
doi:10.1016/j.jmb.2008.04.022 J. Mol. Biol. (2008) 379, 1017–1028

Available online at www.sciencedirect.com
Structural Basis for Natural Lactonase and Promiscuous
Phosphotriesterase Activities

Mikael Elias1,2, Jérôme Dupuy3, Luigia Merone4, Luigi Mandrich4,
Elena Porzio4, Sébastien Moniot1, Daniel Rochu5, Claude Lecomte1,
Mosè Rossi4, Patrick Masson5, Giuseppe Manco4⁎
and Eric Chabriere1,2,5⁎
1Laboratoire de Cristallographie
et Modélisation des Matériaux
Minéraux et Biologiques,
CNRS-Université Henri
Poincaré, 54506 Nancy, France
2Architecture et Fonction des
Macromolécules Biologiques,
CNRS-Université de la
Méditerranée, 13288 Marseille,
France
3Laboratoire de Cristallogenèse et
Cristallographie des Protéines,
Institut de Biologie Structurale JP
EBEL, 38027 Grenoble, France
4Istituto di Biochimica delle
Proteine, ConsiglioNazionale delle
Ricerche, Via P. Castellino, 111,
80131 Napoli, Italy
5Unité d'Enzymologie,
Département de Toxicologie,
Centre de Recherches du Service
de Santé des Armées,
38702 La Tronche, France

Received 1 February 2008;
received in revised form
3 April 2008;
accepted 7 April 2008
Available online
16 April 2008
*Corresponding authors.G.Manco is t
Via P. Castellino, 111, 80131 Napoli, It
Universite de laMediterranee, 13288M
Abbreviations used: PEG, polyeth

phosphotriesterase; PLL, phosphotri
rmsd, root-mean-square deviation; A
Rhodococcus erythropolis; OpdA, phos
thiolactone; C8 HSL, N-octanoyl-L-h

0022-2836/$ - see front matter © 2008 E
Organophosphates are the largest class of known insecticides, several of
which are potent nerve agents. Consequently, organophosphate-degrading
enzymes are of great scientific interest as bioscavengers and biodecontami-
nants. Recently, a hyperthermophilic phosphotriesterase (known as SsoPox),
from the Archaeon Sulfolobus solfataricus, has been isolated and found to
possess a very high lactonase activity. Here, we report the three-dimensional
structures of SsoPox in the apo form (2.6 Å resolution) and in complex with a
quorum-sensing lactonemimic at 2.0 Å resolution. The structure also reveals
an unexpected active site topology, and a unique hydrophobic channel that
perfectly accommodates the lactone substrate. Structural and mutagenesis
evidence allows us to propose a mechanism for lactone hydrolysis and to
refine the catalytic mechanism established for phosphotriesterases. In add-
ition, SsoPox structures permit the correlation of experimental lactonase and
phosphotriesterase activities and this strongly suggests lactonase activity as
the cognate function of SsoPox. This example demonstrates that promiscu-
ous activities probably constitute a large and efficient reservoir for the
creation of novel catalytic activities.
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Introduction

Organophosphates (OPs) are well-known potent
toxic compounds that inhibit acetylcholinesterase ir-
reversibly, a key enzyme of the central nervous
system. They have been used extensively since the
end of World War II. Their toxic properties have been
exploited for the development of chemical warfare
agents such as sarin, soman and VX, and principally
for the development of agricultural insecticides.1 En-
zymes that are capable of degrading these OPs are
therefore attractive as potential antidotes for both
organophosphate-based pesticides and nerve agents.2

Enzymatic detoxification of OPs has become the
subject of numerous studies because current methods
of removing them, such as treatment with bleach and
incineration, are slow, expensive and cause environ-
mental concerns. For this application, OP hydrolases
are appealing due to their broader substrate specifi-
city and higher catalytic rate.2

Phosphotriesterases (PTEs) are members of the
amidohydrolase superfamily,3 enzymes catalyzing
hydrolysis of a broad range of compounds with
different chemical properties (phosphoesters, esters,
amides, etc.). Their coding genes, opds (organo
phosphate degradation), were isolated from Pseudo-
monas diminuta,4 Flavobacterium sp.,5 Agrobacterium
radiobacter,6 and genes similar to opd were also
located in Archaea.7 Since synthesis of their most
efficient substrate, known as paraoxon, was
described in the 1950s, it has been postulated that
phosphotriesterases might have evolved specifically
to this high level of catalytic efficiency over a
relatively short period of time.8 Several PTE struc-
tures are available in the PDB database, including
those from P. diminuta,9 and a very similar (90%
sequence identity) OpdA homologue from A.
radiobacter.10 PTEs are (β/α)8-barrels and have a
binuclear metal centre located at the C-terminal end
of the barrel.9,10 These enzymes show a high catalytic
turnover, and their activity is modulated by the
presence of divalent metal cations. It has been
reported that the most active isoenzyme is Co2+-
substituted PTE.11 Although complete active site
metal substitution has been described,9 recent results
using anomalous fluorescence have shown both an
incompletemetal substitution and a potential role for
an iron cation (Fe2+) in catalysis.12 A catalyticmecha-
nism for the hydrolysis of phosphotriesters has been
proposed,13 and it is reviewed in the present article.
A protein from the hypertermophilic archaeon

