paraoxonase 1: preparation of protein models,
binding studies, and mechanistic insights
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The enzyme human paraoxonase 1 (huPON1) has demonstrated significant potential for use as a bioscavenger for
treatment of exposure to organophosphorus (OP) nerve agents. Herein we report the development of protein models
for the human isoform derived from a crystal structure of a chimeric version of the protein (pdb ID: 1V04) and a
homology model derived from the related enzyme diisopropylfluorophosphatase (pdb ID: 1XHR). From these
structural models, binding modes for OP substrates are predicted, and these poses are found to orient substrates
in proximity to residues known to modulate specificity of the enzyme. Predictions are made with regard to the role
that residues play in altering substrate binding and turnover, in particular with regard to the stereoselectivity of the
enzyme, and the known differences in activity related to a natural polymorphism in the enzyme. Potential
mechanisms of action of the protein for catalytic hydrolysis of OP substrates are also evaluated in light of the
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proposed binding modes. Copyright © 2010 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this paper
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INTRODUCTION

The human enzyme paraoxonase 1 (huPONT1) possesses the
ability to hydrolyze a variety of substrates, including organopho-
sphorus (OP) nerve agents, in a catalytic manner — a capability for
which it has received considerable attention as a potential
bioscavenger of chemical warfare agents."™ Predictions on the
basis of the rate of inhibition of acetylcholinesterase in vivo (in
animal models) suggest that the wild-type natural form of
huPON1 (WT-huPONT1) does not have sufficient catalytic activity
to act as a bioscavenger. However, variants of huPON1 with
enhanced kinetic activity for deactivation of OP agents could
provide protection against nerve agents in vivo. It has been
estimated that an in vivo concentration of a nerve agent of 0.1 uM
is capable of eliciting a toxic response.”! This estimate suggests
that a decrease in Ky, of two orders of magnitude (e.g., a Ky of
1.0-10 wM), coupled with a 100 fold increase in k.. of
WT-huPON1 may be required to achieve the levels of catalytic
activity needed for an efficient bioscavenger. Given this dual
challenge of a need to alter both Ky, and kc,; simultaneously, in
silico design can provide an efficient approach to identifying
potential variants with the necessary properties. Attempts to
achieve such an enhancement using state-of-the-art protein
engineering techniques are in progress; however, this work is
complicated by the dearth of information regarding the nature of
the active site of the human enzyme, as only a single crystal
structure has been reported, featuring an apo-version (with no
inhibitor or substrate bound) of a recombinant, gene-shuffled
variant of the enzyme. The putative active site has been identified

primarily through mutagenesis studies which have demonstrated
altered reaction selectivity.!® Using such methods to identify the
catalytic mechanism, however, is complicated by the presence of
two bound calcium ions for the enzyme; many mutations in the
calcium binding regions result in loss-of-function, which can be
either due to a change in the protein folding or due to disruptions
of the reaction mechanism.

The human form of the protein is extremely difficult to purify
to homogeneity while maintaining functionality, and attempts
to obtain structural information of the wild-type (WT) protein
by crystallographic methods have been unsuccessful to date.
The sole crystal structure published at present is that of a
recombinant, gene-shuffled variant derived from the human,
rabbit, rat, and mouse paraoxonases; this variant, known as G2E6,
shares 86% sequence homology with the WT human protein
(PDB entry 1V04).”! The crystal structure of G2E6 has been
resolved at 2.2A resolution, with two fragments remaining
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Figure 1. X-ray crystallographic structure of the G2E6 variant of
human paraoxonase 1 (huPON1), resolved at 22 A resolution (pdb ID
1v04)."% This figure is available in color online at www.interscience.
wiley.com/journal/poc

unresolved: the N-terminal 15 residues of the protein as well as
a flexible loop from residues 72-79, both of which are in the
putative high-density lipoprotein (HDL) binding domain. The
center of the B-propeller contains two bound calcium ions,
which have been designated ‘catalytic’ and ‘structural’ on the
basis of mutagenesis studies. In the crystal structure, a single
phosphate ion is coordinated to the ‘catalytic’ calcium ion (refer
Fig. 1).

Due to this lack of a crystal structure of a complete form of the
human enzyme, the mechanism of action of huPON1 for
hydrolysis of organophosphorus compounds remains in doubt.
Postulated mechanisms include general base catalysis of
substrate by activated water molecules (the source of which is
also debated) or direct hydrolysis by a nucleophilic residue in the
active site pocket. Possible sources for the generation of
hydroxide include either the H115/H134 and D269/H285 dyads,
or direct activation of water by coordination to the ‘catalytic’
calcium ion (Fig. 2).'=*

With regard to hydrolysis of organophosphorus compounds,
there have been results from mutagenesis studies which cast
doubt onto several of the postulated sources of the nucleophile.
For example, mutations at H115 have been identified which
preserve OPase activity, including H115W, suggesting that a
catalytic dyad of these residues is not operative in the
mechanism.®! A recent publication™ of a neutron-scattering
structure of DFPase, an enzyme highly similar in structure to
PON1, shows the coordination of an intact water molecule to the
calcium ion. This result suggests that coordination to the calcium
ion alone may be insufficient to generate hydroxide in the active
site. The authors postulated that the reaction mechanism for
PONT1 involved the direct hydrolysis of substrate by D269, which
is likely to be in proximity to a substrate coordinated via the
phosphoryl oxygen to calcium. We believe, however, that the
coordination of D269 to calcium reduces its nucleophilicity, and
further, that this carboxylate residue is too distant from the
phosphorus center to participate in hydrolysis. The lack of
demonstrated ‘aging® in PON1, or the isolation of any covalent
intermediates of the enzyme with either substrates or inhibitors,

further discounts a direct hydrolysis mechanism by an active-site
residue; in the cholinesterases, following the formation of the
OP-enzyme adduct, the secondary expulsion of alkyl groups
occurs as an internally catalyzed process known as aging.""! In
contrast, in carboxylesterases, a covalent conjugate with OPs is
formed without a subsequent aging step, but the outcome is a
stable complex of nerve agent-adducted enzyme.l'? Accordingly,
we postulate that the most likely mechanism of the protein for
OPase activity is general base catalysis, with hydroxide generated
in proximity to E53, D269, and/or H285.

