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The origins of enzyme specificity are well established. However, the
molecular details underlying the ability of a single active site to
promiscuously bind different substrates and catalyze different reactions
remain largely unknown. To better understand the molecular basis of
enzyme promiscuity, we studied the mammalian serum paraoxonase 1
(PON1) whose native substrates are lipophilic lactones. We describe the
crystal structures of PON1 at a catalytically relevant pH and of its complex
with a lactone analogue. The various PON1 structures and the analysis of
active-site mutants guided the generation of docking models of the various
substrates and their reaction intermediates. The models suggest that
promiscuity is driven by coincidental overlaps between the reactive
intermediate for the native lactonase reaction and the ground and/or
intermediate states of the promiscuous reactions. This overlap is also
enabled by different active-site conformations: the lactonase activity utilizes
one active-site conformation whereas the promiscuous phosphotriesterase
activity utilizes another. The hydrolysis of phosphotriesters, and of the
aromatic lactone dihydrocoumarin, is also driven by an alternative catalytic
mode that uses only a subset of the active-site residues utilized for lactone
hydrolysis. Indeed, PON1's active site shows a remarkable level of
networking and versatility whereby multiple residues share the same task
and individual active-site residues perform multiple tasks (e.g., binding the
catalytic calcium and activating the hydrolytic water). Overall, the
coexistence of multiple conformations and alternative catalytic modes
within the same active site underlines PON1's promiscuity and evolution-
ary potential.

© 2012 Elsevier Ltd. All rights reserved.
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Enzyme promiscuity concerns the ability of a
single active site to accommodate substrates other
than the enzyme's native substrate—that is, the
substrate for which an enzyme evolved (substrate
ambiguity)—and/or catalyze reactions other than
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Fig. 1. General mechanisms for the hydrolysis of the three classes of rePON1 substrates: the lactones (a), the esters (b),
and the phosphotriesters (c). The 2HQ inhibitor and additional substrate molecules are presented (d).

the native one (catalytic promiscuity). There are
numerous examples of such phenomena, but there
are only a few cases for which structural and
mechanistic details are available.'™® In particular,
we sought for a detailed description of the com-
plexes and catalytic mechanisms for the native
substrate of an enzyme and for its different
alternative substrates and promiscuous reactions.
Our case study discusses the mammalian serum
paraoxonase 1 (PON1). This enzyme comprises the
most-studied member of a family of calcium-
dependent hydrolases. As it turns out, the name
paraoxonase relates to its promiscuous activity in
hydrolyzing the phosphotriester pesticide para-
oxon. PONT1 is in fact a lactonase, and - and o-
lactones with long alkyl side chains (lipophilic
lactones) are its most likely native substrates””®
(see also Refs. 9 and 10). The crystal structure of
PON1 and of the first member of the serum
paraoxonase family revealed a six-blade p-propeller
fold with two calcium ions in its central tunnel.'

The structural Ca>* is buried, whereas the catalytic
Ca*" lies at the bottom of the active-site cavity. In
the hydrolysis of lactones and aryl esters (C-O bond
cleavages via tetrahedral intermediates; Fig. 1), a
His115-His134 dyad deprotonates a water molecule
to generate the attacking hydroxide, and the Ca**
stabilizes the resulting tetrahedral oxyanionic
intermediate.'* However, the mode of promiscuous
hydrolysis of phosphotriesters (P-O cleavage via a
pentacovalent intermediate; Fig. 1) differs from
that of lactones and aryl esters. This is clearly
evident from the finding that mutations of His115
that diminish both the lactonase and aryl esterase
activities actually enhance the rate of phosphotrie-
ster hydrolysis.'>'> However, the structures of the
various substrate and intermediate complexes and
the origin of the differences in the modes of
catalysis for lactones, esters, and phosphotriesters
are unknown.

We aimed at an in-depth analysis of PON1's active
site and a comparison of the different modes in
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which it binds different substrates and catalyzes
their hydrolysis. The previously published PON1
structure revealed the fold of PON1 and the key
features of its active site.'' However, the structure
was determined at pH 4.5 where the enzyme is
almost inactive. The absence of a structure with a
ligand and the lack of density for the ‘active-site
loop” (residues 72-79, comprising the longest loop
within the active site) also precluded a detailed
description. Here, we describe the crystal structure
of PON1 at pH 6.5, where the enzyme displays close
to optimal activity, and of its complex with a lactone
analogue. We also describe the kinetic characteriza-
tion of mutants in the active-site loop and docking
models of the various substrates and of their
corresponding reaction intermediates.

Results

Structure of rePON1 at pH 6.5

As previously described, we utilized a recombi-
nant PON1 variant, rePON1-G2E6 (herein referred
to as rePON1), which is ~90% identical in sequence
to both rabbit and human PON1s and exhibits the
same enzymatic specificity.'* The best crystals were
obtained at pH 6.5 and diffracted to 2.0 A resolution
(Table 1). The structure obtained is overall identical
with that of the first rePON1 structure obtained at
pH 4.5 [2.2 A; Protein Data Bank (PDB) ID: 1V04]
and, as in the pH 4.5 structure, a phosphate ion is
bound to the catalytic Ca**. However, the side chain
of V346 within the active-site pocket is rotated
relative to the pH 4.5 structure, and the side chains
of F347 and H348 in the active-site's ‘second shell’
adopted completely different rotamers (Supplemen-
tary Fig. 1). Residues at the edges of the active-site
loop, namely, residues 71, 80, and 81, which were
ordered in the pH 4.5 structure, did not exhibit
defined electron density at pH 6.5.