Sulfolobus solfataricus, SsoPox, has recently been
cloned and characterized for its phosphotriesterase
activity.7 Although it displays only about 30%
sequence identity with mesophilic PTEs, all amino
acids coordinating the binuclear metal-centre are
conserved. Furthermore, SsoPox catalyzes the hydro-
lysis of paraoxon and other pesticides with a lower
efficiency. Similar to thePseudomonas PTE, its activity
depends on the presence of metal ions, with cobalt
significantly enhancing catalysis.7 SsoPox has been
proved to have a high level of thermal stability, with
denaturation half-lives (Tm) of 4 h and 90 min at
95 °C and 100 °C, respectively. This property allows
rapid high-yield purification of the recombinant
enzyme by simply heating cell lysates and thus
precipitating host proteins. Owing to its exceptional
stability, this PTE may be an excellent candidate in
biotechnological studies seeking an efficient biode-
contaminant of organophosphorus compounds.
Recently, a high level of catalytic activity and speci-

ficity with lactones as substrates has been reported for
SsoPox. Afriat and co-workers 14 proposed SsoPox,N-
acyl-homoserine lactone acylase from Rhodococcus
erythropolis (AhlA) and the putative parathion hydro-
lase from Mycobacterium tuberculosis, to be members
of a new group of enzymes dubbed phosphotries-
terases-like-lactonases (PLLs), based on the observa-
tion of sequence features not present in mesophilic
PTEs and the recognition of significant differences in
enzyme specificity. In particular, the activity detected
against natural homoserine lactones may relate these
proteins to a precise biological function. Indeed, cell-
to-cell communication mediated by small diffusible
molecules is a common occurrence in several
bacteria,15 a phenomenon known as quorum sensing.
For example, many Gram-negative bacteria use N-
acyl-homoserine lactones (AHLs) as signalling mole-
cules that regulate gene expression patterns, which in
turn allow the bacteria to display “group behaviour”.
Displaying a high level of activity against AHLs,
PLLs could have a role in these signalling pathways
as well,14 or be involved simply in the utilization of
these compounds as a carbon and energy supply.
Here, we report the crystallographic structures of

the hyperthermophilic SsoPox in its apo form at 2.6 Å
and in complexwith a quorum-sensing lactonemimic
at 2.0 Å. The structure identifies this enzyme as the
prototype of the newly identified PLL family. The
structural analysis permits us to propose a lactonase
mechanism, to refine the previously proposed cata-
lytic mechanism for PTEs and, by adding data sup-
porting the hypothesis that the SsoPox lactonase
activity is in fact its native function, to exemplify the
promiscuous relationship between lactonases as
SsoPox and optimized phosphotriesterases.
Results

X-ray structure of the hyperthermophilic
phosphotriesterase

The structure of SsoPox was refined at 2.6 Å reso-
lution (Table 1). SsoPox is homodimeric, and the mo-
nomer is roughly globular with overall dimensions
of approximately 40 Å×54 Å×46 Å. SsoPox displays
only about 30% identity with the two other known
mesophilic PTEs,7 but its topology is similar. The
SsoPox structure could be described as a distorted
(β/α)8 barrel. The structures superimpose well with
a root-mean-square deviation (rmsd) for α-carbon
atoms between SsoPox and P. diminuta PTE (over 268
atoms) and SsoPox and A. radiobacter PTE (over 271
atoms) of 1.05 Å and 1.11 Å, respectively.



Table 1. Data collection and refinement statistics

Native Complex

A. Data collections
Wavelength (Å) 0.979 0.934
Resolution (Å) 2.6 2.05
Space group P212121 P1 2121
Unit cell dimensions

a (Å) 87.16 86.38
b (Å) 104.82 104.12
c (Å) 155.36 153.05

No. observed reflections 334,245 (34293) 610,050 (75603)
No. unique reflections 43,406 (4438) 84,107 (10644)
Completeness (%) 97.6 (94.5) 96.5 (92.8)
Rmerge

a (%) 9.8 (33.6) 13.6 (40.5)
Rmeasured

b (%) 11.1 (52.2) 13.8 (66.8)
I/σ(I) 17.59 (4.49) 13.66 (3.98)
Last resolution shell 2.60–2.70 2.05–2.15
Redundancy 7.70 (7.72) 7.25 (7.10)

B. Refinement statistics
Resolution range (Å) 46.42–2.60 86.07–2.05
No. reflections 44,340 82,757
Rfree /Rwork

c 29.9/24.0
(34.0/31.0)

28.2/22.8
(37.0–30.0)

No. protein atoms 10,108 10,108
No. water molecules 239 762
Average B factor (Å2) 38 28.7
rmsd from ideal

Bond lengths (Å) 0.006 0.007
Bond angles (°) 1.061 1.153

Values in parentheses are for the last bin.
a Rsym=Rmerge=∑

h|Îh–Ih,i|/∑
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c Rwork=∑||Fo –|Fc||/=∑|Fo|where Fo denotes the observed
structure factor amplitude and Fc, the structure factor amplitude
calculated from the model. Rfree is as for Rwork but calculated with
5% of randomly chosen reflections omitted from the refinement.
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Somemajor structural differences are illustrated in
Fig. 1a. There are two shortenings of the SsoPox
polypeptide chain compared to the mesophilic PTE
structures. The first is located in the vicinity of the
active site entry and consists of the loss of a 15
residue loop, which corresponds to loop 7 in the (β/
α)8 barrel topology. The other is the shortening of
both extremities of the polypeptide chain. In fact,
there are six and two residues less at the C terminus
extremity, and two and four residues less at the N-
terminal extremity, compared to P. diminuta PTE and
A. radiobacter PTE, respectively. In addition, loop 8 of
SsoPox is more detached from the protein core, com-
pared to the mesophilic proteins. Finally, an addi-
tional modification consists of the presence of extra
loops involved in dimerization of the enzyme.

