
ASB YJMBI-63928; No. of pages: 11; 4C: 4, 6, 7
Catalytic Metal Ion Rearrangements Underline
Promiscuity and Evolvability of a Metalloenzyme

Moshe Ben-David1, Grzegorz Wieczorek1, Mikael Elias2, Israel Silman3, Joel L. Sussman1 and Dan S. Tawfik2

1 - Department of Structural Biology, Weizmann Institute of Science, Rehovot 76100, Israel
2 - Department of Biological Chemistry, Weizmann Institute of Science, Rehovot 76100, Israel
3 - Department of Neurobiology, Weizmann Institute of Science, Rehovot 76100, Israel

Correspondence to J. L. Sussman and D. S. Tawfik: Departments of Structural Biology and Biological Chemistry,
Weizmann Institute of Science, Rehovot 76100, Israel. joel.sussman@weizmann.ac.il; tawfik@Weizmann.ac.il
http://dx.doi.org/10.1016/j.jmb.2013.01.009
Edited by M. Guss
Abstract
Although largely deemed as structurally conserved, catalytic metal ion sites can rearrange, thereby
contributing to enzyme evolvability. Here, we show that in paraoxonase-1, a lipo-lactonase, catalytic
promiscuity and divergence into an organophosphate hydrolase are correlated with an alternative mode of the
catalytic Ca2+. We describe the crystal structures of active-site mutants bearing mutations at position 115.
The histidine at this position acts as a base to activate the lactone-hydrolyzing water molecule. Mutations to
Trp or Gln indeed diminish paraoxonase-1's lactonase activity; however, the promiscuous organophosphate
hydrolase activity is enhanced. The structures reveal a 1.8-Å upward displacement towards the enzyme's
surface of the catalytic Ca2+ in the His115 mutants and configurational changes in the ligating side chains and
water molecules, relative to the wild-type enzyme. Biochemical analysis and molecular dynamics simulations
suggest that this alternative, upward metal mode mediates the promiscuous hydrolysis of organophosphates.
The upward Ca2+ mode observed in the His115 mutants also appears to mediate the wild type's paraoxonase
activity. However, whereas the upward mode dominates in the Trp115 mutant, it is scarcely populated in wild
type. Thus, the plasticity of active-site metal ions may permit alternative, latent, promiscuous activities and
also provide the basis for the divergence of new enzymatic functions.

© 2013 Elsevier Ltd. All rights reserved.
Introduction

Metal binding sites, especially those playing a
catalytic role, exhibit high structural conservation.1

The location of the metal ion and of its ligating
residues perfectly superposes, even in distant
superfamily members that catalyze different chem-
ical reactions.2–6 There exist, however, indications
of changes in the configuration of catalytic metals, as
part of the catalytic cycle, or upon binding different
substrates.7–12 Here, we describe the case of serum
paraoxonase-1 (PON1), in which relocation of the
catalytic Ca2+ underlies its catalytic promiscuity and
divergence to a new enzymatic function.
PON1 is a member of the serum paraoxonase

family that is found primarily in mammals. Our earlier
work yielded a recombinant PON1 variant (rePON1),
the sequence of which is 91% identical with rabbit
0022-2836/$ - see front matter © 2013 Elsevier Ltd. All rights reserve
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PON1 and 86% identical with human PON1, and its
kinetic parameters are essentially identical with
those of human PON1.13 This permitted the deter-
mination of the first PON1 crystal structure and,
recently, of its complex with the lactone analogue 2-
hydroxyquinoline (2HQ).14 PON1 is a six-bladed β-
propeller, with a central tunnel occupied with two
calcium ions—a buried structural ion and a catalytic
one at the active site's bottom (referred to here as
Ca2+ or calcium ion).
PON1's native activity is the hydrolysis of lipophilic

lactones, but it also promiscuously hydrolyzes
organophosphates, particularly paraoxon. The en-
zyme uses different subsets of its catalytic machin-
ery, and different active-site conformations, to
catalyze these two reactions.14 Nonetheless, the
catalytic Ca2+ and its ligating residues are essential
for both. The Ca2+-ligating residue E53, along with
d. J. Mol. Biol. (2013) xx, xxx–xxx
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2 Metal Ion Rearrangements in PON1
residue H115 (which resides near the Ca2+, but does
not directly ligate it) and H134 that forms a His dyad
that increases H115's basicity, activates the hydro-
lytic water for the lactonase activity.14 Mutations of
H115 to Gln, or more drastically to Trp, reduce the
lactonase activity by 100- to 600-fold, depending on
the lactone substrate. The organophosphate hydro-
lase activity is, however, enhanced.15–17 For exam-
ple, the substitution of H115 to Trp yields N300-fold
enhancement in the hydrolysis of parathiol, a
phosphothiolate analogue of paraoxon, and en-
hanced hydrolysis of various nerve agents.15,18

Indeed, the change of His115 to Trp, followed by
mutations in other residues, underlies the divergence
of PON1 into a highly proficient organophosphate
hydrolase with no lactonase activity.19

Here, we describe the structural and mechanistic
changes that underlie PON1's functional transition
into an organophosphate hydrolase. We also pro-
pose a detailed mechanism for PON1's organophos-
phate hydrolase activity. Taken together with other
observations of metal rearrangements,8,10,20,21 our
results suggest that the plasticity of catalytic metal
ions may play a key role in the functional diversifi-
cation of certain metalloenzyme families.