The use of computational modeling to study enzymes is a
rapidly growing field, although the majority of work being done
in the field is in the area of small molecule design and
optimization. However, small molecules are not the only possible
drug leads, and the emerging field of protein engineering also
benefits substantially from computational approaches, in
particular for the optimization of substrate binding and catalysis
of protein-based biological drugs. Computational techniques can
be used to model and predict, or rationalize after the fact, the
effects of mutations in proteins, and can evaluate postulated
enzymatic reaction mechanisms.'>'*) However, for these
methods to work, there must first be an accurate computational
model of the enzyme of interest, which can be difficult,
particularly for membrane-bound proteins or ones which are
difficult to crystallize. In addition, the validation of computational
models via measurable experimental properties is a constant
requirement. In this article, we describe in detail the methods
involved in the preparation of a structural model of huPON1 and
our attempt to understand the dynamics of the structure and
ligand binding using molecular dynamics simulations, molecular
docking, and estimation of free energies of binding using several
methodologies.

MATERIALS AND METHODS

Model preparation

Human paraoxonase 1 (huPON1) is a 355 residue, monomeric
protein, with a six-bladed g-propeller structure (Fig. 1), which in
serum is associated with high density lipoprotein (HDL)."'® The
HDL association is believed to be limited to the loops on the top
portion of the protein.’'®

Preparation of a computational model of the G2E6 variant of
huPON1 was performed using the AMBER 9 suite of programs.
Protonation states of titratable residues were assigned using the
program pdb2pqr,”"”! with a solvent pH of 7.0. The FF03!"® force
field was employed for modeling of the protein; simulations of
ligands were performed using parameters assigned using the
GAFF!" force field. Parameters for the calcium ions were derived
from the published literature, as implemented in the AMBER FF03
force field; these parameters have been calibrated to reproduce
the experimental free energy of solvation of calcium ions.*” To
generate structures for huPON1, the final structure of G2E6
following 20 ns of MD simulations was used as a starting point for
additional MD simulations on a model with restored human WT
residues using in silico mutagenesis.

MD simulations

The total number of residues in the G2E6 protein model is 340,
along with two calcium ions; the N-terminal 15 residues were
unresolved in the crystal structure as described above, and were
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Figure 2. Potential reaction mechanisms for huPON1"'~4#!

not reconstructed prior to MD. The missing residues from 72 to 79
were reconstructed by comparison with a published homology
model of PON1 designed by comparison with the related enzyme
DFPase (pdb ID: 1XHR), and the reconstructed surface loop was
incorporated into the available crystal structure of PON1 prior to
extensive MD simulations.’®?" A total of 24074 TIP3P?22% waters
were added in a rectangular periodic box of 91 x 105 x 96 A3. The
protein contains a single disulfide bond, between cysteines 42
and 353, which was included in modeling studies. Energy
minimizations and molecular dynamics simulations were per-
formed using the sander module within AMBER 9.242% A five-step
equilibration procedure was employed in preparing the model
for production MD simulations. First, a 1000-step energy
minimization was performed. This was followed by a four-step
warming regime with constant volume, in which the protein was
heated to 300 K over 4 ps of MD simulations, with a 2 fs time step

in each case. No restraints were employed on the protein
structure during this heating regime, and no instabilities were
observed from analyses of the subsequent MD trajectories. These
equilibration steps were followed by production MD (NPT)
simulations. The temperature and pressure of the system were
regulated using the Berendsen®® scheme of heat bath coupling,
and a coupling time of 1.0 ps. While the Berendsen temperature
bath has been demonstrated to result in instabilities in certain
types of simulations,”?” the use of explicit solvation and coupling
to the temperature bath largely remove these concerns, and the
method has been successfully used in the study of various
proteins.?® The SHAKE™?! algorithm was employed to constrain
bonds involving hydrogen atoms, and the particle-mesh Ewald
(PME) method®® was used with a 10.0 A cutoff for non-bonded
interactions. Periodic boundary conditions were employed in all
simulations.