Description of the active site

Description of the free-enzyme

Similar to the mesophilic PTEs, the SsoPox active
site consists of a cavity containing a binuclear centre
(Fig. 1b), located at the C terminus of the β-barrel.10,16

These two metal cations are bridged by a putative
catalytic water molecule, and by a carboxylated ly-
sine. As for the metal cation coordination, four histi-
dine residues are also involved, as well as an aspartic
acid (Asp256) and a secondwater molecule. Themost
deeply buried metal cation (called α) adopts a tri-
gonal bipyramidal geometry, being bound by coor-
dination bonds with His22, His24, Asp256, Lys137
and the bridging water molecule. The most solvent-
exposed (called β) has a distorted trigonal bipyra-
midal geometry, and is bound to His170, His199,
Lys137, the bridging water molecule and the second
water molecule. The bridging water molecule is
almost equidistant from both metal cations, with a
short distance contact (about 2 Å), and is hydrogen
bonded with Asp256 (2.68 Å). In SsoPox, the binuc-
lear centre, the four histidine residues, the aspartic
acid, and the carboxylated lysine are conserved and
well superimposed with the mesophilic PTE struc-
tures (Fig. 1a). Those two metal cations are bound as
in the mesophilic PTEs.9 Structural comparison with
the two other PTEs led to the identification of amino
acids similar to those involved in the phosphotriester
binding of bacterial PTEs.15 The phosphotriester bin-
ding site was verified by docking with a phospho-
triester mimic, namely diethyl-4-methylbenzylpho-
sphonate (Fig. 2). Thorough structural comparison
shows that the chemical nature of the residues in both
active sites is globally unchanged, and this probably
results in a similar binding of the phosphotriesters to
SsoPox active site (Fig. 2a). Both the PTEs and SsoPox
active sites are hydrophobic, around the binuclear
center. The phosphotriester binding site organization
is depicted in Fig. 2b. Small adjustments can be noted,
such as the replacement of PTEs Trp131 and Phe132
with Tyr97 and Tyr99 in SsoPox.Moreover, Tyr97 and
Tyr99 are hydrogen bounded to each other via their
side-chain oxygen atoms.
The chemical nature of the two metal cations of the

active site was investigated using anomalous X-ray
fluorescence (see Materials and Methods). For the
SsoPox crystals, the fluorescence spectrum analysis
shows the presence of iron, cobalt, zinc, chloride and
calcium ions (Fig. 3a). Chloride and calcium ions
probably originate from the buffers used during the
different steps from purification to crystallization,
and no binding site has been detected for these ions
by anomalous X-ray diffraction techniques. The three
other metal cations have been described as part of the
phosphotriesterase active site architecture.9,10 This
raises the question of the chemical nature of the metal
cations that occupy the active site of SsoPox. The
problem was investigated using X-ray three-dimen-
sional spectrometry (see Materials and Methods).
Data were collected on a single SsoPox crystal at two
wavelengths: one higher and the other lower than the
Co-K absorption edge (data not shown). Bijvoet
difference Fourier maps (BDFM), calculated from
data collected at 1.604 Å (lower than the Co-K edge),
show two peaks on both α and βmetals (Fig. 3a). This
result totally excluded zinc because the wavelength
used (1.604 Å) is above the Zn K edge (1.283 Å). At
the wavelength above the Co-K edge (1.611 Å), the
strong signal located on the α-metal disappeared (Fig.
3a), thus clearly identifying the β site as a cobalt ion.
Concerning the α-site, the residual peak indicated the



Fig. 1. S. solfataricus phosphotriesterase (PTE) structure. (a) Structural comparison of different known PTEs: hyper-
thermophilic SsoPox in red, P. diminuta PTE in yellow and A. radiobacter PTE in green. The major structural differences, the
absence of the 15 residue loop 7 in the SsoPox structure, and loop 8 involved in the hydrophobic channel are shown by
arrows. The C-terminal and N-terminal extremities of the backbones are indicated. The lactone mimic is shown by pink
sticks, and the metals cations by grey balls. (b) A schematic view of the SsoPox active site. Carbon, oxygen and nitrogen
atoms are shown in black, red and blue, respectively. The purple balls indicate the metal cations labelled as α (iron) and β
(cobalt). Distances are indicated in Å.
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presence of only one other anomalous scatterer: an
iron ion. This conclusion was confirmed by compar-
ing the relative peak heights in the 1.604 Å wave-
length BDFM. The α-site peak value (14σ) is about
85% of that of the β-site (16.5σ), a value very close to
the anomalous scattering coefficient ratio of 87% bet-
ween iron and cobalt at this wavelength†. The results
show unambiguously that, using a purification proto-
col with Co2+-containing buffers,7 SsoPox results in a
protein with heterobinuclear centre constituted by an
iron (α-site) and a cobalt cation (β-site), as was ob-
served for A. radiobacter PTE.12
Description of the complexed structure

