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ABSTRACT: Rapid evolution of enzymes provides unique molecular insights
into the remarkable adaptability of proteins and helps to elucidate the
relationship between amino acid sequence, structure, and function. We
interrogated the evolution of the phosphotriesterase from Pseudomonas
diminuta (PdPTE), which hydrolyzes synthetic organophosphates with
remarkable catalytic efficiency. PTE is thought to be an evolutionarily
“young” enzyme, and it has been postulated that it has evolved from members
of the phosphotriesterase-like lactonase (PLL) family that show promiscuous
organophosphate-degrading activity. Starting from a weakly promiscuous PLL
scaffold (Dr0930 from Deinococcus radiodurans), we designed an extremely
efficient organophosphate hydrolase (OPH) with broad substrate specificity
using rational and random mutagenesis in combination with in vitro activity
screening. The OPH activity for seven organophosphate substrates was
simultaneously enhanced by up to 5 orders of magnitude, achieving absolute
values of catalytic efficiencies up to 106 M−1 s−1. Structural and computational analyses identified the molecular basis for the
enhanced OPH activity of the engineered PLL variants and demonstrated that OPH catalysis in PdPTE and the engineered PLL
differ significantly in the mode of substrate binding.

■ INTRODUCTION

Organophosphate nerve agents are among the most toxic
compounds that have been chemically synthesized. These
compounds are lethal because they rapidly inactivate acetyl
cholinesterase, a key enzyme in the proper functioning of the
nervous system.1,2 Since the discovery of their biological
activity, organophosphates have been widely used as broad-
spectrum insecticides for agricultural and domestic applica-
tions3 and have been exploited as chemical warfare agents for
military use.4 Organophosphate-hydrolyzing enzymes have
been identified in Archaea, Bacteria, and Eukarya.5 These
metal-dependent organophosphate hydrolases (OPH) differ
widely in three-dimensional structure and catalytic mechanism.6

The phosphotriesterase (PTE) from Pseudomonas diminuta
(PdPTE) is the most active organophosphate-degrading
enzyme that has been functionally and structurally charac-
terized. The kinetic constants, kcat and kcat/KM, for the
hydrolysis of the insecticide paraoxon are 4.9 × 103 and 3.8
× 107 M−1 s−1, respectively, with an overall rate enhancement
of 1012, relative to the uncatalyzed rate at pH 7.7,8 The kcat/KM

value for the PdPTE-catalyzed hydrolysis of paraoxon
approaches the diffusion-controlled limit for an encounter
complex between enzyme and substrate.9

Phosphotriesterase-like lactonases (PLL) are the closest
known structural homologues to PdPTE, although the
sequence identity is only ∼30%. PdPTE and related PLL
enzymes share a similar (β/α)8-barrel structural fold and
possess a binuclear metal center within the active site. Major
structural differences are in the length and conformation of the
βα-loops (Supporting Information Figures S1 and S2). These
enzymes belong to the amidohydrolase superfamily (AHS) of
enzymes in cluster 1735 of orthologous groups (cog1735).10

The primary catalytic activity of PLL enzymes is the hydrolysis
of small molecular weight lactones, including homoserine
lactone. These proteins also possess very weak promiscuous
activity for the hydrolysis of organophosphates. The PLL from
Deinococcus radiodurans (DrPLL) has been structurally and
functionally characterized.11 DrPLL is a robust, thermostable
(TM = 88 °C), and highly soluble protein, exhibiting weak
promiscuous activity for the hydrolysis of methyl and ethyl
paraoxon.11,12 PdPTE is thought to have evolved relatively
recently to provide soil bacteria the ability to utilize
organophosphate compounds as energy and nutrient sour-
ces.13,14 The reactions catalyzed by PLL and PdPTE enzymes
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involve the nucleophilic attack of water (or hydroxide), but the
transition-state geometries for the two reactions are distinct
(Figure 1). PLL enzymes exhibit promiscuous organophospha-
tase activity, which may be due to the physical similarities
between the reactive intermediate for the native lactonase
reaction and the ground/intermediate state for the PTE
reaction.15