Results

Crystal structure of H115 mutants

We determined the crystal structure of PON1's
H115W mutant, as well as of the H115Q/H134Q
Table 1. Kinetic parameters for wild-type-like rePON1 and its

His115

rePON1 Paraoxonase Lactonasea

Wild type
kcat (s

− 1) 5.0±0.6 190±16
Km (mM) 2.3±0.3 1.1±0.1
kcat/Km (M− 1s− 1) 2150±300 169,100±18,000
N224D
kcat (s

− 1) 0.150±0.009 (↓ 33) 1.50±0.06 (↓ 127)
Km (mM) 2.9±0.1 (↑ 1.3) 1.00±0.05 (↓ 1.1)
kcat/Km (M− 1s− 1) 50±2 (↓ 42) 1460±120 (↓ 116)
E53Qc

kcat (s
− 1) NDd 0.130±0.003 (↓ 1451)

Km (mM) NDd 0.180±0.006 (↓ 6.4)
kcat/Km (M− 1s− 1) 1.30±0.08 (↓ 1692) 750±12 (↓ 226)
D269Nc

kcat (s
− 1) 0.090±0.002 (↓ 56) 0.35±0.01 (↓ 555)

Km (mM) 1.10±0.02 (↓ 2.1) 0.200±0.001 (↓ 5.6)
kcat/Km (M− 1s− 1) 80±1 (↓ 27) 1670±34 (↓ 101)

a The chromogenic lactone substrate TBBL was used for measurin
Ref 16.

b Denoted in parentheses is the fold of increase or decrease relative
relative to the H115W mutant.

c No activity was observed for the H115W/E53Q and H115W/D2
concentrations (25 μM), thus setting a detection threshold of kcat/Km~

d Not determined.
e Taken from Ref 16.
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mutant in which both residues of the His dyad have
beenmutated. Bothmutants exhibit a decrease in the
lactonase activity, with the double mutant being
practically inactive16 (Table 1). Their organophos-
phate hydrolase activity, however, varies depending
on the substrate, from a slight decrease relative to
wild type to a significant improvement (Table 1). As in
earlier studies, rePON1 was used for crystallization
and for the mutational analysis. Crystals of the
H115W mutant, diffracting to 2.1 Å, were obtained,
as for rePON1, at pH 6.514 [Protein Data Bank (PDB)
code: 3SRE]. The space group was the same as for
the rePON1 crystals, and the unit cell parameters
were very similar. Structure determination was
carried out by molecular replacement, using the
pH 6.5 rePON1 structure as the model. The H115Q/
H134Q crystals diffracted to 2.3 Å, and their structure
was determined as for the H115W mutant (Table 2).
Superimposition of the wild-type-like rePON1 and

H115W structures showed no significant backbone
changes (Supplementary Fig. 1a). However, a 1.8-Å
upward displacement, that is, towards the enzyme's
surface, of the catalytic Ca2+ was observed (Fig. 1a),
whereas the position of the structural Ca2+ did not
change (Supplementary Fig. 1b). The occupancy of
the catalytic Ca2+ at its new position was ~60%,
compared to 100% in wild-type-like rePON1, and the
bound phosphate ion present in the latter is absent.
The remaining 40% occupancy may correspond to
weak density at the wild-type Ca2+ position. How-
ever, the distances, the weak density, and the
ligation geometry fit a water molecule22 (Supple-
mentary Fig. 2). The residues coordinating the
mutants

115 mutants

rePON1 Paraoxonase Lactonasea

H115W
kcat (s

− 1) 7.3±0.2 (↑ 1.4) 0.13±0.01 (↓ 1451)
Km (mM) 1.6±0.1 (↓ 1.5) 0.50±0.01 (↓ 2.4)
kcat/Km (M− 1s− 1) 4700±250 (↑ 2.2) 290±4 (↓ 577)
H115W/N224D
kcat (s

− 1) 1.15±0.06 (↓ 6.4)b 0.08±0.01 (↓ 1.6)b

Km (mM) 2.3±0.2 (↑ 1.5)b 0.75±0.09 (↑ 1.5)b

kcat/Km (M− 1s− 1) 492±23 (↓ 9.5)b 115±2 (↑ 2.6)b

H115Q
kcat (s

− 1) 1.10±0.03 (↓ 4.5) 1.2±0.1 (↓ 157)
Km (mM) 1.80±0.07 (↓ 1.3) 0.80±0.03 (↓ 1.4)
kcat/Km (M− 1s− 1) 630±43 (↓ 3.4) 1500±170 (↓ 113)
H115Q/H134Qe

kcat (s
− 1) 4.7±0.1 (↓ 1.1) 1.75±0.05 (↓ 108)