The complex with 2-hydroxyquinoline

The best known Competltlve inhibitor of PONT1 is
2-hydroxyquinoline (2HQ).® In its tautomeric form,
it is a lactam and therefore a non-hydrolyzable
lactone analogue in which the esteric oxygen has
been replaced by NH. The corresponding lactone,
dlhydrocoumarm is h?fdrolyzed by rePON1 with

kear/Km>10° M1 2HQ inhibits all three

enzymatic act1v1t1es of PON1 with a similar K;
(~2 uM).31° Crystals diffracting to 2.2 A were
obtained by soaking 2HQ into the rePON1 crystals
obtained at pH 6.5. The space group and unit cell
parameters were very similar to those for the apo
crystals (see Table 1). Structure determination was
carried out by molecular replacement using the
pH 6.5 rePON1 structure as the model.

Table 1. Summary of data collection and refinement
statistics

rePON1 at pH 6.5 2HQ/rePON1

Data collection

Resolution range (A2 50-2.0 (2.03-2.0) 50-2.2 (2.24-2.2)

Space group P432,2 P432,2
Unit cell dimensions (A)

a=b 93.653 93.5

c 143.703 144.6
Number of reflections 929,675 1,175,744

measured
Number of unique 44,101 (2148) 33,798 (1666)
reflections”

Reym” 0.093 (0.53) 0.10 (0.62)
Completeness (%)? 99.3 (99.6) 100 (100)
Redundancy” 43 (4.2) 14.3 (14.4)
(D /{o(D)? 15.8 (3.7) 31 (6)
Refinement statistics of the current models
Riree (%) 22.02 22.49
Ryvork (%) 19.5 18.2
Water molecules 117 113
rm.s.d.

Bond length (A) 0.015 0.031

Bond angles (°) 1.425 2.24
Ramachandran plot (%)

Favored 94.77 95.82

Allowed 100 99.7
PDB ID 3SRE 3SRG

Values in parentheses are for the highest-resolution shell.
b Ramachandran plot statistics from MolProbity (http://
molprobity.biochem.duke.edu).

The F,—F. electron density map for the complex
showed that 2HQ is bound to the catalytic calcium
ion. Additional continuous density was revealed,
matching the active-site loop, residues 71-81, most
of which are not seen in the apo structures at either
pH 4.5 or 6.5 (Fig. 2a). The phosphate ion that is
bound to the catalytic calcium in both the apo
structures is displaced by 2HQ. Further, 2HQ's
carbonyl oxygen and NH moiety overlap with the
phosphate oxygens in the apo structure (Fig. 2b).
This overlap supports the notion that both the
phosphate ion and 2HQ mimic the binding mode of
substrates and /or reaction intermediates. The struc-
tured active-site loop provides a narrower active site
and a larger interaction surface with 2HQ. Several
loop residues that are disordered in the apo pH 6.5
structure contribute to the active-site wall in the
complex (71-74; Fig. 2c). In contrast, residues 75-81
reside outside the active site. In addition to inter-
acting with the catalytic calcium, 2HQ interacts with
the side chains of H115, D269, E53, and N168 (Fig.
2d). Apart from the immobilization of the 71-81
loop, no significant changes were detected in
PONT1's backbone as a result of 2HQ binding.

The different rePON1 structures reveal the exis-
tence of various conformations that could refer to
different conformational substates along the reac-
tion coordinate and/or to different conformations
that might be adopted upon binding of different
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H115

Fig. 2. Structural details of the 2HQ/rePON1 complex at pH 6.5. (a) 2HQ and the structured active-site loop in the
rePON1/2HQ complex structure. The F,—F. omit map is contoured at 3. (b) Overlay of the phosphate ion in the apo
rePONT1 at pH 6.5 and of 2HQ in the rePON1/2HQ complex. (c) The first segment of the active-site loop and residues Y71
and 174 in particular comprise gart of PON1's active-site wall. (d) Interactions of 2HQ with active-site residues

(interactions with the catalytic Ca

substrates. Specifically, the bound 2HQ is in contact
with the side chains of Y71 and 174 that point
towards the binding site. However, in the absence of
a ligand, Y71 is either disordered (pH 6.5) or
positioned outside the binding pocket (pH 4.5; Fig.
3). Alignment of the three structures also shows that
the orientation of V346, F347, and H348 side chains
at pH 6.5 presents no steric hindrances with the
active-site loop. However, in their orientations at
pH 4.5, the side chains of F347 and H348 clash with
the loop residues in the 2HQ complex. Indeed, the
inward rotation of Y71 (as in the 2HQ complex) and
the outward movement of F347 along with the
rotation of its neighboring side chains V346 and
H348 seem to be concerted (Fig. 3).

Overall, we identified three different conforma-
tions of rePONT1: (i) The closed conformation, repre-
sented by the 2HQ complex structure, in which the
active-site loop is structured and anchored to the
enzyme's surface and Y71 points into the active site.
(ii) The unbound conformation at pH 4.5, in which
the active-site loop is flexible, but Y71 is fixed and
points outside the active site. (iii) The unbound
conformation observed at pH 6.5, in which the loop,

* are highlighted in red).

including Y71, is flexible. The latter two are dubbed
open conformations. These three conformations result
in different pocket shapes and sizes (Fig. 4). As
shown below, these different conformations provide
different interaction potentials and mediate PON1's
different catalytic activities.