Here, we report the generation of an efficient and broad-
spectrum organophosphate hydrolase starting from the DrPLL
scaffold with a weakly promiscuous organophosphate-hydro-
lyzing activity. Using rational and random mutagenesis
approaches, in combination with in vitro screening, we have
enhanced the PTE activity for seven different organophosphate
substrates by up to 5 orders of magnitude, achieving absolute
values of catalytic activity of 106 M−1 s−1. These values
approach the rate constants for many natural enzymes.16

Structural and computational analyses identified the structural
basis for the enhanced PTE activity of the engineered DrPLL
variants, thus providing mechanistic insights into the evolu-
tionary pathway from PLL to PTE.

■ MATERIALS AND METHODS
Materials. Organophosphate compounds (OP 1−8, diisopropyl

methyl phosphonate and diethyl 4-methylbenzylphosphonate) were
supplied by Sigma-Aldrich, Alfa Aesar, or synthesized by modifications
of published procedures.17−19

Protein Expression and Purification. Genes encoding PdPTE
variants and DrPLL variants were subcloned into pET plasmids and
expressed in Escherichia coli BL21(DE3) and E. coli BL21(DE3)
Rosetta 2 cells (Merck), respectively. The recombinant proteins were
purified from the soluble cell extract by anion exchange chromatog-
raphy (and size exclusion chromatography) after an initial protamine
sulfate and ammonium sulfate purification step. Protein purity and
integrity was verified by SDS-PAGE. Protein concentrations were
determined spectrophotometrically using the calculated molar
extinction coefficient of 29910 M−1 cm−1 for wild-type DrPLL and
29 450 M−1 cm−1 for wild-type PdPTE. Further details of the methods
used are described in Supporting Information.
Enzyme Kinetics. The organophosphatase activity and δ-nonanoic

lactone hydrolytic activity of purified DrPLL variants and wild-type
PdPTE were determined at 30 °C using colorimetric assays. The PTE
activity for p-nitrophenol-substituted compounds was monitored by
following the release of p-nitrophenol at 400 nm (ε400 = 17 000 M−1

cm−1). Reactions were performed in 50 mM CHES, pH 9.0, 100 μM
CoCl2, and various concentrations of substrate. For compounds OP 4
and OP 5, the reaction assay was supplemented with 12% MeOH.
Hydrolysis reactions with OP 8 were performed in 50 mM HEPES,
pH 8.0, 0.3 mM DTNB, 100 μM CoCl2, 12% MeOH, and variable
concentrations of OP 8 (0−3.5 mM). The reaction was monitored at
412 nm (ε412 = 1.42 × 104 M−1 cm−1). The hydrolysis of δ-nonanoic
lactone was monitored using a pH-sensitive colorimetric assay.20 The

reactions were performed in 2.5 mM BICINE, pH 8.3, 0.1 mM CoCl2,
1.4% DMSO, 0.1 mM m-cresol purple, 0.2 M NaCl, and various
concentrations of substrate (0−2 mM). The change in absorbance at
577 nm was monitored. Initial rates were determined and fit to the
Michaelis−Menten equation v/Et = (kcat[S])/(KM + [S]) to obtain
values of kcat and KM. If applicable, the enzyme was diluted in buffer
supplemented with 1 mg/mL bovine serum albumin. Bovine serum
albumin has no influence on OPH activity.

Library Construction and Screening. The plasmid-encoded
error-prone library was generated on the DrPLL wild-type template as
previously described.21 The pTNA-drpll library contained 2.7 × 107

independent variants and resulted in approximately six nucleotide
exchanges per gene. For generating libraries of shuffled genes, selected
DrPLL variants were applied to the staggered extension process.22 The
assembly PCR reaction was further amplified by nested PCR, digested
with SphI and HindIII (New England Biolabs), and recloned into
pTNA vector for low constitutive expression. The targeted libraries
were constructed using synthetic oligonucleotides and overlap
extension PCR23 or QuikChange Mutagenesis.24 Further details of
the methods used are described in Supporting Information.