J. Phys. Org. Chem. 2010, 23 357-369

Copyright © 2010 John Wiley & Sons, Ltd.

www.interscience.wiley.com/journal/poc




Journal of Physical
Organic Chemistry

T. T. SANAN ET AL.

Docking simulations

Molecular docking simulations were performed using Autodock
403" A total of eight ‘snapshots’ were taken from the MD
trajectories at 0.5 ns intervals over the last 4 ns of the 20 ns of
production MD, and these eight snapshots were used for the
docking simulations. Automated receptor preparation was
performed, including merging of non-polar hydrogens, and
solvent molecules were removed. Autodock 4.0 allows for limited
receptor side-chain flexibility, and we chose residues identified as
the largest hits in initial rigid docking to be flexible: K70, H115,
F222, 1291, F292, and V346. The applied scoring grid (refer
Supporting Information) had a 0.375A grid spacing, with
dimensions of 18.75 x 15.00 x 15.00A, centered above the
catalytic calcium ion, to ensure the treatment of all possible
binding poses. To generate charges for the OP ligands, each
structure was optimized at the B3LYP/6-31+4G(d,p) level of theory,
and then ChelpG®?' nuclear-centered atomic charges were
obtained at the B3LYP/6-311-+G(d,p)//B3LYP/6-31+G(d,p) level of
theory using Gaussian03.%*™*" Each of these calculations used
the standard basis sets available in Gaussian. The combination
of the B3LYP functional and augmented basis sets is generally
considered adequate for the accurate prediction of atomic
charges using the ChelpG method.*%®! For the docking protocol,
non-polar hydrogens were merged into adjacent heavy atoms.
Additional details on the docking protocol are included in the
Supporting Information.

After analysis of the various docking poses for different OP
ligands bound into the active-site snapshots, subsequent MD
simulations were performed on select calcium-bound receptor-
ligand complexes obtained from the docking simulations. A
similar minimization protocol was utilized as described above for
the initial G2E6 model; the only difference was the inclusion of a
moderate, flattened parabolic restraint on the calcium-
phosphoryl oxygen bond coordinate, from 2.5 to 4.0 A, to allow
for enhanced relaxation of the ligand-receptor contacts prior to
the possible dissociation of substrate. This was found to improve
on the sub-optimal treatment of receptor flexibility in the
docking protocol, and resulted in a reduction in the number of
dissociative poses. A total of 4 ns of unrestrained MD simulations
were performed on each ligand-receptor complex. A series of
coordinate snapshots was extracted from the production MD
trajectory from the terminal 1.5ns of simulations, at 10ps
intervals, from which individual trajectories were generated for
the unbound ligand, free receptor, and complex. Poisson—
Boltzmann (MM-PBSA)"** and Generalized Born (MM-GBSA)"**!
simulations were performed on these snapshots, using the sander
module to calculate individual components of the free energy for
each component as in Eqn (1). From the individual results, the
overall free energy of binding was calculated using Eqn (2).

G= Ghyd + Emm — TSsolute (1

AGbind = Gcomplex - (Greceptor + GIigand) (2)

The non-polar (SA) terms were estimated using the MSMS
algorithm™® using the equation Gsa =y SASA + B, with y and 8
set to 0.00542 kcal/(mol A~2) and 0.92 kcal/mol, respectively, and
using a probe radius of 1.4 Afor estimating the solvent accessible
surface area for the polar (Gpolar) €nergy terms, the Generalized
Born and Poisson-Boltzmann methods were both utilized as
implemented in the AMBER software package. In the GB
calculations, dielectric constants of 1 and 78.5 were utilized

with  AMBER mbondi2 radii. The TS,ue term represents
temperature and solute entropy, and in these calculations this
term was omitted. As the binding energies were only compared
within ligand families, the effect of entropy changes was
estimated to be minimal. Such methods have been employed
in estimating binding energies for organic molecules with good
agreement with experimental data.l*’*8!

Umbrella sampling was employed to study the potential
energy surface for removal of the substrates from coordination to
the calcium ions. A 30 kcal/mol A2 force constant was placed on
the calcium-phosphoryl oxygen bond distance, which was
restrained at 0.2 A intervals from 2.0 to 7.0 A; thus, a total of 26
parallel trajectories were simulated over 100ps for each
ligand-bound orientation. The Weighted Histogram Analysis
Method (WHAM)“®! was used to analyze the output of the
parallel, restrained trajectories, from which the free energy as a
function of distance was predicted.

RESULTS

Preparation of the G2E6 model

Generation of the G2E6-based model of huPON1 required
reconstruction of the loop from residues 72-79. This was
accomplished by adaptation of the loop structure contained
within a homology model of PON1 previously developed from
the related protein diisopropylfluorophosphatase (DFPase),®>"
which has a similar six-bladed, g-propeller structure. A total of
20ns of MD simulations were performed, following the
procedure described above, on the G2E6 (chimeric) model
system. To measure the stability of the model, the structural
and energetic properties were monitored over the course of
the MD simulations (refer Supporting Information). The root-
mean-squared deviation (RMSD) from the starting coordinates
was monitored for all atoms as a function of time (Fig. 3a), the
results of which suggested that the initial portion of the
simulation resulted in fairly substantial structural changes, but
after ~10ns, the structure of the protein was largely stable for the
remainder of the MD simulation. An additional analysis of the
a-carbon RMSD of each individual residue relative to the starting
structure was performed to provide insight into the location of
the most mobile residues in the protein (Fig. 3b).

As can be seen in Fig. 3, the regions with the largest changes
relative to the crystal structure of the chimeric protein are the
loops on the ‘top’ of the protein, corresponding to the putative
HDL binding domain, as well as the more flexible turns units on
the periphery of the B-propeller. The missing loop in the crystal
structure, from residues 72-79 (Loop H1), was found to display
the highest amounts of flexibility, along with the N-terminal
domain (neglecting the unresolved 15 N-terminal residues) and
an additional flexible surface loop (Loop H2). The lack of
resolution of these loops in the available crystallographic
structure of G2E6 also supports their inherent flexibility.