Km (mM) 1.20±0.07 (↓ 1.9) 1.80±0.09 (↓ 1.6)
kcat/Km (M− 1s− 1) 3980±180 (↑ 1.9) 965±1 (↓ 175)

g the lactonase activity. Data with other lactones are available in

to the wild-type-like rePON1, unless noted with the footnote (b) is

69N mutants above the background rates at maximal enzyme
1 M− 1s− 1 for TBBL and kcat/Km~0.1 M− 1s− 1 for paraoxon.
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Table 2. Summary of data collection and refinement
statistics

H115W H115Q/H134Q

Data collection
Resolution range (Å)a 50–2.1 (2.18–2.10) 40–2.3 (2.38–2.3)
Space group P43212 P43212
Unit cell dimensions (Å)
a=b 93.8 93.7
c 145.2 144.6
Number of reflections

measured
357,550 396,164

Number of unique
reflectionsa

36,561 (3785) 27,832 (2860)

Rsym
a 0.099 (0.59) 0.086 (0.52)

Completeness (%)a 100 (99) 100 (100)
Redundancya 9.3 (7.2) 13.5 (8.7)
〈I〉/〈σ(I)〉a 26.12 (3) 30.9 (4.2)

Refinement statistics of the current models
Rfree (%) 21.2 21.8
Rwork (%) 18.4 17.8
Water molecules 171 147
r.m.s.d.
Bond length (Å) 0.029 0.029
Bond angles (°) 2.335 2.191
Ramachandran plot
Most favored
regions (%)

83.5 84.8

Additionally allowed
regions (%)

15.8 14.2

Generously allowed
regions (%)

0.7 1.1

Disallowed regions (%) 0 0
PDB code 4HHO 4HHQ

a Values in parentheses are for the highest-resolution shell.

3Metal Ion Rearrangements in PON1
catalytic Ca2+ are also altered in themutant structure
(Fig. 1b and c)—the side chains of N168, N224, and
N270 do not interact directly with the catalytic Ca2+

as in the wild-type structure, but through waters that
are absent in the native structure. The side chain of
N224 also exhibits a different orientation. For E53,
which retains its direct interaction with the catalytic
Ca2+, an alternative side-chain conformation was
detected at ~30% occupancy (Supplementary Fig.
3a). Finally, the side chains of H134 and L69 also
moved, thus accommodating the bulkier W115
(Supplementary Fig. 3b).
In the apo rePON1 crystal structures (PDB codes:

1V04 and 3SRE), a phosphate ion that interacts with
the catalytic Ca2+, and with H115's side chain,14,23

was observed, even though phosphate was not
added during purification or crystallization.14 That
the bound phosphate was not observed in the crystal
structure of the Trp mutant (and Gln115, below)
raises the possibility that the movement of the
catalytic Ca2+ is related to the absence of phos-
phate. However, attempts to soak in phosphate to
H115 mutants' crystals failed to produce a complex
with phosphate ion. Further, unlike rePON1, none of
the crystal structures of PON-like enzymes have a
bound phosphate ion, yet the binding mode and
Please cite this article as: Ben-David, M. et al., Catalytic Metal Io
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position of their catalytic Ca2+ are identical with that
of rePON1 (see Discussion). It is therefore unlikely
that the shift in the calcium's position relates to the
presence or absence of phosphate in the crystals. As
is the case with 2HQ, it seems that what abolishes
the binding of phosphate in the H115 mutants is the
upward positional shift of the catalytic Ca2+.
The crystal structure of the H115Q/H134Q mutant

exhibited features similar to those of H115W
(Fig. 1d). In both mutants, the side chain of residue
115 changes its orientation significantly, such that
the amine of the Gln amido group overlaps with the
Trp imine group (Supplementary Fig. 3c and d). The
catalytic Ca2+ displays essentially the same location
and coordination pattern as the H115W mutant
(Fig. 1). In the H115Q/H134Q mutant, Q134 is
reoriented towards the surface rather than towards
the side chain of 115. Thus, the His dyad, whereby
His134 aligns and activates His115 that serves as
the catalytic base for lactone hydrolysis, is complete-
ly lost, as is the lactonase activity.

Metal ion and inhibitor binding

Earlier studies on human and rabbit PON1 had
shown that the affinity of the structural Ca2+ is more
than 2 orders of magnitude greater than that of the
catalytic Ca2+.24 The loss of the structural Ca2+ (by
prolonged ethylenediaminetetraacetic acid treat-
ment) results in irreversible loss of activity, probably
due to misfolding. The affinity measurements de-
scribed here were based on reversible binding and
gain of activity and, therefore, relate to the catalytic
Ca2+ only. At low ionic strength, the apparent Kd
values for the catalytic Ca2+ in human and rabbit
PON1 are both ~3 μM,24 and rePON1 displays a
similar value (Supplementary Table 1). As for other
Ca2+ enzymes,25 an increase in the ionic strength
(i.e., increasing salt concentration in the metal
binding buffer to 300 mM) significantly increases
Kd (100 μM; Supplementary Table 1). The H115W
mutant shows 3-fold lower affinity at low ionic
strength (9 μM) but nearly wild-type affinity at high
ionic strength (Supplementary Table 1). Differences
were also observed in the displacement of the
catalytic Ca2+ by other metal ions.24 Of the metal
ions tested, only Sr2+ maintained the paraoxonase
activity, both in wild-type-like rePON1 and in
H115W. Other metals had an inhibitory effect (e.g.,
Ba2+, Mg2+, and Cu2+). The inhibition patterns
observed are in line with the catalytic Ca2+ being
relocated, and less tightly bound, in H115W. For
example, the IC50 for Mg2+ is ~620 μM for rePON1
versus ~100 μM for H115W (Supplementary Fig. 4).
Mutation of H115 to either Trp or Gln also