Mutagenesis and kinetics

Ala mutants of residues 70-81 were characterized
to further assess the role of the various loop
conformations. Mutation of residues 71 and 74 that
comprise part of the active-site wall and contact the
lactone analogue 2HQ exhibited the strongest and
most consistent effects on catalysis and on 2HQ
binding (Fig. 5; Supplementary Tables 1-3). Of the
loop residues that face the outer surface, residues 70
and 77 were the most affected by mutation to Ala,
but the effects were much smaller than for residues
71 and 74. Certain mutants showed markedly
different effects on different activities. For example,
174A resulted in a >20-fold decrease in the catalytic
efficiency towards paraoxon and phenylacetate but
had no effect on the lactonase activity. These data
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support the hypothesis that certain loop residues
play a different role in the binding of different
substrates and that different loop configurations are
involved in binding and hydrolysis of different
substrates. The Ala mutations affect k., much more
than K,,, suggesting that the conformation of the
active-site loop may be critical in stabilizing the
transition state for catalysis and/or that a confor-
mational change involving the loop (or individual
loop residues) is associated with the catalytic
turnover.

Modeling the substrate and reaction
intermediates

We applied docking to assist the inference of the
binding modes of PON1's different substrates and
putative reaction intermediates (Fig. 1; Supplemen-
tary Fig. 2). Being aware of the limitations of

Fig. 3. Changes in the rePON1
binding site upon binding of 2HQ.
Superimposition of the rePON1/
2HQ complex (cyan; the closed
conformation) with the apo rePON1
structures at pH 4.5 (orange) and
pH 6.5 (blue) (the open conforma-
tions). The pH 4.5 conformation
prevents closure of the active-site
loop due to clashes of F347 and
H348 with the loop residues (e.g.,
F77 and 174). Also illustrated is the
movement of Y71 (dashed arrow)
upon binding of 2HQ and its
interaction with D183 in the 2HQ
complex structure.

docking, we assessed the validity of the docking
models using a large number of PON1 mutants for
which data concerning substrate specificity are
available, as well as the stereoselectivity of lactone
substrates examined here. Overall, computational
docking was used to indicate potential modes of
binding and catalysis, and, as specified below, the
most likely models were chosen based on experi-
mental data.

The docking procedure was first tested by
modeling the inhibitor 2HQ into the open and the
closed conformations, using the native structure at
pH 4.5 and 6.5 for the open conformation and the
2HQ complex from which the 2HQ had been
removed as the closed structure. As expected, the
modeled conformation in the closed structure is
essentially identical with that of the 2HQ complex
obtained by X-ray crystallography. Furthermore,
docking of 2HQ into the apo structures of PON1, at

Fig. 4. Surface views of the different rePON1 active-site architectures in the three rePON1 structures. Highlighted are
Y71 (red), residues 346-348 (green), and the active-site loop (light blue). (a) rePON1/2HQ complex (pH 6.5). (b) Apo

rePONT1 at pH 6.5. (c) Apo 1ePON1 at pH 4.5 (1V04).
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Fig. 5. Catalytic activity of PON1 mutants in which individual residues in the active-site loop had been mutated to Ala.
Displayed are the fold decreases in catalytic efficiency (ke.t/Km) relative to wild-type-like rePON1, for three different
substrates. The chromogenic lactone substrate, TBBL, was used to measure lactonase activity; phenylacetate was used to
measure aryl esterase activity, and paraoxon was used to measure phosphotriesterase activity (Fig. 1). Also shown (right
y-axis) is the percentage residual paraoxonase activity in the presence of 25 pM 2HQ compared to rePON1 (29% residual

paraoxonase activity at 25 uM 2HQ).

either pH 4.5 or 6.5 (the open conformation), yielded
an identical binding mode (Supplementary Fig. 3).
However, given that mutations in Y71 and 174, two
loop residues that contact 2HQ only in the closed
form (Fig. 3), significantly reduce 2HQ binding (Fig.
5), it is likely that 2HQ binds primarily to the closed
form, as seen in the crystal structure (the closed form
also shows preferable docking energy; Supplemen-
tary Table 4).

We subsequently modeled the structures of the
complexes of PON1's characteristic native and
promiscuous substrates. However, given that en-
zyme active sites are most complementary to the
reaction’s transition state, we primarily examined
the models with the oxyanionic reaction intermedi-
ates that form upon nucleophilic attack on these
substrates by hydroxide.'® Since His115 was shown
to act as a base for water activation in lactone and
aryl ester hydrolysis,'* and in the absence of
evidence for an acyl or phosphoryl enzyme inter-
mediate for any of the substrates tested (e.g., burst
kinetics), we opted for water being the nucleophile
(see Discussion).

Lipophilic lactones

v- and o-lactones with long-chain substituents
appear to be the primary substrates of PON1.”*
Overall, the models obtained for the lactone's
oxyanionic intermediates perfectly overlap with
the 2HQ complex structure and also with the
phosphate ion observed in the structure of the
uncomplexed PONT1 (Fig. 6a and b). Thus, the newly

derived structure of the 2HQ complex is in
agreement with our initial hypothesis that the
phosphate ion reflects the binding mode of PON1's
oxyanionic intermediates for aryl esters (e.g., phe-
nylacetate; Fig. 6¢)'" and for lactones.'> However,
given the new structure, we were able to further
refine the models and, thereby, to account for
PONT's stereospecificity.

Indeed, although aliphatic lactones exhibit chiral-
ity at the y/d carbon, the stereoselectivity of PON1
has not been examined. The pH-indicator assay that
is routinely used to monitor lactone hydrolysis
permits measurements of initial rates but not of
the entire reaction course.®*'>'” We therefore used
O0-decanoic thiolactone, in both its racemic and
S-forms,18 to follow the entire reaction course by
monitoring thiol release with dithionitrobenzoic acid.
Racemic 6-decanoic thiolactone exhibits a rapid phase
of hydrolysis (~50% amplitude), followed by a
second phase with an ~17-fold slower rate. The rate
of hydrolysis for the S-isomer is ca 2-fold higher than
that for the racemate, and the amplitude corresponds
to 100% hydrolysis, indicating that the slow phase
of racemate hydrolysis corresponds to the R-isomer
(Fig. 7).