Calcium lon coordination and the active site

The ‘catalytic’ calcium ion for G2E6 in the published structure for
the chimeric isoform!” is coordinated by five basic residues (E53,
N168, N224, D269, N270), as well as one crystallographic water
molecule, and with a phosphate from the buffer coordinated to
the metal ion. In preparing the computational model system, the
phosphate anion was removed prior to the MD simulations.

www.interscience.wiley.com/journal/poc
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Figure 3. (a) All atom RMSD of the chimeric G2E6 model over 20 ns of MD. (b) RMSD of « carbons in the G2E6 model after 20 ns of MD simulations,
relative to the X-ray crystal structure of the protein, in angstroms (A). (c) G2E6 protein model following 20 ns of MD with a colored scale illustrating the
RMSD relative to the X-ray crystal structure, in A (pdb ID 1V04). This figure is available in color online at www.interscience.wiley.com/journal/poc

Following 20ns of MD, some changes were observed in the
coordination environment of the calcium ion. The calcium ion
itself was observed to move <1A toward the D269 portion of
the pocket, and, while the coordination sphere was preserved,
some movement of the basic residues around the calcium was
observed (Fig. 4). In particular, the backbone carbonyl of N224
was found to swing in and coordinate with the calcium ion, which
was coupled with movement of the side-chain amide upward
toward the now-vacant coordination site that the phosphate
anion had occupied. A similar movement was observed for the
carboxylates of both E53 and D269 as well. Overall movement of
the «-carbons of the calcium coordinating residues was
approximately 1A relative to the G2E6 crystal structure.

In proximity to the catalytic calcium ion of PON1 are two residue
pairs within the hydrogen bond distance: the D269/H285 and
H115/H134 dyads, both of which have been suggested as possible
bases for activation of water for the hydrolysis of substrate (Figs 1
and 4). Over the course of the MD simulations, the D269/H285
dyad demonstrates a dynamic hydrogen bond between the
protonated ¢ nitrogen of H285 and the carboxylate of D269, with
the fluxional motion primarily in the histidine side-chain; n —1
coordination of the catalytic calcium ion by the other carboxylate
oxygen of D269 is preserved throughout the simulation (Fig. 5¢). In
the other dyad, hydrogen bonding between the § nitrogen of H115
and the ¢ hydrogen of H134 is conserved over the simulation, with
asecond hydrogen bond between E53 and the ¢ hydrogen of H115
also formed early in the trajectory (Fig. 5a,b). The latter interaction
is not observed in the crystal structure, with a distance between
the two residues of 3.7 A.

In the G2E6 variant of human paraoxonase, the vast majority of
the substitutions relative to human WT protein are on the exterior
of the protein, distal from the active site itself. These substitutions
tend to be non-polar-to-polar mutations which presumably play a
role in improving folding and solubility.”! Within the active site

periphery, only two residues are modified in the variant, at
positions 166 and 192. In the human WT protein, residue 192 is
polymorphic, with isoforms having either arginine or glutamine,
with detectible differences in sensitivity to organophosphorus
compounds resulting from the polymorphism.*% In G2Es,
residue 192 has been modified to lysine, with a second
modification at 166 from N to S. Interestingly, in the X-ray
crystal structure of G2E6,"”! the residues are only 2.9A apart,
suggesting that the N166S mutation might be compensatory. In
the MD trajectory for the G2E6 model, K192 is observed to
hydrogen-bond with both S166 (as observed in the MD
simulation) as well as D183; the latter is a residue in closer
proximity to the active site cavity. The loop on which K192 resides
is flexible enough that these interactions are fluxional over the
course of MD, possibly corresponding to active site breathing
modes (Fig. 6, and Supporting Information).

N224
N168

H134

E53 H115

Figure 4. Putative active site of the G2E6 variant of huPON1 following
20 ns of MD simulations (gray) and the orientation of these residues in the
X-ray crystal structure (white)
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With no other modifications to the putative active site, residue
192 is highly suggestive for playing a role in the considerable
differences in OPase activity between the WT and G2E6 variants
of huPON1.2" Accordingly, we performed MD simulations on
G2E6 K192R and K192Q mutants, to examine the effects on the
hydrogen bonding and electrostatic interactions in this pocket of
the active site.

Examination of the G2E6 K192R mutant model over the MD
trajectory suggests a similar hydrogen-bonding interaction to
that observed in the G2E6 ‘WT’ (K192) protein model; R192 is
observed to hydrogen bond extensively with both D183 and
N166, with a high degree of occupancy, and the arginine mutant
is also similar to the lysine in G2E6 WT in terms of electrostatic
interactions. In contrast, when Q192 was simulated, the distance
to D183 was too long for hydrogen bonding to occur, leaving
both D183 and S166 available to hydrogen bond with other
neighboring residues (Fig. 6). Accordingly, we postulate that
the differences in activity of huPONT WT and the G2E6 variant
may result from alterations in the electrostatic and hydrogen-
bonding interactions available in the region around residues 183
and 192.

Molecular binding studies of nerve agents

In the G2E6 model of PON1, molecular docking simulations were
performed to study the binding of a variety of nerve agent
substrates (Fig. 7) into the active site of the protein. This included

a number of known nerve agents, as well as paraoxon. The
assignment of stereochemistry at phosphorus in nerve agent
compounds remains ambiguous, apparently owing to disagree-
ment regarding the priority rules as applied to phosphorus
centers. In this work the phosphoryl (P =0) bond is given higher
priority than any O-alkyl substituents.