abolished 2HQ binding (Supplementary Fig. 5).
2HQ is a lactone analogue and a micromolar
inhibitor of PON1 that interacts tightly with the
catalytic Ca2+. In rePON1's structure, the distance
n Rearrangements Underline Promiscuity and Evolvability of a
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Fig. 1. Structural changes observed in H115 mutants. (a) Overlay of the catalytic Ca2+-binding sites of rePON1 (blue;
PDB code: 3SRE) and of the H115W (magenta) and H115Q/H134Q (salmon) mutants, illustrating the side chain and metal
ion movements induced by the mutations. (b) Close-up of the catalytic Ca2+-binding site of rePON1 (pH 6.5) in the
presence of either phosphate (PDB code: 3SRE) or the lactone analogue 2HQ (PDB code: 3SRG). (c) Close-up of the
catalytic Ca2+-binding site of the H115W mutant. (d) Close-up of the catalytic Ca2+-binding site of the H115Q/H134Q
mutant. Red spheres represent water molecules.

4 Metal Ion Rearrangements in PON1
between Ca2+ and 2HQ's lactam's carbonyl oxygen
is 2.4 Å (Fig. 1b). 2HQ is also H-bonded to the side
chains of H115, N168, and D269.14 The H-bond
between 2HQ and H115 could be maintained upon
mutation of H115 to Gln. It is therefore plausible that
the H115Q mutant lost its capacity to bind 2HQ
primarily due to changes in the location of the
catalytic Ca2+ and its ligating residues.

Mutational analysis of the Ca2+-ligating residues

The repositioning of the catalytic Ca2+ should also
be manifested in mutations in the coordinating
residues exhibiting different effects upon wild-type-
like rePON1 versus the H115W activity and/or on
lactonase versus paraoxonase activity. Site-specific
saturation mutagenesis, that is, replacement of a
given residue by all the other 19 amino acids, was
applied to all the residues coordinating the catalytic
Ca2+: D269, E53, N168, N224, and N270. A parallel
Please cite this article as: Ben-David, M. et al., Catalytic Metal Ion
Metalloenzyme, J. Mol. Biol. (2013), http://dx.doi.org/10.1016/j.jmb.2
set of saturation libraries was constructed for the
H115W mutant. Multiple replacements in the same
position, and parallel examination of the lactonase
and paraoxonase activities, allowed us to distinguish
(i) global effects (complete loss of activity due to loss
of the bound Ca2+) from local ones (a role in the
catalysis of one activity but not of the other) and (ii)
differences in the Ca2+-ligating modes of the wild-
type-like rePON and the H115W mutant.
The N224 saturation library yielded active variants.

However, the effects of the mutations were similar for
both substrates, suggesting that N224 plays a similar
role in both the lactonase and paraoxonase activities
(Supplementary Fig. 6c). Active N224 mutants of
rePON1 included N224V and N224A, in which the
potential to interact with the Ca2+ is abolished.
However, for H115W, activity was observed only in
the N224 to Asp, Thr, and Ser mutants, where the
potential to interact with the catalytic Ca2+ via a water
molecule is retained (Fig. 1c). When tested with
Rearrangements Underline Promiscuity and Evolvability of a
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5Metal Ion Rearrangements in PON1
paraoxon, the most active mutant in the N224 library,
N224D, exhibited an ~5-fold larger effect on kcat in
rePON1 relative to its effect in H115W (Table 1).
These observations are in agreement with the
observed switch in the mode of Ca2+ binding, from
a direct interaction in the wild type to a water-bridged
interaction in H115W (Fig. 1b and c).
The rePON1 N270 substitution library displayed a

similar number of active variants with both paraoxon
and TBBL (Supplementary Fig. 6d), suggesting that
this residue plays a similar and relatively minor role in
catalysis for both substrates. The N270Q mutations
had a minor effect (b2-fold decrease) on rePON1's
paraoxonase and lactonase activities and a similarly
minor effect on H115W's paraoxonase activity
(H115W shows negligible lactonase activity). Even
the N270G mutants of rePON1 and H115W dis-
played ~7% activity. Indeed, certain PON1-related
enzymes have a glycine at the corresponding
analogue positions (Supplementary Fig. 10).
In the N168 saturation libraries of both rePON1