The docking models are consistent with the R- and
S-isomers of d-lactones binding in different modes
(for both thio- and oxo-lactones, as well for 6- and ~y-
lactones). The ground states of S-lactones adopt a
similar binding mode to that of 2HQ—the ester
group superimposes both with 2HQ's lactam group
and with the phosphate seen in the apo structure
(Supplementary Figs. 4b and 5b). The lactone's
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Fig. 6. Superposition of lactone's putative TS with crystal structure ligands and docking models. (a) Superposition of
the oxyanion intermediate of S-y-nonanoic lactone (light purple) with the phosphate ion from the actual wild-type pH 6.5
crystal structure (ball and sticks). (b) Superposition of the oxyanion intermediate of S-y-nonanoic lactone (light purple)
with the 2HQ from the actual crystal structure of the complex (ball and sticks; light blue). (c) Superposition of the
oxyanion intermediate of S-y-nonanoic lactone (light purple) and the reaction intermediate of phenylacetate (pink). (d)
Superposition of the oxyanion intermediate of S-y-nonanoic lactone (light purple) and the docking of paraoxon (ground

state; in yellow).

carbonyl oxygen is within 1.8-2.1 A of the catalytic

" (Supplementary Figs. 4a, 5a, and 6c). The
putative oxyanionic intermediate suggests that the
attacking hydroxide is within bonding distance to
both H115 (2.5-3.0 A) and E53 (2.5-2.7 A) and at
favorable angles (Fig. 8a; Supplementary Figs. 4c

and 5c and d). However, for the R-isomer, whereas
the ground state binds in roughly the same mode as
the S-isomer (Supplementary Fig. 6a), the corre-
sponding oxyanionic intermediates cannot adopt
the same conformations as seen with the intermedi-
ates of the S-isomers, mainly due to a steric clash
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Fig. 7. The course of rePON1
(~1 uM) catalyzed hydrolysis of
6-decanoic thiolactone (0.2 mM),
racemate, and the pure S-isomer,
followed with dithionitrobenzoic
acid. Shown is the average of
three independent runs. The error
bars represent the deviation be-
tween these runs. The initial rates
(vy) extracted from these data are
as follows: S-isomer, 1.14+
0.02 pM/s; racemate fast phase,
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with F222 (Supplementary Fig. 8b). The R-interme-
diates thus favor a different binding mode that is
likely to result in reduced activity.

Docking of lactones to both the closed and open
configurations yielded essentially the same models
with respect to the lactone ring orientation. However,
in the closed form, two interactions that are not
observed in the open form were observed: Y71
contacts the lactone ring, and 174 contacts the alkyl
side chain. The substantial decrease in lactonase
activity displayed by the Y71A mutant suggests that
this activity takes place within the closed conforma-
tion. However, the interaction with 174 appears to be
less important, since the I74A mutation hardly affects
the lactonase activity. Indeed, PON1's structure does
not indicate a specific crevice for the alkyl side chain.
The aliphatic chain exhibits many degrees of freedom
and yields a repertoire of different conformations in
the docking simulations. Accordingly, PON1 does not
show a strong preference for the size of the alkyl side
chain [e.g., y-caprolactone (ethyl side chain) is
hydrolyzed with a k.,;/ Ky, that is only 3-fold lower
than that of y-dodecanoic lactone (heptyl side
chain)].® Nonetheless, in all the obtained models, the
lactone acyl chain interacts with L240 and F292, and
mutations of these residues affect PON1's activity
with lipophilic lactones.’ The binding mode of
lactones is, therefore, most likely to resemble the
model presented in Fig. 8a and in Supplementary
Figs. 4a and 5a.

Aryl esters

Phenylacetate is the best known aryl ester sub-
strate of PON1.%%"?* It docks to the closed active-site
form in a mode that overlaps with 2HQ and
phosphate ion in the corresponding crystal struc-
tures (Fig. 6). Substrate positioning and the posi-
tioning of the corresponding oxyanionic tetrahedral

35 0.4+0.04 pM/s; and racemate slow
phase, 0.023+0.004 pM/s.

intermediate also resemble those of the S-isomers of
lactones (Figs. 6¢ and 8b; Supplementary Fig. 7a and
b). Phenylacetate's carbonyl group interacts with the
catalytic Ca®* (2.0 A), and the phenoxide oxygen is
positioned similarly to the lactones' alkoxide oxygen.
The oxyanionic tetrahedral intermediate is aligned
similarly to the ground state (Supplementary Fig.
7c). The attacking hydroxide bridges H115 (2.9 A)
and E53 (2.8 A), as observed for S-isomers of
lactones. The phenyl ring resides within a hydro-
phobic pocket contributed to by V346, 1291, F292,
1L.240, F222, and 174. The effect of the I74A mutation
(Fig. 5) confirms that 174 is involved in catalysis of
phenylacetate. The model also indicates that the
methyl group of the acetyl moiety packs against Y71
in the closed structure, and the Y71A mutation
decreases phenylacetate activity by ~10-fold (Fig. 5).
Thus, although, as found for the lactones, docking of
phenylacetate to the open conformations gave
binding modes and energies similar to those ob-
served for the closed form, the mutagenesis data
suggest that the closed form is most likely to mediate
the aryl esterase activity.