Randomly picked colonies from E. coli BL21-CodonPlus(DE3) cells
transformed with the libraries were individually grown in 96-well plates
overnight, in Super Broth media supplemented with 1 mM CoCl2.
Cells were lysed by incubation 1× BugBuster (Merck) in 50 mM
HEPES, pH 8.5, 100 μM CoCl2, and incubated for 30 min at room
temperature. The crude lysate was used to assay the PTE activity using
the racemic compounds in 50 mM CHES, pH 9.0, and p-nitrophenol
release was measured at 400 nm using an absorbance plate reader.

X-ray Structure Determination and Docking. Crystallization of
DrPLL.8, DrPLL.9, and DrPLL.10 variants is described in Supporting
Information. The X-ray structures of DrPLL variants were solved by
molecular replacement, using the published wild-type DrPLL structure
(PDB ID: 3FDK) as template. Data collection and refinement statistics
are shown in Table S5. OP 7 was docked into the active site of the
DrPLL.10 structure using the RosettaLigand program.25,26 Further
details of the methods used are described in Supporting Information.

Determination of Stereoselectivity. The stereoselectivity of the
DrPLL variants when reacting with chiral organophosphates was
determined with racemic compounds as substrates using the previously
reported stereoselectivity of wild-type PdPTE and two engineered
PdPTE mutants (PdPTE-G60A and PdPTE-H254G+H257W+L303T)
for 4-acetylphenol leaving group analogues of OP 1−5.17 Approx-
imately 50 μM organophosphate substrate was incubated with various
amounts of enzyme in 50 mM CHES, pH 9.0, 100 μM CoCl2 at 30 °C,
and the release of p-nitrophenol was monitored as a function of time
by measuring the absorbance at 400 nm. To identify the configuration
of the nonhydrolyzed isomer in solution after the reaction approached
an end point at approximately half amplitude, wild-type PdPTE or
engineered PdPTE variants were added to the reaction mixture,
inducing the (exclusive) hydrolysis of the residual SP enantiomer. The
change of absorbance over time was exponential. Depending on the
compound and enzyme variant used, one or two phases were observed
and fit to a single exponential (A(t) = y0 + a(1 − e−k1t)) or double
exponential fit (A(t) = y0 + a(1 − e−k1t) + b(1 − e−k2t)). As the

Figure 1. Reaction schemes for the hydrolysis of lactones and organophosphate triesters. (a) Hydrolysis of δ-nonanoic lactone to 5-hydroxy
nonanoic acid via a tetrahedral transition state. (b) Hydrolysis of paraoxon to diethyl phosphate via a trigonal bipyramidal transition state.
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substrate concentration was kept below the KM value, the time course
follows pseudo-first-order kinetics, and the associated rate constants
are directly proportional to the amount of enzyme added.27,28 The
catalytic efficiency, kcat/KM, was estimated from the exponential
components according to kcat/KM = kx/[E].

■ RESULTS
DrPLL and PdPTE Are Mutually Promiscuous. Wild-

type DrPLL and PdPTE were analyzed for their ability to
hydrolyze lactones and organophosphates. Catalytic activity of
DrPLL was assayed with a broad set of organophosphates (OP
1−7; Chart 1), and low promiscuous activity was found for the