and H115W, only the N168Q mutants displayed
substantial activity (2–5% activity relative to N168;
Supplementary Fig. 6b). Since all the mutants are
inactive except for N168Q, and the mutations
similarly affect the lactonase and paraoxonase
activities (in rePON1), N168 seems to be crucial
primarily for Ca2+ binding.
E53 and D269 maintain direct interactions with the

catalytic Ca2+ in both rePON1 and H115W (Fig. 1c).
As earlier proposed,14,26 these residues also play a
critical role in catalysis. Indeed, as already reported
for D269,16 the E53 substitution library yielded only
inactive mutants at the level of detection in crude
lysates. Since much lower activities can be detected
using purified enzymes, the conservative mutants
D269N and E53Q were purified and assayed at high
protein concentrations. The rePON1 E53Q and
D269N mutants both showed measurable lactonase
and especially paraoxonase activity. However, both
mutations resulted in complete loss of the paraox-
onase activity in H115W (Table 1).
Overall, the differences in the effects of D269N

and E53Q on the wild-type-like rePON1 versus
H115W, and the opposite trend for N224D, are in
agreement with the observed changes in the location
and coordination mode of the catalytic Ca2+. The
similar effects of mutations in 224, 168, and 270 on
both the lactonase and paraoxonase activities
suggest that these residues' primary role is ligation
of the Ca2+. In contrast, E53 and D269 show
different effects on the lactonase versus the para-
oxonase activity, suggesting that, in addition to
ligating the Ca2+, they may play specific roles in
catalysis. Indeed, E53 seems to cooperate with
H115 in aligning and activating the attacking water
molecule for lactonase hydrolysis, and D269 may
assist in coordinating the alkoxide leaving group
(Fig. 9 in Ref. 14). Conversely, as discussed below,
Please cite this article as: Ben-David, M. et al., Catalytic Metal Io
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E53, in cooperation with D269, seems to align and
activate the attacking water for paraoxon hydrolysis
in both wild type14 and H115W.

Molecular dynamics simulations

The alternative Ca2+ mode seen in H115W's
crystal structure, together with the biochemical data
presented above, suggests that PON1 uses one
Ca2+ mode for its native lactonase activity and a
different one for its promiscuous organophosphate
hydrolase activity. Although we have solved the
structure of a complex of rePON1 with a lactone
analogue,14 all our attempts to obtain an organo-
phosphate complex have, so far, failed, including co-
crystallization of non-hydrolyzable analogues (e.g.,
phenyl- and benzyl-diethyl phosphate, and amido-
phosphoesters) and of organophosphate substrates
with inactive mutants (D269N, E53Q). We sought,
therefore, to assess the binding mode of the catalytic
Ca2+ in organophosphate complexes of both wild-
type-like rePON1 and its H115W mutant using
molecular dynamics (MD) and steered molecular
dynamics (SMD) simulations.
We aimed to perform simulations in a largely

unbiased manner. Thus, having proposed a mech-
anism for PON1's action on paraoxon, the SMD
assessed a range of possible catalytic modes. The
presumed mechanism14,26—water activation by the
general-base action of E53 and D269—was exam-
ined as mechanism #6 (m6). Alternative mecha-
nisms included action of E53 alone as a general
base or nucleophile (m1) and the nucleophilic action
of D269 (m2). Furthermore, although a mutagenesis
study appeared to have ruled out their direct
involvement in catalysis,16 we examined models
for general-base catalysis of paraoxon hydrolysis by
three active-site residues that do not ligate the Ca2+:
D183 (m3), H115 (m4, for wild type), and H285 (m5).
The seventh mode tested for wild type (m7)
corresponded to water activation by the joint action
of E53 and H115, that is, the proposed lactonase
mechanism.14 The seven putative modes were
rendered as sets of geometric criteria: distances,
angles, and dihedrals between the relevant atoms in
the active-site residues and in paraoxon. The
structural models obtained by repeated SMD/MD
simulations were categorized according to whether
the structural criteria for a given mechanism were
met or not. Simulations in which the SMD trajectory
resulted in a catalytically relevant mode of binding of
paraoxon were defined as a “hit”.
Modes m3 to m5, which are in more likelihood

irrelevant, gave essentially no hits (Supplementary
Table 2), thus supporting the validity of the simula-
tions. For wild type, modes m1 and m7 achieved the
highest scores, whereas for H115W, m6 scored the
highest. Common to all three modes is the partici-
pation of E53. Indeed, the E53Q mutation severely
n Rearrangements Underline Promiscuity and Evolvability of a
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Fig. 2. A representative snap-
shot of mechanism m6 from the
MD simulations. Paraoxon is shown
bound in the active site of the
H115W mutant. E53 and D269
coordinate a water molecule that is
aligned against the sessile bond
linking the phenoxide oxygen of
the p-nitrophenol leaving group to
the phosphorus atom (shown with a
yellow halo). The side chain of N168
appears to align the leaving group.
The inset table shows the average
lengths for the dotted distances,
and the standard deviations, calcu-
lated from 5517 independent MD
frames that resulted in paraoxon
complexes that met the criteria of
mechanism m6. The distances,
angles, and dihedral angles defin-
ing all seven mechanisms are listed
in Supplementary Table 3.