The computed models also indicate the proximity
of the side chains of 1291, F292, and L240 to the
phenyl group of phenylacetate. This correlates with
aryl esters with para substituents being poor sub-
strates. For example, k.,/ K, for 4-acetoxyacetophe-
none is >100-fold lower than that for phenylacetate®
(Supplementary Fig. 7d and e). Furthermore, muta-
tions to smaller residues, for example, F292L/S,
291N, increase activity towards these substrates. '’

Paraoxon

Unlike aryl esters, which chemically resemble
lactones (substrate ambiguity), paraoxon represents
a case of catalytic promiscuity (P-O rather the C-O
bond cleavage, and a pentavalent, rather than
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Fig. 8. Docking models of rePON1 with different substrates and their reaction intermediates. (a) PON1's native activity:
the oxyanionic tetrahedral intermediate for the hydrolysis of the S-isomer of y-nonanoic lactone within the closed
conformation. (b) Substrate ambiguity: the reaction intermediate of phenylacetate hydrolysis within the closed
conformation. (c) Catalytic promiscuity: the oxyanionic pentacovalent intermediate of paraoxon hydrolysis within the
open conformation. (d) The oxyanion tetrahedral intermediate of dihydrocoumarin hydrolysis within the closed

conformation.

tetrahedral, oxyanionic intermediate) (Fig. 1a-c). To
unravel the mode of catalysis with paraoxon (and
other organophosphates), we attempted to co-
crystallize PON1 with various non-hydrolyzable
analogues (e.g., phenyl and benzyl, diethyl phos-
phate, or amidophosphoesters) and with organo-
phosphate substrates while substituting the catalytic
calcium by inactive divalent metals ions such as
magnesium or strontium. Unfortunately, these
attempts were unsuccessful. Either no crystals

were obtained or crystals displayed unligated
structures. We therefore resorted to docking models
validated by the structural and mutational data.

In contrast to the substrates discussed above,
paraoxon could not be docked into the closed
conformation, not even in a non-catalytic mode. It
is simply too voluminous to fit into the closed cavity
observed in the 2HQ structure (Supplementary Fig.
8). It docks well, however, in the open conformation
(Fig. 8c). The principal residue that prevents the
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binding of paraoxon to the closed form is Y71
(Supplementary Fig. 9c). However, paraoxonase
activity is significantly reduced when Y71 is
mutated to the much smaller Ala (Fig. 5). This
suggests that the closed configuration is incompat-
ible with paraoxon hydrolysis not only for steric
reasons. Rather, Y71 and 174 (whose mutation to Ala
also reduces paraoxonase activity) affect all active-
site configurations, including those in which they
are not in direct contact with the substrate. We
therefore performed docking simulations allowing
side-chain flexibility for 174 and Y71. These indicated
that the concerted rotation of the side chains of 174 and
Y71 enables paraoxon to bind to the closed confor-
mation. However, binding to the catalytic calcium
seems weak (3 A) (Supplementary Fig. 9e and f). It
seems, therefore, that paraoxon catalysis is most likely
to occur within an open conformation and that the
effect of the Y71A and I74A mutations is due to
changes in the conformational distribution and not to
direct contacts.

The model for the pentavalent oxyanionic inter-
mediate of paraoxon (Fig. 8c, open conformation) is
similar to the ground state (Supplementary Fig. 9b).
The attacking hydroxide in the pentavalent inter-
mediate interacts with E53 (2.4 A) and with D269
(24 A) but not with H115, as in the oxyanionic
intermediates of S-lactones and phenylacetate
(Fig. 8a and b). Indeed, mutations in H115 that
abolish the lactonase and aryl esterase activities
do not affect, or even increase, the paraoxonase
activity.'>'® The docking model for paraoxon is
further supported by the observed proximity of
one of its ethyl groups to the side chain of V346
(~3.5 A). Indeed, the V346A mutation increases
the keat/Ky for paraoxon ~10-fold and that for
parathiol ~25-fold.*’

Dihydrocoumarin

Dihydrocoumarin was a challenge for the fidelity
of our modeling. It is a lactone, an -efficient
substrate of PON1 (keae/Km of >10° M~ s71)8
and the closest analogue of the lactam inhibitor
2HQ. Nonetheless, whereas catalysis of lactones
depends on H115, hydrolysis of dihydrocoumarin
is unaffected by mutations of H115.'* The docking
of dihydrocoumarin into both open and closed
structures led to similar complexes, and the
binding mode is overall similar to that of 2HQ
(Supplementary Fig. 10a and b). However, the
corresponding oxyanionic tetrahedral intermediate
imposes another orientation (Supplementary Fig.
10c), primarily due to steric hindrance with the
side chains of F292 and 1291. Contrary to the
oxyanionic intermediate configurations observed
for the S-isomers of lipophilic lactones and for
phenylacetate, the attacking hydroxide ion in the
dihydrocoumarin model displays interactions with

E53 (2.4 A) and D269 (2.5 A) but not with His115
(Fig. 8d). This mode is very similar to that seen
with paraoxon (Fig. 8c; Supplementary Fig. 10d)
and is in agreement with mutations of H115
affecting neither dihydrocoumarin nor paraoxon
hydrolysis.

Discussion

The structure of PON1 in complex with 2HQ—a
competitive lactone analogue inhibitor—provides a
first glimpse of the detailed active-site architecture
of this enzyme. The flexible 71-81 loop became
structured upon binding of 2HQ, thus narrowing
the active-site cavity and reshaping its wall. Previ-
ous docking and molecular dynamics simulation
studies ascribed a role in catalysis for the active-site
loop, and for Y71 in particular. However, these were
all based on the pH 4.5 structure in which the loop is
disordered.?**” The structure of the 2HQ complex
reveals that the loop adopts a different conformation
from those predicted.