N-Decanoyl-L-homocysteine thiolactone (C10HTL)
is not a substrate for other members of the PLL
family.14 Herewe confirm this observation for SsoPox
too and demonstrate that the thiolactone behaves as a
competitive inhibitor towards N-octanoyl-L-homo-
serine lactone (C8 HSL), with a Ki at 25 °C of 432.7
(±53.2) μM against a KM for C8 HSL of 174.4(±39.2)
μM. The structure of SsoPox in complex with this
inhibitor was obtained at 2.05 Å resolution (Table 1).
Although the SsoPox fold is broadly similar to the
other known PTEs, and the phosphotriester-binding
site is comparable, the active site architecture is dif-
ferent. Indeed, loop 7 is shorter and loop 8 is longer
(Fig. 1a). This creates a hydrophobic channel that
elongates the phosphotriester substrate-binding site.
This feature makes SsoPox structurally different from
the other mesophilic PTEs. Moreover, in the structure
†http://skuld.bmsc.washington.edu/scatter/
obtained with C10 HTL, this channel accommodates
perfectly the added substrate analogue (Fig. 4). Des-
pite the presence of Pro268, Pro272 and Pro276, the
protruding loop 8 that constitutes this channel is
probably more flexible than the rest of the structure,
thus accommodating the substrate, as well as rigid
enough for proper positioning. This consideration
stems from the fact that the rmsd for Cα positions of
residues in loop 8 between the free and in complex
SsoPox structure is 0.91 Å, revealing the entire loop to
be involved in the substrate binding. More precisely,
we defined two subsites: a large one that accommo-
dates the substrate aliphatic chain, and a small one
that positions the lactone ring. The aliphatic chain
accommodates into the large subsite that forms the
hydrophobic channel. Side chains of Phe229, Leu228,
Leu226, Trp278, Ala266, Thr265, Ala275, Leu274
and side-chain carbon atoms of Lys271 make exten-
sive van derWaals contactswith this substratemimic.
The thiolactone ring is positioned by polar and non-
polar interactions, just over the binuclearmetal centre
(Fig. 5).
The carbonyl oxygen of the ring interacts with the

cobalt (β) cation (2.92 Å), with the hydroxyl group of
Tyr97 (2.65 Å), and weakly with the Arg223 side
chain (3.21 Å). The sulphur atom that mimics the
oxygen of the lactone ring is bound to the iron (α) ion
(3.23 Å). Side chains of Arg223, Leu72, Val27, Ile261
and Trp263 position the rest of the ring. The indole
ring of Trp263 is just above the substrate ring, in the
van der Waals interaction, and a large movement of
this residue occurs while the substrate is bound. The
carbonyl oxygen of the substrate peptide linkage
contacts the Cys258 side chain (3.89 Å). In addition,
the putative catalytic bridging water is not equidi-

http://skuld.bmsc.washington.edu/scatter/
http://skuld.bmsc.washington.edu/scatter/


Fig. 2. Docking of a phosphotriester mimic in the active site of SsoPox. (a) The phosphotriester mimic (shown by green
sticks) and the molecular surface of the structure of SsoPox are indicated. (b) The phosphotriester mimic and the residues
in contact with it are shown by pink and green sticks, respectively.
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stant from both metal cations (Fig. 5), but closer to
the iron cation (α) (2.06 Å and 2.61 Å to α and β,
respectively). Its position appears to be optimized for
a nucleophilic attack on the carbonyl carbon of the
lactone ring. Indeed, this bridging water molecule is
close to the sp2 carbon (2.40 Å) and almost perpendi-
cular to its plane.
Further investigation shows an impressive struc-

tural similarity between the (β/α)8 folded SsoPox
and B. thuringiensisAHL lactonase (AiiA) active sites
(Fig. 6). This lactonase belongs to the metallo-β-
lactamases superfamily,18 possesses the conserved
motif HXHXDH, and shares the characteristic fold
of this family: αβ / βα. The structural comparison of
SsoPox with AiiA allowed us to identify a key re-
sidue that serves to position the lactone ring above
the binuclear center: Tyr97 and Tyr194 in SsoPox and
in AiiA, respectively. In addition, other key elements
for the catalytic reaction, namely, metal cations and
the putative catalytic water molecule, as well as the
aspartic acid that positions the water molecule, are
extremely similar in both SsoPox and AiiA. How-
ever, SsoPox and AiiA do not share a significant se-
quence identity, possess different folds and no com-
mon metal cation-binding motifs (see Discussion).
These two proteins are good examples of convergent
evolution.