6 Metal Ion Rearrangements in PON1
affects PON1's activities, especially its paraoxonase
activity (Table 1). While E53 plays a critical role in the
catalysis of paraoxon, the simulations suggest that it
is not acting alone, but with the assistance of either
H115 (for wild type, m7) or D269 (for H115W, m6).
Mutations at position 115 thus shift additional weight
towards D269, thereby compensating for the loss of
H115 (Supplementary Table 2). For H115W, m6 is
the most probable mechanism. Accordingly, the
geometry of paraoxon binding is consistent with the
phosphorus atom being attacked by a water mole-
cule that is coordinated to and activated by both
D269 and E53 (Fig. 2). This mode of catalysis is also
supported by the alternative conformation of E53's
side chain that points towards D269 (Supplementary
Fig. 3a). In the m6 model, the side chain of N168
appears to align the leaving group. The effects of the
D269N, E53Q, and N168Q mutations are all
consistent with the m6 catalytic mode, as are
simulations performed by others.26

The SMD simulations are also consistent with
standard docking models obtained for rePON1.14

These indicated that paraoxon cannot bind in a
catalytically productive mode within the active-site
configuration of the 2HQ/rePON1 complex (Supple-
mentary Fig. 7a). Rather, the rearrangement of the
flexible active-site loop provides an alternative
configuration into which paraoxon docks in (Supple-
mentary Fig. 7b). Mutagenesis data also indicated
that residues in this loop, primarily 71 and 74, play a
role in binding paraoxon in a catalytically productive
fashion.14 In the present study, the SMD simulations
were run starting from the lactone-bound active-site
configuration. For the H115W mutant in which the
Please cite this article as: Ben-David, M. et al., Catalytic Metal Ion
Metalloenzyme, J. Mol. Biol. (2013), http://dx.doi.org/10.1016/j.jmb.2
flexible loop is disordered, the loop was first modeled
in the lactone-bound conformation. Then, energy
minimization was performed, followed by a short MD
equilibration. In all the catalytically relevant models
with paraoxon (whether in mode m6 or any other),
the active-site loop was rearranged. Specifically, the
side chains of residues 71–74 had changed their
orientation relative to the lactone-bound conforma-
tion (Supplementary Fig. 7b).
Finally, the simulations show that paraoxonase

activity involves relocation of the catalytic Ca2+

relative to its position in the lactone-bound state. The
upward Ca2+ position seen in the H115W structure
is scarcely populated in the wild-type simulations
(Fig. 3 and Supplementary Fig. 8). Nonetheless, the
average position of Ca2+ deviates upward from
those seen in the crystal structures of rePON1 with
either phosphate or 2HQ (Fig. 3a). Furthermore, the
upward positions observed for rePON1 and H115W
in the simulations overlap (Fig. 3a and Supplemen-
tary Fig. 8). Tighter distributions of Ca2+ positions
were observed, particularly for wild type, in the
subset of simulations that led to catalytically produc-
tive complexes. For the H115W mutant, however,
the catalytically relevant subset comprises the most
frequently represented location (Fig. 3b and c).
Further, in the catalytically relevant subset, the
average catalytic Ca2+ location in the wild type
nearly overlaps the upward location seen in the
H115W simulations as well as in the actual H115W
structure (Fig. 3). Recently performed MD simula-
tions by another group on computational models of
H115 mutants also observed upward shifts in the
catalytic Ca2+ position and rotameric changes in its
Rearrangements Underline Promiscuity and Evolvability of a
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Fig. 3. Positions of the catalytic Ca2+ observed in crystal structures of H115W and of the wild-type-like rePON1 in
complex with the lactone analogue (2HQ) and in SMD simulations. (a) The stick models represent the relevant residues in
the H115W mutant (magenta) and in the complex (blue), and the large spheres, similarly color coded, represent the Ca2+

in the two structures. 2HQ is omitted for the sake of clarity. The red and green wireframes represent the space accessed by
the Ca2+ during all MD simulations, for H115W and the wild-type-like rePON1complex, respectively. The small spheres,
similarly color coded, show the average position for all simulations. (b) The crystal structure and the MD simulation space
available for the Ca2+ in the wild-type-like rePON1 complex are shown as in (a); the simulation space for the subset of
simulations in which paraoxon was found to bind in a mode that meets the criteria of all E53-driven mechanisms (m1, m6,
and m7) is superimposed as a gray cloud, with the average position of the Ca2+ shown by a small black sphere. (c) A
similar representation to that in (b) for H115W, with the simulation space displaying the subset of simulations in which
paraoxon was bound in a mode meeting the criteria of mechanisms m1 and m6.
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ligating residues (D. Mata, C. Hadad, D. Cerasoli,
and T. Magliery, submitted for publication). These
independently performed studies provide further
support for the models proposed here.
Discussion