The new structures of the 2HQ complex and of
apo rePON1 at pH 6.5, and the previously
available pH 4.5 structure in complex with a
phosphate ion, allowed us to propose detailed
models for binding and catalysis of PON1's
different substrates and reactions. The models for
PON1's native substrates, lactones, and their
hydrolytic intermediates relate directly to the
mode of binding of 2HQ and phosphate ion,
observed in the corresponding crystal structures
(Fig. 6a and b). As expected, phenylacetate, which
shares the ester reactive group with lactones,
shares the same binding mode (Fig. 6c). The
derived models of the tetrahedral oxyanionic
intermediates are further supported by the newly
discovered preference of PON1 for the S-enantio-
mers of lactone substrates (Fig. 7).

The detailed models derived here support the
previously proposed lactonase mechanism, but they
do reveal a significant difference. The attacking
hydroxide seems to interact not only with H115, as
previously proposed, ' but also with E53. The latter
is a calcium-ligating residue, and its role beyond
binding the catalytic calcium is therefore hard to
establish. As is the case with another calcium-
ligating residue, D269,'” a site saturation library of
E53 in which Glu was substituted by the other 19
amino acids revealed that all mutations at this
position resulted in loss of activity, at least at the
level that can be detected in crude lysates. However,
support for the notion that E53 might also be
involved in generating the attacking hydroxide
comes from the structure of a glucuronolactonase
from Xanthomonas campestris (PDB ID: 3DR2).® This
enzyme has an Asn at position 115 rather than His,
as in PON1. However, E48, the calcium-binding
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Fig. 9. The proposed mechanism for the hydrolysis of lactones by rePON1. The same mechanism applies to the aryl
esterase activity. Note the proposed charge relay between the reaction intermediate, the calcium atom, and its ligating
residues depicted by wide and narrow broken lines. Deprotonation of the water and the concomitant protonation of E53
weaken E53's interaction with the calcium and may thereby enable further stabilization of the negatively charged
oxyanion intermediate. The reverse charge flow may apply to the leaving-group protonation and D269, although the
evidence for the latter's role as general acid is indirect (see the text).

residue that corresponds to PON1's Glu53, adopts
different conformations in each of the two molecules
of the asymmetric unit. One conformation is
PON1-like, with E48 interacting directly with the
calcium cation. In the second conformation, how-
ever, a water molecule bridges E48 and the
calcium ion. The bond between E48 and the
water molecule is notably short (2.5 A), supporting
a role in catalysis (Supplementary Fig. 11).
Participation of metal-ligating residues in the
alignment and/or activation of the attacking
water molecule has been documented for other
metallo—hydrolases.29_31 Thus, we surmise that
PON1's lactonase activity is mediated by a
hydroxide nucleophile that is generated via general
base catalysis by both H115 and E53, with the
latter also ligating the catalytic calcium (Fig. 9).
The same mechanism applies to the aryl esterase
activity.

Comparison of the 2HQ complex and of the
substrate docking models also suggests a potential
role for D269. Its side-chain carboxyl appears to
form an H-bond, with the amide NH of 2HQ serving

as the donor. But, the corresponding ester group of
lactone substrates can only act as an acceptor.
However, in its protonated form, D269 can form
an H-bond with lactones and thus facilitate the
protonation of the alkoxide leaving group. The
Bronsted leaving-group plots for PONI1 are com-
plex; nevertheless, the lactonase and aryl esterase
activities show little sensitivity to the pK, of the
leaving group, thus suggestmg involvement of
general acid catalysis.® D269 is the most likely
candidate for this role. Indeed, in the structurally
and functionally related enzyme Staphylococcus
aureus Drp35, D236 (equivalent to D269 in PON1)
was hypothesized to be protonated, thus facilitating
leaving-group protonation.

Phenylacetate fits the expected mode for sub-
strate ambiguity. Although it is an aryl ester, it
binds in a similar fashion to lactones and utilizes
the same catalytic mechanism (Figs. 6¢ and 9). We
also observed that minor structural alterations in
promiscuous substrates such as aryl esters and
phosphotriesters may severely reduce the turnover
rate (e.g., para substituents in aryl esters). In
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contrast, differences between closely related
lactone substrates are primarily manifested in
different K, values.® As also indicated by the
docking models, suboptimal lactone substrates
bind with weaker affinity, but the transition state
is correctly positioned. In contrast, the promiscu-
ous substrates seem to bind with the same affinity
(~1 mM K, values®), but some substrates show
suboptimal positioning relative to the catalytic
residues, thus accounting for their very low ke
values (Supplementary Fig. 7d).