hydrolysis of methylphosphonates (OP 1−5) and phospho-
triesters (OP 6−7). The values of kcat/Km are 4−7 orders of
magnitude lower when compared with the kcat/Km values of
PdPTE with the same set of compounds (Table 1). Conversely,
the lactonase activity of wild-type PdPTE for the hydrolysis of
δ-nonanoic lactone (kcat/Km = 68 M−1 s−1) is 5 orders of
magnitude lower than the catalytic efficiency of DrPLL with
this substrate (kcat/Km = 7.9 × 106 M−1 s−1) (Table S1). With
regards to their respective promiscuous substrates, both
enzymes exhibit very low kcat/Km values. Since wild-type
DrPLL exhibits measurable, but weak, activity for a broad
spectrum of organophosphates, this protein scaffold was
selected as a suitable starting point for the evolution of an
effective organophosphate degrading enzyme.
Evolution of DrPLL for Broad-Spectrum Organo-

phosphate Hydrolysis. To obtain insight into the structural
requirements for the acquisition of enhanced organophospha-
tase activity from wild-type DrPLL, an interative mutagenic

protocol was devised. In this strategy, rational protein design
and random mutagenesis methodologies were combined with
an efficient in vitro screening to identify highly efficient
hydrolase variants with enhanced degradation capacity toward
OP 1−7 (Chart 1). An overview of mutagenic methods and
identified mutations is given in Figure 2. Initially, random
mutations were introduced into wild-type DrPLL using error-
prone PCR, and the protein library was subsequently screened
for catalytic activity with paraoxon (OP 7). Improved catalytic
activity was identified with mutations at several residue
positions including Tyr-28, Asp-71, Glu-179, Val-235, Leu-
270, and Pro-274 (Figure 2). The most proficient variant
isolated at this stage, DrPLL.1 (D71N/E179D/L270M),
exhibited a 25-fold increase in catalytic efficiency (kcat/Km of
7.2 × 102 M−1 s−1) relative to wild-type DrPLL for the
hydrolysis of paraoxon. Although the library was not screened
for catalytic activity toward methyl paraoxon (OP 6) and the
five methyl phosphonates (OP 1−5), the epPCR variant
showed increased catalytic activity with most of these
compounds. The highest catalytic efficiency was obtained
with OP 2 (1.4 × 103 M−1 s−1), displaying an increase in
catalytic activity of more than 2 orders of magnitude, relative to
wild-type DrPLL. The kinetic constants for the hydrolysis of
OP 1 through OP 7 by DrPLL.1 are presented in Tables 1 and
2.
The genes encoding the four best variants, DrPLL.1,

DrPLL.2 (A3T/G38R/T105S/P274L), DrPLL.3 (V35E/A103
V), and DrPLL.4 (R272C) for the hydrolysis of paraoxon were
recombined in vitro with wild-type DrPLL and another variant
(F26G/C72I)11 using the staggered extension process
(StEP).22 The library was screened for hydrolytic activity
with paraoxon, and a beneficial glycine residue was identified in
place of Glu-101. However, substantial increases in the
hydrolysis of paraoxon were not obtained for the variants
isolated from the StEP approach. The mutations E101G and
V235L have previously been described by Hawwa et al. as
organophosphate-degrading activity-enhancing mutations.12

The fact that these residue positions have now been identified
in two independent screens emphasizes the importance of these
particular sites. The two beneficial exchanges (V235L and
E101G) were subsequently combined with mutations in the
DrPLL.1 template yielding the variant DrPLL.7 (D71N/
E101G/E179D/V235L/L270M) (Figure 2). The catalytic
efficiencies for the hydrolysis of methyl paraoxon and paraoxon
improved 4−5-fold, while the catalytic parameters for OP 1−5
remained essentially unchanged (Tables 1 and 2).
Since our aim was to achieve a simultaneous increase in the

catalytic efficiencies toward all organophosphate substrates,
smaller and more focused libraries were generated and screened
with OP 1−7 simultaneously, while concurrently reducing the
substrate concentrations gradually to obtain improvements in

Chart 1. Structures of Compounds Tested as Substrates for
Evolved DrPLL

Table 1. Catalytic Efficiencies (kcat/KM [M−1 s−1]) for DrPLL, Selected Mutants, and PdPTE at pH 9.0