The present study reveals that PON1 accommo-
dates two alternative locations and coordination
modes for its catalytic Ca2+ and that these modes
may be used to catalyze two different reactions.
PON1's native lactonase activity occurs within the
canonical coordination scheme and Ca2+ location
observed not only in PON1 but also in related
lactonases that are highly divergent in sequence
(Supplementary Figs. 9 and 10). The promiscuous
organophosphate hydrolase activity, however,
seems to utilize a different Ca2+ mode and a
different mechanism (Fig. 2). This alternative mode
that is scarcely populated in wild-type rePON1
becomes dominant upon mutating H115 and thus
underlies PON1's divergence from a lactonase to an
organophosphate hydrolase (Fig. 3).
We recently suggested that PON1's promiscuity

stems from a coincidental overlap between the
transition state for the native lactone hydrolysis and
the ground state for the promiscuous substrate,
paraoxon.14 This overlap seems to be maintained
irrespective of the repositioning of the catalytic Ca2+

and to drive paraoxon's alignment for catalysis within
PON1's active site (Supplementary Fig. 11). How-
Please cite this article as: Ben-David, M. et al., Catalytic Metal Io
Metalloenzyme, J. Mol. Biol. (2013), http://dx.doi.org/10.1016/j.jmb.2
ever, as shown here, catalysis of paraoxon hydro-
lysis also involves an alternative mode of the
catalytic Ca2+ and its ligating residues.
Structural conservation of the positions of themetal

ion and of its ligating residues seems to prevail in
most metalloenzyme families and superfamilies.1–6

For example, in the group of PON-like structures, the
Ca2+ of distantly related enzymes (≤20% sequence
identity) superpose within ≤0.5 Å (Supplementary
Figs. 9, 10, and 12). There are, however, exceptions
to this rule, namely, families in which the locations are
more widely distributed (N1.4 Å; e.g., Supplementary
Fig. 12a, d, and e). Aside from technical inaccuracies
(e.g., low resolution and refinement), variations in
metal ion positions seem to stem from variations in
the ligating residues as well as from the availability
of structures of distant members (Supplementary
Fig. 12a).
Perhaps the best-studied example of metal ion

plasticity is that of xylose isomerase, in which the
catalytic Mg2+ (M2) shows significant positional
variation. Variations were observed in the absence
and presence of ligands, using X-ray8,27–29 and
neutron30 crystallography, as well as computational
simulations31,32 (Supplementary Fig. 12d). Binding
of ligands induces, on average, 1.5-Å movements of
M2. The interaction with some of the ligating
residues is retained, but others are replaced by
waters,28 just as we observed here in the H115
mutants (Fig. 1). Interestingly, mutations in M2's
ligating residues change the enzyme's specificity,
possibly by shifting the conformational equilibrium to
n Rearrangements Underline Promiscuity and Evolvability of a
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favor M2's alternative positions.20,21,28 Other exam-
ples of catalytic metal ion plasticity include L-
rhamnose isomerase,12,33 alcohol dehydrogenase,7

bacterial tyrosinase,11 sorbitol dehydrogenase,10

and metallo-β-lactamases.34

Altogether, it appears that metal ions and their
coordinating side chains and water molecules can
exhibit considerable plasticity. Alternative coordina-
tion modes may underlie different steps along the
catalytic cycle.7–9,35 They can also promote promis-
cuous binding of ligands that an enzyme has not been
selected for10 (Supplementary Fig. 12e) or catalytic
promiscuity as illustrated here for PON1. Alongside
the conformational diversity of the protein's backbone
and side chains,36 metal repositioningmay, therefore,
contribute to the catalytic versatility of enzymes and to
the ease by which new enzymatic functions diverge.
That shifts in metal position and coordination have

thus far been rarely observed may be due to the
highly restricted sampling of natural enzyme diver-
sity. For example, we are as yet unaware of a natural
PON family member that is not a lactonase, let alone
of one that is an organophosphate hydrolase. Other
natural metallo-organophosphate hydrolases, how-
ever, are known, which most likely diverged from
lactonases.37,38 Analysis of the binuclear metal
binding sites of methyl parathion hydrolase with the
related quorum-quenching lactonase AiiA (metal-
lo-β-lactamase superfamily) reveals a slight shift of
~0.5 Å in the position of one metal ion (Supplemen-
tary Fig. 13a). Comparison of the bacterial phospho-
triesterase (PTE) and the related PTE-like-
lactonases (Supplementary Fig. 13b) reveals abso-
lute conservation of the two metal ions and their
ligating residues. On the other hand, many enzymes
in the amidohydrolase superfamily have only one
catalytic metal, indicating evolutionary transition(s)
between mono- and binuclear catalytic centers,39

and laboratory evolution of PTE has led to changes
in the metal coordination state.40

In a broader context, the shift indicated by the MD
simulations, from a rarely populated metal state in
the wild type to a dominant state in H115W (Fig. 3
and Supplementary Fig. 8), follows a general
hypothesis whereby evolution capitalizes on sto-
chastic variations, be they atomic as with PON1's
alternative location of the Ca2+, cellular (e.g.,
transcriptional noise), or organismal. Mutations do
not create something from nothing. Rather, they shift
the distribution such that a marginal, noise phenom-
enon becomes the norm.41