Paraoxon represents a case of catalytic
promiscuity—hydrolysis of a P-O bond by an
enzyme whose native activity is hydrolysis of C-O
bonds (Fig. 1). Unlike for the lactones and aryl
esters, where 2HQ and phosphate serve as suitable
analogues, the proposed catalytic mode for para-
oxon was derived from docking only. Nonetheless,
the models seem to be in agreement with the
mutational data. The models suggest that paraoxon's
phosphoryl oxygen and the oxygen of one of its
ethyl ester groups overlap with the lactone's ester
group in its tetrahedral, oxyanionic intermediate
(Fig. 6d; Supplementary Fig. 7c). Thus, the promis-
cuous paraoxonase activity seems to stem from a
coincidental overlap between paraoxon and the
intermediate state (and corresponding transition
states) for the native lactonase activity. The correct
alignment of paraoxon versus the catalytic calcium
and the presence of residues that mediate water
activation result in the hydrolytic breakdown of
paraoxon rather than in binding. This overlap stems
from the lactone's cyclic geometry and seems to be
the key prerequisite for PON1's catalytic promiscu-
ity. Notably, this overlap also appears to be a
general theme that occurs with enzymes of different
folds and superfamilies.” It may therefore permit
the prediction of promiscuous sites. Although
challenging, predicting promiscuous enzymes for a
given reaction is of great potential in biocatalysis
and enzyme engineering. Such prediction may be
performed by virtual docking,'®***° guided by the
analogy between promiscuous substrates and syn-
thetic inhibitors. The binding of human-made
enzyme inhibitors is promiscuous (no enzyme
evolved to bind its inhibitor). Nonetheless, inhibi-
tors that bear no apparent structural resemblance
to the native substrate often recapitulate key
interactions within the enzyme's active site,’*” as
is seen here for promiscuous substrates (Fig. 6¢
and d).

However, this overlap is also enabled by the
existence of multiple active-site configurations. The
closed conformation that is highly complementary
to the lactones' hydrolytic intermediates is incom-
patible with the binding of paraoxon in a
catalytically relevant mode. Rather, the open
conformation, in which Y71 is flipped out and
the rest of the loop residues are likely to be

disordered, accommodates paraoxon. It should be
noted, however, that promiscuity depends on
maintaining key interactions with the active site's
catalytic residues. Whether binding of a promiscu-
ous substrate in a manner that takes advantage of
these key interactions occurs within the same
active-site conformation used by the native sub-
strate, or within a different one, is purely a matter
of coincidence.

What remains unclear despite many studies is
the identity of the attacking nucleophile for
paraoxon hydrolysis. It could be an active-site
residue (the models indicate that D269 and E53 are
appropriately positioned) or a water molecule
activated b;f either or both of these two
residues.'>***33 Pre-steady-state kinetics that
we performed indicated linear rates with paraoxon,
as well as with its activated derivative, 2,4-dinitro-
phenyl-diethylphosphate (O. Khersonsky, personal
communication). The most parsimonious explana-
tion for the absence of burst kinetics is that water is
the attacking nucleophile. Our model suggests that
the attacking water is indeed aligned and activated
by E53 and D269. However, because these residues
are absolutely essential for ligating the catalytic
Ca2+, their additional roles in catalysis are hard to
decipher since mutations in these residues result in
non-detectable activity (as shown here for E53, and
for D269 in Ref. 12). In any case, H115, which is
required for water activation in lactones hydroly-
sis, is absolutely unnecessary for paraoxonase
activity.

In contrast to phenylacetate, dihydrocoumarin
constitutes an unexpected deviation from the
anticipated mode of substrate ambiguity. Although
it is a lactone, both the docking models, and the
absence of effect of H115 mutations,'* support a
mode of catalysis that resembles that of paraoxon
(catalytic promiscuity) rather than of phenylacetate
(substrate ambiguity). Dihydrocoumarin thus dem-
onstrates how complex enzyme active sites may be
and how multiple modes of action are afforded
when several residues with catalytic potential are
adjacent to each other.

In summary, the multiple substrate binding
modes and reaction mechanisms unraveled by this
study show three underlining themes:

(1) Coincidental overlaps between the transition
state (and/or the reactive intermediate) for
the native reaction and the ground state and/
or transition states for promiscuous sub-
strates and reactions (Fig. 6¢c and d).

(2) Conformational diversity afforded primarily
by the active-site loop (including backbone
and side-chain flexibility) that permits alterna-
tive active-site configurations, which, in turn,
bind and process different substrates. Proteins
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are intrinsically dynamic and, as a conse-
quence, sample a large number of different
conformations. The existence of multiple con-
formational subsets may also allow binding
and catalysis of non-native substrates, thus
giving rise to alternative and promiscuous
functions. > *#04!

The third theme that we observed is a network
of catalytic residues and reaction coordinates
within PON1's active site. This network pro-
vides both backup and evolutionary versatil-
ity. H115 is responsible for generating the
attacking hydroxide. However, H115 does not
act on its own, but in conjunction with other
residues: E53 and H134, which comprises part
of the His dyad of PON1."* Indeed, mutating
H115 to GIn, which is similar in size and
hydrogen-bonding potential but ineffective as
a base, reduces the lactonase activity by only
~20- to 100-fold depending on the substrate.
This is no exception: mutations in key active-
site residues often result in mild effects, but the
reasons for this phenomenon remain
unclear.*” This case study indicates that
beyond the catalytic calcium that comprises
the essential, central piece of PON1's active
site, there exists a network of multiple over-
lapping active-site residues that mediate indi-
vidual catalytic steps. Specifically, the catalytic
calcium and its ligating residues comprise a
highly networked environment. The positively
charged calcium acts as an oxyanion hole, yet
the surrounding ligands are negatively
charged and can act as either base or acid
depending on their protonation state. The
ligating residues can therefore assist in align-
ing and activating water for the nucleophilic
attack or in protonating the leaving group, as
seen in many other metallo-enzymes.*
Removal of an individual residue, such as
His115, affects catalysis but does not abolish
it altogether—primarily because other resi-
dues in the catalytic network take over the role
of H115. This catalytically rich environment
also mediates PON1's catalytic promiscuity.
By utilizing different parts of this extensive
network of catalytic and auxiliary residues,
PONI1 catalyzes reactions such as paraoxon or
dihydrocoumarin hydrolysis in a mode that
differs from that of the native lactonase
activity. In other words (borrowed from an
anonymous reviewer's report on this article),
enzyme active sites present a manifold of
multiple reaction coordinates, one of which is
optimal and is followed by the native activity.
However, other coordinates may be promis-
cuously available, even though they are higher
in energy and therefore result in low rate
accelerations.