OP DrPLL DrPLL.1 DrPLL.7 DrPLL.8 DrPLL.9 DrPLL.10 PdPTE

1 6.1 × 102 5.0 × 102 6.7 × 102 7.9 × 103 2.2 × 104 2.5 × 105 1.3 × 107

2 9.8 × 100 1.4 × 103 1.1 × 103 6.2 × 103 4.3 × 104 3.6 × 105 1.0 × 107

3 5.1 × 100 1.0 × 103 1.2 × 103 6.2 × 103 4.0 × 104 3.5 × 105 8.5 × 106

4 6.8 × 100 3.7 × 102 2.4 × 102 8.1 × 102 3.5 × 103 9.2 × 103 1.2 × 104

5 2.1 × 100 4.4 × 102 2.4 × 102 1.2 × 103 6.0 × 103 3.5 × 104 6.6 × 105

6 2.0 × 102 6.6 × 101 2.8 × 102 1.6 × 103 8.0 × 103 3.4 × 104 2.4 × 107

7 2.9 × 101 7.2 × 102 3.6 × 103 7.6 × 103 1.6 × 104 2.0 × 104 1.2 × 108
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kcat/Km.
29 Successive saturation mutagenesis at residue

positions Tyr-28 (identified in DrPLL.6) and Tyr-97 led to
the identification of variants DrPLL.8 (DrPLL.7 + Y28L) and
DrPLL.9 (DrPLL.8 + Y97F). In all of these mutants, the kinetic
constants improved significantly for OP 1−7 (Tables 1 and 2).
The most active mutant, DrPLL.9, reached a catalytic efficiency
of 4.3 × 104 M−1 s−1 for the hydrolysis of OP 2. The highest
fold improvements, relative to wild-type DrPLL, were obtained
with OP 2 (4.4 × 103) and OP 3 (7.8 × 103). Combinatorial
mutagenesis was subsequently conducted with other mutational
sites (G38R, T105S, P274L, and R272C) that were identified in
earlier epPCR experiments (variants DrPLL.2 and DrPLL.4). A
total of 15 combinatorial mutants were constructed and
screened for the hydrolysis of OP 1−7. These experiments
resulted in the identification of DrPLL.10 (DrPLL.9 − L270 M
+ P274L; Figure 2). This mutant contains seven amino acid
exchanges, relative to the wild-type enzyme, and is able to
catalyze the hydrolysis of selected organophosphates up to 5
orders of magnitude faster relative to wild-type DrPLL (Figure
3). The best substrate (OP 2) is hydrolyzed with a kcat/KM of
3.6 × 105 M−1 s−1 (Table 1).
Native Activity and Stereoselectivity. The engineered

DrPLL variants were characterized for their residual native

lactonase activities and stereoselective hydrolysis of chiral
organophosphate substrates. While organophosphatase activity
increased substantially, there was a trade-off for the hydrolysis
of the native δ-nonanoic lactone substrate (Table S1).
DrPLL.10 has a value of kcat/KM for the hydrolysis of δ-
nonanoic lactone of 2.8 × 103 M−1 s−1, which corresponds to a
decrease in catalytic activity of 2800-fold, while the catalytic
efficiencies for the hydrolysis of organophosphates increased up
to 6.9 × 104-fold (Table 1).
The DrPLL mutants were initially screened with racemic

mixtures of chiral organophosphates (OP 1−5) that are
chromophoric analogues of the nerve agents VX, GB, VR,
GD, and GF, respectively. To assess the stereoselectivity of
these enzymes, the enantiomeric preferences of wild-type
DrPLL and DrPLL.10 were determined with the methyl-
phosphonate substrates by measuring the complete time
courses for the hydrolysis of the racemic compounds at high
and low enzyme concentrations (Figure S3). Wild-type DrPLL
and DrPLL.10 preferentially hydrolyze the less toxic RP
enantiomers of OP 1−5 (Table S2). This equals the
stereoselectivity of wild-type PdPTE.17 Remarkably, evolution
of faster hydrolysis rates for the chromophoric analogues of the
G- and V-type nerve agents was accompanied by an