Mutagenesis approach

We used mutagenesis to analyze further the role of
putative key residues in the SsoPox active site. Arg223
in the structure of SsoPox corresponds to the P.
diminuta PTE His254, a residue potentially involved
in a proton transfer according to the PTE mechanism
suggested previously.13 The PTE from A. radiobacter
possesses an Arg at this position (Arg254) and this
residue was shown to interact with the substrates.12

In the case of SsoPox, kinetic studies detected a large
decrease in the paraoxonase and lactonase catalytic
activity of the mutant R223H, probably resulting in
the loss of an interaction with the substrates (Table 2).
The residue Tyr97, involved in the complex with the
lactone mimic, was also mutated. For the Y97W mu-
tant, we observed a threefold increase in both acti-
vities without any effect on KM (Table 2).
Discussion

Catalytic mechanisms for the hyperthermophilic
SsoPox

Phosphotriesterase activity

A phosphotriesterase mechanism was proposed
by Aubert et al.13 In particular, the authors suggested
the existence of a proton transfer in P. diminuta PTE.
In brief, Asp301 is thought to deprotonate the penta-
coordinated intermediate and the proton is subse-
quently shuttled away from the active site with the
assistance of His254 and Asp233. This proton path-
way mechanism has been ruled out by QM/MM
simulations,19 and previously published mutagen-
esis studies performed on P. diminuta PTE revealed
thatmutationsH254G/R showed no drastic effect on
catalysis.20–22 In addition, His254 is not conserved
within the PTE family and is replaced by an arginine
in the very active mesophilic PTE from A. radio-
bacter.21 The SsoPox structure is compatible with
these observations: SsoPox also possesses an arginine
(Arg223) in place of this histidine, and the recovery
of the side chain involved in the hypothetical proton
transfer pathway with the R223H mutant does not
increase SsoPox phosphotriesterase activity. The
SsoPox structure and its docking with a phospho-
triester mimic allow us to propose amechanism (Fig.
7a) compatible with that recently proposed byWong
and co-workers.19

SsoPox possesses a heterobinuclear iron / cobalt
centre. According to our models, this binuclear centre
is utilized to activate the catalytic water molecule to a
hydroxide ion, as for the mesophilic PTEs 23 and
SsoPox lactonase (see below).When the substrate is in



Fig. 3. Anomalous scattering discriminates between metals in the SsoPox active site. (a) X-ray fluorescence spectrum
measured on a single SsoPox crystal at beamline FIP-BM30A of ESRF. This spectrum shows the presence ofmany ions: iron,
cobalt, zinc, calcium and chloride. Doubled arrows for iron, cobalt and zinc indicate characteristic absorption Kα and Kβ
edges. Simple arrows indicate calcium and chloride on the spectrum. (b) Final model and Bijvoet difference Fourier maps
contoured at 3σ; on the left is themap corresponding to data collected at 1.604 Å and on the right themap corresponding to
data collected at 1.6115 Å. The maps were calculated using the full resolution range. This clearly demonstrates that the α
site is occupied by an iron cation and the β site by a cobalt cation.
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Fig. 4. Active site topology. The
active site cavity: loop 8 is high-
lighted in red and loop 7 in orange.
The lactone mimic is highlighted by
green sticks; the metals cations are
shown by grey balls, and the puta-
tive catalytic water molecule by red
ball. The electronic density map Fo –
Fc in blue was calculated omitting
the substrate mimic and contoured
at 3σ. Arrows indicate the active site
loops.
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complex with the binuclear centre, the hydroxide ion
attacks the electrophilic phosphorus centre via the
SN2 mechanism, forming a pentacoordinated transi-
tion state that bridges the two metals. The binuclear
centre, especially the cobalt cation (β), compensates
for the developing negative charge on the phosphoryl
oxygen. The electron pair of the phosphoryl oxygen
folds back to the phosphorus-oxygen bond, thus al-
lowing the leaving group to be released. The bridging
phosphorus moiety is expelled from the active site
and replaced by a water molecule from the solvent
bulk, thus regenerating the enzyme.

Lactonase activity

Taking into account the binding of the substrate
analogue C10 HTL to SsoPox, considering its behav-
iour as a competitive inhibitor towards the quorum-
Fig. 5. SsoPox in complex with the lactone mimic. Close an
protein side chains are shown by green sticks. The different
mimic is shown in the green grid and contoured at 3 σ. R223
mimic is shown by pink sticks. The putative catalytic water mo
red, orange and purple spheres respectively. Distances are ind
sensing substrate C8 HSL, and keeping in mind the
refined phosphotriesterase mechanism proposed
above (Fig. 7a), we also now propose a lactonase me-
chanism (Fig. 7b).
The hydrophobic channel accommodates the acyl

chain of the substrate, whereas the lactone ring is
positioned above the binuclear centre. The thiolac-
tone ring sulphur and the carbonyl oxygen of the
substrate mimic interact with the iron (α) and the
cobalt cation (β), respectively. This results in an en-
hanced polarization of the carbonyl bond, making it
more susceptible to a nucleophilic attack, in a way
similar to that described for phosphorus-oxygen po-
larization in phosphotriester hydrolysis. The carbo-
nyl oxygen accepts the Tyr97 hydroxyl hydrogen.
This Tyr residue appears to be involved in the ad-
justment of the lactone ring. Interestingly, in lactone
hydrolase, which belongs to the metallo-β-lacta-
d stereo view into the binding of the thiolactone ring. The
electronic density map calculated by omitting the lactone
is shown as two equally likely conformations. The lactone
lecule, the iron ion (α) and the cobalt (β) ion are shown by
icated in Å.