Receptor flexibility was restricted to six residues bracketing the
putative active site region: K70, H115, F222, 1291, F292, and V346
(Fig. 8). These residues were chosen based on their proximity to
the active site and their ability to modulate the active site cavity.
To allow for additional sampling of receptor movement, docking
simulations were prepared for eight snapshots of the receptor
model spanning 4 ns at 0.5 ns intervals (from the final 4 ns of the
simulation); each of these models was used for complete docking
simulations with all of the ligands, including stereoisomers and
possible protonation states. For the V-series nerve agents, the
amino fragment was protonated in accordance with the likely pK,
in serum; for tabun, a similar assignment was not made due to the
proximity of the amino group to the phosphorus center.

Evaluation of the bound orientations obtained showed a range
of poses spanning the active site region, both coordinated to the
catalytic calcium ion and more localized in the HDL binding
domain on the upper portion of the protein. A consistent theme
in the postulated reaction mechanisms of PON1 is that
coordination of the substrate to the ‘catalytic’ calcium ion is a
prerequisite for hydrolysis, with polarization of the phosphor-
us-oxygen bond lowering the reaction barrier, and with the
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K/R/Q 192

5166

Figure 6. Region around the polymorphic residue 192, from the G2E6
X-ray crystal structure8 (192K, white), as well as the 192Q (gray) and 192R
(black) model systems

calcium ion acting as an oxyanion hole® for the developing
negative charge on the phosphoryl oxygen. Moreover, the
presence of a phosphate anion coordinated to calcium in the
published crystal structure of G2E6 further supports this notion.
Accordingly, while we did observe a number of poses lacking
such coordination, these were not carried on to subsequent
refinement with molecular dynamics techniques. Of the poses
that were coordinated to calcium, several consistent binding
modes were observed. We chose to group these poses based
upon the directionality of the leaving group in the case of the
V-series agents, as well as paraoxon, while for the G-agents, the
O-alkyl fragment was used.

(0]

Figure 8. Active site of huPONT1, including the six flexible residues from
docking (in red), calcium-coordinating residues (in blue), residues 166 and
192 (in green) and other potentially important residues

The most frequently observed poses from molecular docking
oriented the largest substituents on phosphorus toward two
portions of the active site of the protein: the cavity formed in
proximity to H115/H134, and extending across to D183/K192, and
the pocket on the opposite side of the active site formed from
F222, L240, H285, and V346 (Fig. 9). For the V-series nerve agents,
orientations placing the leaving group in the D183/K192 pocket
resulted in hydrogen-bonding interactions between the proto-
nated amino fragment and D183, a motif which was also
observed following MD refinement, as described below. In the
other pocket, poses either lacked explicit hydrogen-bond
acceptors, or the amino group was hydrogen-bonded with

I
s i W I I Le g .
0 /\O,FI’ N\ o'\ Y\O.PSAN
K CN
Paraoxon Tabun Soman VR
Ok Ak ~damd
— AL Pl
O,P F O,P F 0”|"8” °N
Cyclosarin Sarin vX

Figure 7. OP compounds including nerve agents employed in binding studies of the huPON1 models. Stereocenters exist at the phosphorus center of
all molecules except paraoxon, and an additional chiral center is present in soman. The leaving groups are shown in red
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Figure 9. Representative binding modes for V-agents ((Pg)-VR, top) and G-agents (Ps and P sarin, bottom) in the G2E6 model active site observed from

molecular docking

D269 (which also coordinates the active-site calcium). Similar
poses were predicted for binding of paraoxon in the active site,
with the exception that hydrogen bonding with D183 was not
observed; rather, orientation of the p-nitrophenoxide moiety
toward that portion of the active site resulted in either hydrogen
bonding with K192, or m-n stacking with H134. Of the two
principal binding modes, orientation of the thioalkylamino or
p-nitrophenoxide leaving group toward D183/K192 also places it
anti to the D269/H285 pocket, in a pose suitable for hydrolysis by
a nucleophile generated in that vicinity. However, the alternative
pose positioning the leaving group in proximity to L240/F222 is
not expected to be productive for hydrolysis.

For the G-series nerve agents, which lack the large, polar
leaving group that paraoxon and the V-series agents possessed,
the binding modes predicted with docking were somewhat
different. For sarin, the lowest energy docking pose for the Ps
enantiomer oriented the O-isopropyl fragment in proximity to
F222 and L240, with the leaving group fluoride anti to D269. In
contrast, for the Pz enantiomer, the same orientation of the
isopropyl group results in the methyl substituent orienting anti to
D269 (Fig. 9). To orient the leaving group fluoride anti to D269 for
the Ps isomer would require placing the O-isopropyl group into
the somewhat more congested active site region around V346.
Similarly, for cyclosarin, the Pg isomer also fails to orient the
leaving group anti to calcium in any of the docking poses (refer
Supporting Information). These findings are consistent with the
preference of WT huPON1 for the Ps configuration of the G-series
nerve agents, and with prior computational studies on
fluorogenic OP-analogs docked into the PON1 crystal structure.®!

It should be noted that while poses were obtained from
docking which were consistent with certain mechanistic

hypotheses, the energetic ordering of binding poses was not
sufficiently large to distinguish them beyond the margin of error
of the docking protocol (refer Supporting Information). Energies
for docking poses were generally within 2-3 kcal/mol for the 10
lowest energy binding modes predicted for a given substrate
molecule, including orientations placing the substrate within the
HDL binding domain; furthermore, the energetic ordering for the
two modes was not consistent across the ligand library, even for
the V-series agents. This is, we suspect, a limitation of the docking
protocol when applied to a very open active-site cavity without
the possession of a known binding mode from which to prune
the output of the calculation.