Materials and Methods

rePON1 variants and kinetics

Expression and purification of the recombinant variant
used for crystallization, rePON1-G2E6, and of its mutants,
Please cite this article as: Ben-David, M. et al., Catalytic Metal Ion
Metalloenzyme, J. Mol. Biol. (2013), http://dx.doi.org/10.1016/j.jmb.2
were performed as previously described.14 Purity was
monitored by SDS-PAGE. RePON1-G2E6's mutants
were generated by “inverse PCR”16 and verified by
DNA sequencing. The construction of the saturation
libraries and their screening for lactonase (TBBL) and
paraoxonase (paraoxon) activities were performed as
previously described.16 For the kinetic measurements,
the concentrations of these substrates were in a range
from 0.3×Km up to (2–3)×Km. kcat, Km, and kcat/Km were
obtained by fitting the data to the Michaelis–Menten
model with PRISM (GraphPad Software). In cases in
which substrate solubility was limiting, kcat/Km values
were extracted from linear fits. The pH 8.0 buffer
used for enzyme kinetics contained 1 mM CaCl2,
0.03% n-dodecyl-β-D-maltoside, 50 mM Tris, and 150 mM
NaCl. All data presented are the means of ≥2 indepen-
dent experiments, and the error ranges represent the
standard deviation from the mean.
Metal ion affinity measurements

The dissociation constants of the catalytic Ca2+ for both
rePON1 and the H115W mutant were determined as
previously described.24 Briefly, PON1 samples were
extensively dialyzed against a buffer devoid of Ca2+,
0.03% n-dodecyl-β-D-maltoside, and 50 mM Tris, pH 8.0,
at three different NaCl concentrations (0, 150, and
300 mM) and then passed through a Chelex-100 column.
Prior to activity determination, these samples were
preincubated in the appropriate above-mentioned dialysis
buffer (i.e., with different slat concentrations) with various
CaCl2 concentrations ranging from 1×10− 2 to 5×103 μM,
for 1–3 h to reach equilibrium. Paraoxon (2 mM) was then
added, and the apparent Kd values were derived from the
Ca2+ concentrations required to regain 50% of the
maximum enzymatic activity. For the metal inhibition
studies, we used the following metal salts: MgCl2, SrCl2,
CuCl2, and BaCl2, in concentrations ranging from 0.1 to
5 mM.
Crystallization, data collection, and refinement

Concentrated solutions of both the H115W and H115Q/
H134Q mutants (5–10 mg/ml) were crystallized as previ-
ously described.14 Briefly, crystals formed using the
hanging drop vapor diffusion method, whereby the protein
sample was mixed with equal volumes of the precipitant
buffer containing 20% polyethylene glycol 3350, 0.2 M
NaBr, and 0.1 M 2-[bis(2-hydroxyethyl)amino]-2-(hydro-
xymethyl)propane-1,3-diol propane, pH 6.5 (incubation at
19°C). Complete data sets for H115W and H115Q/H134Q
were collected on beamline ID-14-1 at the European
Synchrotron Radiation Facility (Grenoble, France). The
diffraction images were indexed, integrated, and scaled
using the HKL2000 program package.42 Structure deter-
mination was carried out by molecular replacement
(Phaser, CCP443) using the published pH 6.5 structure
(PDB code: 3SRE). All steps of atomic refinement were
carried out with CCP4/Refmac5.44 The model was built
into 2Fo−Fc and Fo−Fc maps using the program Coot.45

Both the mutants did not display well-defined electron
density for the first ~20 residues at the N-terminus, as
well as for the active-site flexible loop (residues 70–81),
Rearrangements Underline Promiscuity and Evolvability of a
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9Metal Ion Rearrangements in PON1
as had already been observed for the rePON1 apo
structures. Both structures contain one molecule of n-
dodecyl-β-D-maltoside, with density corresponding to the
sugar moiety seen on the enzyme's surface. Details of
data collection and refinement statistics are displayed in
Table 2. Figures depicting structures were prepared using
PyMOL46 and VMD.47

MD simulations

A new computational docking procedure was developed
in order to permit thorough sampling of the possible
orientations of paraoxon within the active site of PON1.
Using SMD,48 a minimized model of paraoxon was pulled
into the active site of PON1 starting from a random
orientation above the catalytic Ca2+. The steering force
was applied to the phosphoryl oxygen of the paraoxon with
the catalytic Ca2+ serving as the reference group. After the
SMD pulling procedure had been completed, the model of
the paraoxon/PON1 complex was subjected to an MD
simulation of 1-ns duration.49 All the SMD and MD
simulations were performed using GROMACS.50 The
entire SMD/MD procedure was repeated several hundred
times for both wild-type PON1 and the H115W mutant. In
the final MD run, the protein was fully flexible, which
permitted examination of the conformational diversity of
rePON1 in the presence of the ligand in different
orientations.

Accession numbers

Coordinates and structure factors of the H115W and
H115Q/H134Q mutants have been deposited in the PDB
under accession numbers 4HHO and 4HHQ, respectively.
An Interactive 3D Complement page appears in Proteo-
pedia for this study.1
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