Fig. 6. Active site comparison. (a) Active site view of the Pseudomonas diminuta PTE (PDB ID 1DPM). (b) Active site
view of SsoPox. (c) Active site view of the Bacillus thuringiensisAHL lactonase (PDB ID 2A7M). Amino acids are shown by
sticks, zinc cations by grey balls, the cobalt cation by a purple ball, the iron cation by an orange ball, and the putative
catalytic water molecule by red balls.
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mases superfamily,18 Tyr194 has a similar role in
positioning the substrate (Fig. 5), and is conserved in
this lactonase family. In SsoPox, the bridging hydro-
xide ion interacts stronglywith the iron cation (α) and
with Asp256, and is positioned ideally for a nucleo-
philic attack on the carbonyl carbon, as this molecule
is almost perpendicular to the carbonyl plane. Fur-
thermore, this water is no longer equidistant from
both metals as observed in the free structure, but is
closer to the iron cation (α). This strong interaction
makes very good sense from a physiological perspec-
tive: the pKa of Fe

2+-H2O is significantly lower than
that of Zn2+-H2O and Co2+-H2O (6.7 versus 9.0 and
8.9, respectively), making it the most efficient Lewis
acid in the physiological pH range,12 and allowing it
to activate efficiently this water molecule. Because
of this nucleophilic attack on the substrate carbonyl
atom, a negatively charged transition state is formed,
primarily stabilized by interactions with the cobalt
cation (β) and the Tyr97 hydroxyl. In contrast to the
phosphotriester hydrolysis, this transition state does
not adopt a pentacoordinate geometry, but rather a
tetrahedral geometry. Then, the electron pair of the
carbonyl oxygen folds back on the carbonyl carbon,
Table 2. Kinetic parameters of SsoPox wild type and mutant

P. diminuta PTE
(Zn/Zn)

Phosphotriesterase Phosphotriesterase

Paraoxon Paraoxon

Wild typea Wild typeb R223H Y9

kcat (s
−1) 2300±150 0.24±0.01 n.d. 0.68

KM (mM) 0.078±0.008 0.060±0.009 n.d. 0.075
kcat/KM

(s−1 mM−1)
30000±2000 4.00±0.75 0.0037 ± 0.18e 9.0

a Data were taken from Ref. 11.
b Data for wild type were taken from Ref. 7.
c Data for wild type were taken from Ref. 14.
d Data for wild type were taken from Ref. 34.
e Deduced from subsaturating conditions. For paraxonase activity, a

the catalytic efficiency (s=kcat/KM) under pseudo first-order condition
thus breaking the carbon–oxygen bond of the lactone
ring. The hydrolysis product is released and the en-
zyme is thus regenerated. This mechanism resembles
that recently proposed for quorum-quenching lacto-
nase (AiiB) from Agrobacterium tumefaciens.24 In this
case too, the bridginghydroxide has been proposed to
be the nucleophile. We have proposed basically the
same mechanism for the phospotriesterase activity
(Fig. 6a). However, the precise phosphotriesterase
mechanism is still under debate as a recent article
has proposed a different scheme for the nucleophilic
attack.25
The structure of the complex does not reveal clearly a

residue potentially capable of protonating the leaving
alcohol anion, even though Cys258 may potentially
fulfil this role (see Results).

Relationship between both mechanisms

The catalytic properties of SsoPox,14 and our results
confirm that the phosphotriesterase activity could be
extremely high, even without compromising the lac-
tonase activity, and probably vice versa. Considering
the twomechanisms proposed, the hydrolysis of these
s with paraoxon or 5-thiobutyl-γ-butyrolactone

S. solfataricus
SsoPox

B. thuringiensis
AiiA

Lactonase Lactonase

5-Thiobutyl-γ-butyrolactone 3-Oxo-C8-HSL

7W Wild typec R223H Y97W Wild typed

±0.04 29.0±7.0 0.420±0.004 75.7±8.0 22.17
±0.007 0.080±0.003 0.273±0.059 0.079±0.015 2.28
±0.3 360.0±90.0 1.54±0.31 958.2±172.4 9.72

s paraoxon was not saturating up to 5 mMwe could only estimate
s (e.g. [S]bbKM) and compare data with wild type values.



Fig. 7. Proposed catalytic mechanism. (a) A model for the chemical reaction mechanism of phosphotriesterases.
(b) Model for the chemical reaction mechanism of SsoPox lactonase activity. Small and large sites are indicated in
accordance with the PTE nomenclature.17
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two substrates requires common primary features: the
binuclear centre and the bridging catalytic hydroxide
ion. Regarding chemistry, the hydrolysis of the lac-
tones implies an sp3 transition state, whereas the
hydrolysis of a phosphotriester proceeds via the for-
mation of a pentacoordinated transition state. The
fact that SsoPox is capable of accommodating both
intermediate species is an interesting feature, as en-
zymes are generally said to stabilize transition states
specifically.26