While the energetic output from the docking simulations was
not useful in a quantitative sense as a prediction of binding and
turnover of substrate, the conformational sampling of the active
site was useful in terms of both identifying general binding
modes for substrates, and in suggesting residues for which
mutations might alter the substrate specificity of the protein. A
tally of the ligand-receptor contacts by distance suggested a
number of residues in the active site that are in proximity to the
calcium ion, as well as in the peripheral regions, which could be
involved in binding specificity for organophosphorus agents.

Interestingly, a number of residues from this list have already
been identified as modulating substrate specificity in mutagen-
esis studies, which further supports the notion that the docked
orientations are sampling valid substrate binding modes, despite
the coarse nature of the methodology (Table 1). To improve the
treatment of receptor flexibility, and to obtain more reliable
binding energies for comparison of poses, we employed
molecular dynamics simulations to study the ligand-receptor
complexes. This methodology has been successfully employed in
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Table 1. Residues in huPON1 identified as modulating
selectivity and activity by mutagenesis studies, and residues
indicated by docking ‘hits” with OP substrates
Residue ID
Experiment Docking hits Location in huPON1
53 Calcium binding site
69 69 Periphery of active site
70 Periphery of active site
71 Unresolved loop
72 Unresolved loop
74 Unresolved loop
75 Unresolved loop
76 Unresolved loop
79 Unresolved loop
115 115 Near to E53
168 Calcium binding site
183 Near to 168/192
190 Loop over active site
192 Loop over active site
193 Loop over active site
196 Loop over active site
222 222 Periphery of active site
224 Calcium binding site
240 240 Periphery of active site
269 Calcium binding site
285 Periphery of active site
291 291 Periphery of active site
292 292 Periphery of active site
293 Periphery of active site
332 332 Calcium binding site
346 346 Periphery of active site

the modeling of ligand-receptor binding even for molecules with
highly similar structural features.*”’ The inclusion of explicit
solvation also allows for improved handling of electrostatic
interactions in the receptor and in the complex.

Molecular dynamics refinement of binding modes

Binding pose refinement was performed using a similar
molecular dynamics protocol to that described above for
preparation of the original protein models. An initial restraint
on the bond distance between the ‘catalytic’ calcium and the
phosphoryl oxygen of the ligand was utilized for the initial
minimization and heating steps, in addition to the restraints on
the protein a-carbons as described above, to allow for removal of
close contacts and other potential instabilities. The employed
constraint was a flat-bottomed parabolic restraint (refer
Supporting Information), with a minimum from 2.5 to 40A,
allowing for limited mobility of the ligand while maintaining
contact with the calcium ion. This constraint was removed in
latter steps of the MD simulations.

Following MD simulations, it was discovered that some of the
docked poses were ultimately not stable in their coordinated
orientation, and dissociation of some previously bound ligands

from the calcium ion was observed. Of the poses which were
ultimately stable following extensive (>2ns) MD simulations
without restraints on the system, the orientations of the leaving
group were generally in the two binding modes first observed
from docking: oriented toward either D183 or K192, or between
H285 and L240. The interactions in the former tended to include
significant electrostatic components arising from hydrogen-
bonding interactions with the charged residues in the pocket, or
with bridging waters coordinated to the same. In the H285/L240
pocket, however, the interactions were primarily simple van der
Waals interactions; the peripheral residues in the latter pocket
tend to be of the non-polar variety, with V346, H285, L240, and
F222 encompassing the sides of the pocket, while 1291 and F292
bracket the upper portion.

Examination of the poses with substrate bound following an
MD simulation revealed consistent changes in the receptor
geometry in the active site. The hydrogen-bonding interaction
between H115 and H134 was frequently disrupted, with the
leaving group from the OP occupying the space. This was
particularly common for the V-series agents, with the larger
thioalkylamino fragment, which is due to a preference for the
charged ammonium group of these agents to hydrogen-bond
with D183, thereby occupying the portion of the binding site
which would otherwise be occupied by the H115-H134 dyad
(Fig. 10).

The hydrogen bond between H115 and E53, however, was
generally preserved even in cases where the H115-H134 dyad
was broken. Indeed, the calcium coordination environment was
also quite stable, even with the coordination of an OP on top of
the calcium ion (refer Supporting Information for details).

MM-PBSA and MM-GBSA calculations were performed to
estimate the free energy of binding of the substrates into the
protein active site following MD. From these calculations, a
comparative evaluation of the energetics for several binding
poses was possible. For the V-series agents, poses were evaluated
for the two primary binding modes identified in docking; that
is, with the leaving groups positioned anti to D269 and,
alternatively, oriented toward the L240/F222 pocket. In the
former binding mode, the V-agents typically orient the
phosphoryl oxygen on the calcium ion, with the thioalkylamino
group oriented toward D183, with which the protonated amino
group hydrogen bonds either directly or via a bridging water. The
O-alkyl fragment is oriented either toward V346 and H285, or
toward F222 and L240, depending upon the configuration at
phosphorus. Specifically, V-agents with an (R)-configuration place
the O-alkyl group toward V346 and H285; (S)-configuration
agents orient the O-alkyl group toward L240 and F222 (Fig. 10).
The size of the pockets in the active site of the G2E6 model of
huPON1 are such that the Py configuration molecules are
significantly more sterically congested in the active site cavity,
and in some instances, stable bound poses were not obtained
which maintained the hydrogen bond with D183. In contrast, for
the agents with a Ps configuration, the O-alkyl fragment is
oriented into the larger L240/F222 region.