The network arrangement of active sites might also
be the key to their evolvability. Two cases of natural
paraoxonases that diverged from bacterial metallo-
lactonases with promiscuous organophosphate hy-
drolase activity are already known. Remarkably, this
divergence occurred within a few decades and
yielded highly efficient enzymes.’>***” In the case
of PON1, laboratory evolution indicated that muta-
tions of H115 direct the evolution of proficient
organophosphate hydrolases.*® The structural
models presented here suggest that this change occurs
via a subtle shift such that E53, possibly together with
D269, activates the nucleophilic water, instead of
H115 together with E53. Similar shifts within the
active-site networks of other lactonases are likely to
have facilitated their divergence, thus yielding highly
proficient paraoxonases within a few decades.

Materials and Methods
rePON1 variants

Expression and purification of rePON1-G2E6 and its
mutants were performed as previously described'' with
minor changes. Briefly, the Ni-NTA step was followed by
an ion-exchange chromatography step during which the
detergent was changed from 0.1% Tergitol to 0.03% n-
dodecyl-p-D-maltoside. The purest fractions were pooled
and incubated at 25 °C for 10 days or at room temperature
overnight in the presence of thrombin (~1 U/mg protein),
to promote cleavage of the thioredoxin tag. The tag-free
PONT1 was purified on Superdex G-200. RePON1-G2E6
was also used as the template for generating the alanine
mutants using ‘inverse PCR’.'* The mutated genes were
verified by DNA sequencing, and the enzyme variants
were purified by Ni-NTA. The purity of rePON1-G2E6
and of its mutants was monitored by SDS-PAGE. The
glutamate (E53) site saturation library was generated by
replacing Glu codons with NNS codons (where N is a
mixture of all four nucleotides and S is a mixture of C and
G) encoding all amino acids.

Kinetics

Kinetic measurements, using paraoxon (phosphotries-
terase activity), TBBL (4-Thiobutyl y-butyrolactone; lacto-
nase activity), and phenylacetate (esterase activity) as
substrates, were performed as previously described'” (Fig.
1). Substrate concentrations were in the range of 0.3 x K,
up to (2-3) x K. keat, Kin, and keat/ K,y were obtained by
fitting the data to the Michaelis-Menten model with
PRISM (GraphPad Software). In cases in which substrate
solubility was limiting, ke.:/Ky values were extracted
from linear fits. All data presented are the mean obtained
from >2 independent experiments, and the error ranges
represent the standard deviation from the mean.

Crystallization, data collection, and refinement

Concentrated solutions of rePON1-G2E6 (5-10 mg/ml)
were subjected to crystallization trials. The best crystals
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were obtained in 20% polyethylene glycol 3350/0.2 M
NaBr/0.1 M 2-[bis(2-hydroxyethyl)amino]-2-(hydroxy-
methyl)propane-1,3-diol propane, pH 6.5, at 19 °C. A
20-mM solution of 2HQ in dimethyl sulfoxide was used
for both the co-crystallization and soaking-in experiments
(yielding a final 1-5 mM 2HQ concentration in the drop).
Complete data sets for rePON1 and 2HQ/rePON1 were
collected on beamlines ID-29 and ID-14-4, respectively, at
the European Synchrotron Radiation Facility (Grenoble,
France). The diffraction images were indexed, integrated,
and scaled using the HKL2000 program package.*’
Structure determination was carried out by molecular
replacement (Phaser, CCP4”°) using the published pH 4.5
structure (PDB ID: 1V04) as the starting model for the
ligand-free structure at pH 6.5 and the latter for refining
the structure of the 2HQ complex. All steps of atomic
refinement were carried out with CCP4/ Refmac5.”! The
model was built into 2F,-F. and F,—F. maps using the
program Coot.”> Both the ligand-free rePON1 and the
2HQ complex did not display well-defined electron
density for the first ~20 residues at the N-terminus, as
had already been observed for 1V04. Both structures
contain one molecule of n-dodecyl-p-D-maltoside (with
density corresponding to the sugar moiety). Details of
data collection and refinement statistics are displayed in
Table 1. Figures depicting structures were prepared using
PyMOL.”

Molecular docking

Ligand coordinates were generated using Jligandt and
the DockingServer}. The torsion and charge parameters
were generated using ADT 4.2§ and the Gasteiger method,
with the exception of the hydrolysis intermediates, where
a single negative charge was attributed to the oxyanion
atom. Hydrogen atom positions of the receptor protein
models were added using ADT 4.2. The atomic partial
charges of the receptor protein models were assigned
using ADT 4.2 and the Gasteiger method. A +2 charge
was attributed to the two calcium ions. The docking
simulations were performed using Autodock 4.0°*° and
the Lamarckian genetic algorithm. Thirty runs of genetic
algorithm were performed for each ligand-receptor pair
using the default parameters. The output ligand configu-
rations were clustered and selected by their binding
energy scores and chemical relevance.

Accession numbers

Coordinates and structure factors of the wild-type
rePON1 at pH 6.5 and of its complex with 2HQ have
been deposited in the PDB under accession numbers 3SRE
and 3SRG, respectively. An Interactive 3D Complement
(I3DC) page appears in Proteopedia for this studyll.

thttp:/ /www.ysbl.york.ac.uk/mxstat/JLigand /index.
html

1 http:/ /www.dockingserver.com

§http:/ /autodock.scripps.edu/resources/adt

IThttp:/ /proteopedia.org/w/Journal:JMB:2
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