Several lactonases with scaffolds completely differ-
ent from that of SsoPox, are already known, and all
exhibit, albeit with lower efficiency, promiscuous
phosphotriesterase activity (AHL lactonase from B.
thuringiensis 14 and the mammalian PONs 27). On the
phosphotriesterase side, bacterial PTEs exhibit pro-
miscuous lactonase activity.22 As these enzymes exhi-
bit both lactonase and phosphotriesterase activities,
this suggests that the promiscuous phosphotriester-
ase activity could stem from a certain overlap bet-
ween the transition states of lactone and phospho-
triester hydrolysis. Furthermore, other hydrolases
that proceed via sp3 transition states, such as esterase
(carboxylesterase 28) and prolidase,29 also possess
promiscuous phosphotriesterase activity. From these
observations, it seems that if an enzyme is capable of
producing an adequate nucleophilic attack and is apt
to stabilize an sp3 transition state, it would also be
capable of accommodating a pentacoordinated tran-
sition state, albeit with lower efficiency. Then, opti-
mization in a reaction for a specific substrate is
achieved by chemical environmental adaptation for
the proper binding and positioning of the substrate,
and stabilization of the transition state. This promis-
cuity in chemistry is probably an important reservoir
in enzymatic activity creation.

Structural adaptation between lactonases and
phosphotriesterases

Lactonases with promiscuous phosphotriesterase
activity such as PPLs are thus a tangible link to me-
sophilic PTEs.14 The structural comparison between
bacterial PTEs and SsoPox reveals adjustments in the
small sub-site, like the replacement of Tyr97 and 99 in
SsoPox by Trp131 and Phe132 in PTEs respectively.
The role of Tyr97 seems to be in the positioning of the
substrate lactone ring. Accordingly, mutation Y97W,
which was made to mimic the mesophilic PTE struc-
tures, results in a threefold increase in paraoxonase
and lactonase activity and specificity. For the large
sub-site, the extra loop 7 of the PTEs, which forms a
short α-helix, completely blocks the channel that is
created by loop 8 in SsoPox, and narrows the binding
site. The smaller cavity that is created adjusts well to
the hydrophobic leaving groups of phosphotriesters.
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This structuralwork suggests loop grafting is required
to diverge from a lactonase to an optimized phospho-
triesterase activity. On the lactonase side, the SsoPox
structure shows a long hydrophobic channel able to
accommodate the acyl chains of the lactones. This
particular binding site and the key tyrosine residue
that positions the substrate seem to be important for
the hydrolysis of the aliphatic lactones and maybe for
the substrate specificity. Indeed, the AiiA from B.
thuringiensis does possess a hydrophobic channel and
a tyrosine residue (Tyr194, see Fig. 6), which is
conserved among this lactonase family and with the
same function, providing a good illustration of con-
vergent evolution. To conclude, SsoPox possesses an
optimized binding site for aliphatic lactones, and the
central part of this cavity is sterically and chemically
close to the binding site of the optimized phospho-
triesterase, allowingSsoPox to carry out both activities.
‡http://www.pymol.org
Materials and Methods

Crystallization

The cloning, expression, and purification of the recom-
binant SsoPox in Escherichia coli have been described.7 The
enzyme was concentrated to 5.8 mg.mL-1. Crystallization
was performed using the hanging-drop, vapour-diffusion
method.30 Equal volumes (0.5–1 μL) of protein and reser-
voir solutions were mixed, and the resulting drops were
equilibrated against a 800 μL reservoir solution containing
15–18% (w/v) PEG 8000 and 50 mM Tris–HCl buffer (pH
8). Thin crystals appeared after one week at 277 K. Co-
crystallization assayswith C10HTLwere performed using
the same protocol and by adding 1μL of the 50 mM thio-
lactone solution (ethyl acetate:DMSO; 1:1) to 30μL of the
protein solution. SsoPox crystals appeared instantaneously
after mixing the protein and reservoir solutions.

Data collection

The crystals were first transferred to a cryoprotectant
solution composed of the reservoir solution and 25% (v/v)
glycerol. For the co-crystallized crystals, 1 μL of the thio-
lactone solution was added to the cryoprotectant solution.
Each crystal was then flash-cooled in liquid nitrogen. For
the native structure, X-ray diffraction data were collected
at 100 K using synchrotron radiation at the FIP BM30A
beam line (ESRF, Grenoble, France) using a MarCCD
(165 mm) detector. A data set was recorded at 2.6 Å reso-
lution (Table 1). For co-crystallized crystals, X-ray diffrac-
tion data were collected at 100 K using synchrotron radia-
tion at the ID14-1 beam line (ESRF, Grenoble, France) using
a ADSC Q210 CCD detector. A data set was recorded at
2.05 Å resolution (Table 1).

Structure determination

X-ray diffraction datawere integrated, scaled andmerged
with the XDS program 31 and the CCP4 program suite.32

Initial molecular replacement was performedwith Phaser,33

using a polyalanine model deduced from the structure of
the P. diminuta PTE from 1DPM 14 as described.30 Two
protein molecules were found in the asymmetric unit
(translation-function Z scores of 7.22 and 6.72). Given the
molecular mass of SsoPox (35.5 kDa), this corresponds to a
high Matthews coefficient (VM) of 5.0 Å3 Da-1 and a high
solvent content of approximately 75.2% (v/v). The electron-
density map calculated with model phases obtained from
molecular replacement was of poor quality. Very few of the
side chainswere visible in themaps.Nevertheless, the active
site, composed of two metal cations, was already clearly
visible. The electron-densitymapwas improvedwithDM,33
using solvent flattening and noncrystallographic symmetry
averaged between the two molecules. Manual model im-
provement was performed using Coot.32 Using the im-
provedmodel and fixing the two initial solutions,molecular
replacement was performed using MOLREP,32 producing
two extra solutions, giving a total of four protein molecules
in the asymmetric unit (Rcryst=0.47, correlation coefficient=
0.325). This corresponds to a VM of 2.5 Å3 Da-1, which is a
more typical value. Finally, the new electron-density maps
were of sufficient quality for model building.