The stereoselectivity of huPON1 toward hydrolysis of V-series
nerve agents is still somewhat unclear; if it follows similar trends
as for the G-series agents, huPON1 would likely be more selective
for the less toxic P™ (Ps) enantiomers, although this remains
unverified to-date. In light of our modeling data, we propose that
the orientation and bulk of the O-alkyl substituents of the
V-agents may influence the binding and/or turnover in a
stereoselective fashion, and that modification of the spatial
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Figure 10. Minimum energy poses for (a) (R)- and (b) (5)-VX bound in the active site of the G2E6 protein model. The colored lobes indicate the relative
sizes and orientations of the leaving group (red) and O-alkyl and methyl substituents

constraints in proximity to L69 and V346 might modulate the
turnover of the P enantiomers. The lowest energy binding
modes were predicted to orient the O-alkyl fragments in
proximity to D269/E53, which suggests that interactions with
and/or occlusion of the approaching nucleophile, be it one of the
carboxylates or a coordinated water molecule, by the O-alkyl
fragments of the V-agents could be impeding turnover and
reducing k... The reader should note, however, that these
predictions are based only on binding information. This is
consistent with both the direct hydrolysis of substrate by D269, as
well as the general-base hydrolysis mechanisms for huPON1.

Interestingly, work by Furlong et al®® on huPON1 ‘status’
suggests that the polymorphic residue 192, which in G2E6 is
modified to lysine from arginine or glutamine in the WT human
protein, significantly alters the activity of PON1 for hydrolysis of
OP pesticides. In the context of the study, it was found that 192R
was more protective than 192Q for exposure to paraoxon. In light
of the predicted binding modes for the V-series agents orienting
the protonated amino fragment in proximity to D183 and K192,
we propose a molecular-level rationalization for this modulation:
competition for the hydrogen bond to D183, which is reduced in
the 192Q polymorph. In contrast, the lowest energy binding
modes for paraoxon placed the p-nitrophenoxide group in
proximity to K192 itself, hydrogen bonding directly with the
protonated amino group, and with an alternative pose with
similar energy orienting the leaving group parallel to H134 in a
m-stacking mode (Fig. 11). An alternative theory regarding the
K192 mutation, suggesting that it mitigates charge repulsion with
D183 via hydrogen bonding, is also consistent with our modeling
results.>?

These results suggest the role of residue 192 in the active site
for substrates with large, polar/charged groups may be related to
orientation of the substrate prior to hydrolysis. However, for the
G-series nerve agents, which lack a large polar leaving group,
there are no clear interactions with this portion of the active
(Fig. 11). Instead, the primary constraints on binding for these
agents are the orientation of the large non-polar peripheral
groups, which generally interact with non-polar residues in the
active site, such as L69, V346, F222, and L240, some of which have
been identified as modulating the stereoselectivity of the

protein.®¥ For G-series nerve agents, these residues influence
the fit of substrate into the active site and likely contribute to the
stereoselectivity of the protein. Based on our binding studies, it
appears that orientations which allow the bulky substituents to
orient in proximity to L240 and F222 are favorable, so it is the
resulting orientation of the leaving group which influences
turnover. For the Ps agents, orientation of the leaving group anti
to the D269 pocket is possible in these poses, whereas the Pg
agents place the leaving group in the opposite direction in such a
pose. While stable, bound orientations were identified for Pg
G-series nerve agents that placed the O-alkyl substituents in
proximity to L69 and V346 (and thus, with the leaving groups anti
to the D269 region), these poses tended to be higher in energy
than the more favorable mode by between 3 and 5 kcal/mol, or
slightly higher than the margin of error (refer Supporting
Information). Given that huPON1 does turn over both enantio-
mers of cyclosarin, as well as all four diastereomers of soman, the
observation of ‘productive’ binding modes with the leaving
group anti to the D269 region for the Py isomers is not
inconsistent with experiment.>”

It should be noted that one interaction which has been
proposed between receptor and substrate in huPON1 is the
‘capping’ of the active site by residue Y71, found on the flexible
surface loop that was unresolved in the protein crystal
structure.” This loop, while highly flexible in our simulations,
was not universally observed to participate in such an interaction
in bound poses. Some poses of bound agent, particularly for the
V-agents, did show capping of the bound substrate by Y71 in a
manner similar to that reported (refer Supporting Information).
It remains possible that the Y71 interaction is vital for OP
binding, or alternatively, that Y71 is involved in substrate mobility
into the active site; however, such mobility was not observed over
the time scales sampled in this study, and additional simulations
are necessary to determine if this is the case.

An alternative method for examining the binding of substrates
to huPON1 involves the use of umbrella sampling®® to estimate
the potential energy surface for removal of substrate from
coordination to the calcium ion, or from the active site overall.*”!
In this methodology, we utilized a conformational sampling
protocol in conjunction with parallel, constrained MD trajectories,
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Figure 11. Stable, bound poses derived from MD simulations for (a) paraoxon, and (b) the Ps isomers of sarin and cyclosarin in the G2E6 model

to estimate a probability distribution for a given geometric runs are shown in Fig. 12, for both (R)- and (S)-configuration VX.
parameter in the active site, from which the free energy can be The minimum energy bond distance in both cases was estimated
extracted. In the context of our study, the calcium—phosphoryl to be 2.7A, which is somewhat longer than the calcium-
oxygen bond coordinate was chosen for sampling, starting from phosphate distance of 22A observed in the X-ray crystal
the bound geometries obtained from MD refinement of the structure of G2E6,”! but which is consistent with the stable,
V-series agents, as described above. The output from several such bound orientations calculated above. A plateau observed in the
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Figure 12. Potential energy surfaces for loss of coordination to calcium calculated for (Pg)-VR (left), and (Ps)-VX (right), calculated using umbrella
sampling methods from bound orientations
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potential surface for the S-configuration agents corresponds to a
movement of the phosphoryl oxygen away from calcium toward
the calcium-coordinating residue N168, which is able to form a
hydrogen bond and to stabilize the partially dissociated OPs. This
may represent an intermediate stage in the substrate association/
dissociation potential energy surface, and more simulations are in
progress to fully explore this possibility.

Interestingly, a similar analysis on poses which showed a lack of
stability in calcium coordination found no minima at ~2.7 A
corresponding to the bound state, suggesting that this
methodology is also useful in validating the stability of bound
substrate to the metal ion. When applied to the V-series nerve
agents studied herein, the correlation between poses that were
stably bound to calcium over the course of MD and those with
minima in the dissociation potentials for bound poses was
excellent (refer Supporting Information).

DISCUSSION

Human paraoxonase 1 (huPON1) is a protein that promiscuously
catalyzes the hydrolysis of a variety of electrophilic substrates. It is
tolerant of a variety of alkyl and aromatic esters and coumarin
substrates, as well as organophosphorus compounds. In this
study, we have attempted to model the protein using
computational chemistry techniques to both gain insight into
the structure and function of the enzyme as well as provide
guidance for the development of novel protein mutants via
rational design.

We have produced a structural model of the G2E6 variant of
huPONT1, including a loop above the putative active site, which
was unresolved in the published X-ray crystal structure, as part of
a cooperative program aimed at enhancing the catalytic function
of the protein for use as a bioscavenger. In the active site itself, the
largest change from the published structure is in the hydrogen
bonding of H115, which migrates considerably closer to E53, and
maintains a tight hydrogen bond; this interaction alters the
distance between these residues from ~4A in the crystal
structure to 2.5 A in the G2E6 computational model. Other than
this divergence, the differences between the G2E6 computational
model and the published X-ray structure6 are in the surface
loops, and these changes do not significantly alter the active site
geometry; furthermore, these surface loops are likely highly
flexible in the absence of HDL association.

From the molecular docking studies, the observed inter-
actions between residues 183, 192, and polar groups with the
leaving groups for the bound OP substrate suggest a potential
role of these residues in substrate binding and orientation in
the active site, which is consistent with the available
experimental data. Additional work is necessary, both in
developing new protein mutants from which additional kinetic
information can be obtained, and in terms of additional
sampling of the conformational motion of these residues,
before the exact nature of the interactions can be conclusively
determined. This is particularly true given the lack of a
reference orientation of substrate in any experimentally
obtained structure of PON1 to date.

The lowest energy binding modes observed for V-series
agents and paraoxon orient the leaving group anti to the
carboxylate residues which coordinate the catalytic calcium,
and this observation supports several of the proposed reaction
mechanisms, above. In this pose, direct hydrolysis of the OP

by one of the two carboxylates is possible, with average
distances on the order of 3.5-4.5A from the coordinated OP
to D269 and/or E53. However, for E53 to act as a nucleophile,
attack would be necessarily precluded by loss of a hydrogen
bond with H115, which is only rarely observed in the MD
trajectories of either the free or ligand-bound proteins.
The interaction between H285 and D269 is significantly more
labile, which suggests that the latter residue might be
more available for attack; however, the nucleophilicity of an
aspartate coordinated to a calcium ion is likely significantly
diminished. A third possibility is the attack by an activated
water molecule, possibly as part of a catalytic dyad or triad in
the active site. The observation of coordinated water molecules
in proximity to both D269 and E53 in ligand-bound complexes
supports the possibility that deprotonation of water by either
one of the carboxylates, or possibly the basic nitrogen of H285
might be able to generate hydroxide in a suitable orientation
for hydrolysis of substrate. The lack of detectible ‘aging’ of
huPON1 also supports this notion, as a general base
mechanism would not produce a covalent protein-ligand
conjugate. However, molecular dynamics simulations alone are
insufficient to probe this possibility. To examine reaction
pathways explicitly, and to obtain energetic parameters to
compare and contrast them, hybrid quantum mechanical/
molecular mechanical (QM/MM) simulations are in progress;
the primary complication in this approach is the large number
of degrees of freedom in the active site, as well as the numerous
potential geometries for water clusters. The results, however,
will reduce some of the ambiguity present in the literature with
regard to the mechanism of huPON1 hydrolysis of OPs.

The binding modes identified also correlate well with
published results on mutations that influence the selectivity of
huPON1. Modification of peripheral active site residues such as
L69, H115, F222, and V346 have all been identified in the course
of directed evolution by Tawfik et al®* to modify the selectivity
of the protein, and these residues are generally in proximity to
the peripheral groups of ligands bound to the huPONT model.
While the exact molecular-level role of these mutations on
substrate binding and turnover remains speculative at this stage,
the development of improved models for the protein opens the
door for development of in silico mutants with the potential to both
calibrate and refine the models and potentially drive the
development of protein mutants with altered selectivity and activity.

SUPPORTING INFORMATION

Additional details regarding model preparation, molecular dock-
ing results, molecular dynamics simulations are included in the
supporting information, available in the online version of the paper.
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