X-ray fluorescence

An X-ray fluorescence spectrum was acquired with a
solid-state Röntec XFlash detector operating at the beam
line FIP-BM30A (ESRF, Grenoble, France). The fluores-
cence detector for analysis of the absorption-edge structure
was placed 90° from the incident X-ray beam to minimize
scattering. This technique allows us to identify all the
atoms with an absorption edge lower than the incident X-
ray beam energy. All scatterers will fluoresce with a cha-
racteristic energy, depending on the nature of the atom.
This reveals the presence of any anomalous scatterers pre-
sent in the whole sample, i.e protein and solvent.

Three-dimensional spectrometry

In order to locate only ordered scatterers, diffraction data
were collected andBDFMmapswere calculated. To identify
the chemical nature of the scatterers, two data collections
were processed at a higher and lower energy level than the
absorption edge characteristic of one atom. If the signal
disappears, this characterizes unambiguously the atom
nature. Finally, this technique has the power to identify
unambiguously the chemical nature of ordered atoms and
allows their location spatially in the protein structure.
For the SsoPox crystals, two complete anomalous data-

sets, consisting of 360×1° oscillations, were collected at
2.9 Å resolution at the BM14 beam line (ESRF, Grenoble,
France), at wavelengths lower (1.604 Å) and higher
(1.611 Å) than the Co-K absorption edge (1.608 Å).

Docking

A phosphotriester mimic (diethyl-4-methylbenzylpho-
sphonate) was manually docked to the SsoPox structure
based on the structure of P. diminuta (PDB CODE 1DPM).
Figures. The stereo and ribbon representations of the

SsoPox structure shown in the Figs. were made using
PyMOL‡.

Site-directed mutagenesis

Mutant derivatives of the ssopox gene were prepared by
PCR mutagenesis. Plasmid pT7-7 (a derivative of pBR322;
Stratagene) carrying wild-type ssopox was used as a tem-
plate for amplification reactions carried out with a high-

http://www.pymol.org
http://www.pymol.org
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fidelity Pfu-turbo DNA polymerase (Stratagene), using
complementary pairs of mutagenic oligonucleotides. The
oligonucleotides used were:

R223Hfor, 5′-ATTGGATTAGATCATTATGGTTTAG-3′
R223Hrev, 5′-CTAAACCATAATGATCTAATCCAAT-3′

PCR reactions were performed as follows: first round
94 °C/4min, followed by 30 cycles of 92 °C for 1min, 54 °C
for 1 min, 72 °C for 5 min and a final elongation step of
72 °C for 10 min. An aliquot of the amplified DNA pro-
ducts was digestedwithDpnI (37 °C for 60min) to degrade
the template (methylated DNA). E. coli strain TOP10 was
transformed with the newly synthesized linear plasmid,
and the plasmid was purified from one of the resulting
colonies. Sequencing was performed to exclude any un-
wanted mutation. Preparation of the Y97Wmutant and its
characterization will be reported in detail elsewhere.

Protein expression, purification and characterization

The mutant R223H was expressed in E. coli, purified and
characterized essentially as described.7 The kinetic parame-
ters for R223H and Y97W were measured as described 7,14

for paraoxonase and lactonase activity, respectively.

Inhibition study on N-decanoyl L-homocysteine
thiolactone

The Michaelis–Menten constant for the C8 HSL sub-
strate was evaluated over the range 0.04–0.6 mM. The hy-
drolysis of the substrate was evaluated by pH-sensitive
colorimetric assay,35 monitoring the decrease of the pH
indicator absorbance. The reactions were performed in
1 mM tricine buffer (pH 8.05) at 25 °C, 1.5% (v/v) DMSO,
using 0.2 mM purple cresol as the indicator. The decrease
in absorbance at 572 nmwasmeasured in amicrotiter plate
reader (VICTOR™3; PerkinElmer). The initial velocity
substrate concentration data were fit to the Lineaweaver–
Burk transformation of the Michaelis–Menten equation by
weighted linear least-squares analysis with a personal
computer and the GRAFIT program (version 3.0. Erithacus
SoftwareLtd, Staines, UK).
The study of theN-decanoyl-L-homocysteine thiolactone

inhibitory effect (Ki) was performed by evaluation of the
effects of 90 μM, 180 μM and 360 μM inhibitor on the
Michaelis-Menten C8HSL curves (as described above). The
data were used to create Lineweaver–Burk plots and the
slopes of the three lines were re-plotted against the concen-
tration of inhibitor to calculate Ki.

Protein Data Bank accession codes

The atomic coordinates and structural factors of the free
SsoPox and its complex with the N-decanoyl-L-homocys-
teine thiolactone have been deposited with the Protein Data
Bank with accession codes 2VC5 and 2VC7, respectively.
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