Figure 2. Overview of the experimental strategy. The boxes illustrate the engineered DrPLL variants. Amino acid exchanges in red are mutations that
were newly identified in the individual steps. The applied mutagenesis technique is stated above the arrow. EpPCR yielded 12 beneficial variants, the
six most important are shown. These variants contain an additional T2Q exchange, which is thought to have no effect on OPH activity. DrPLL.1−
DrPLL.4, DrPLL-F26G-C72I,11 and wild-type DrPLL were recombined by StEP. The StEP technique identified the mutation E101G. Positions Y28
and F97 were randomized by site-saturation mutagenesis. Bona fide beneficial exchanges of variants DrPLL.2 and DrPLL.4 were added in various
combinations to template DrPLL.9. The best variant was DrPLL.10.

Table 2. Turnover Numbers (kcat [s
−1]) for DrPLL, Selected Mutants, and PdPTE at pH 9.0

OP DrPLL DrPLL.1 DrPLL.7 DrPLL.8 DrPLL.9 DrPLL.10 PdPTE

1 3.0 × 10−1 3.1 × 100 9.6 × 103

2 2.4 × 100 3.6 × 100 3.1 × 100 2.2 × 101 6.8 × 101 4.3 × 103

3 2.6 × 10−2 3.6 × 100 3.0 × 100 2.6 × 100 1.9 × 101 1.3 × 102 3.4 × 103

4 1.2 × 10−2 2.1 × 100 1.2 × 100 7.5 × 100 9.4 × 100 8.8 × 101

5 1.4 × 100 1.3 × 101 4.0 × 101 1.5 × 103

6 5.0 × 10−2 7.5 × 10−1 4.4 × 100 2.3 × 100 8.0 × 100 4.2 × 101 2.6 × 104

7 5.7 × 10−2 4.7 × 100 5.4 × 100 2.9 × 100 1.3 × 101 1.1 × 101 1.7 × 104
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enhancement in the overall stereoselectivity except for OP 1
(Table S3). The highest enantiomeric preference was observed
with OP 2. The highest values of kcat/Km (1.1 × 106 M−1 s−1)
for any substrate were obtained with the RP enantiomers of OP
1 and OP 3 (Table S2).
Wild-type DrPLL and selected mutant enzymes were tested

for their ability to hydrolyze P−S bonds using a phospho-
thioester analogue of the nerve agent VX (OP 8). However, the
rate constants for the hydrolysis for this compound by the
various mutants were very low (kcat/Km = ∼1 M−1 s−1), and
there was no significant improvement in the rate of hydrolysis
with respect to wild-type DrPLL (Table S4).
Crystal Structures of Selected DrPLL Mutants. The

crystal structures of DrPLL.8 (PDB ID: 4J5N), DrPLL.9 (PDB
ID: 4J2M), and DrPLL.10 (PDB ID: 4J35) were determined to
resolutions of 1.78−2.05 Å (Table S5). A structural super-
position of wild-type DrPLL and DrPLL.10 is presented in
Figure 4a. The two metal binding sites and the metal-
coordinating residues (His-21, His-23, carboxylated Lys-143,
His-176, His-204, and Asp264) were retained in the mutated
proteins. The side chain of the active site residue Arg-228
adopts an alternate conformation relative to wild-type DrPLL
(Figure 4b). Except for Trp-269 (βα-loop 8) and Met-234 (βα-
loop 7), all invariable residues in the substrate binding pocket
of DrPLL.10 align well with the residues in wild-type DrPLL.
The structural changes around the mutated positions are
illustrated in Figure S4 for DrPLL.10. The βα-loop 1 contains
the mutation Y28L. The introduction of the smaller, hydro-
phobic amino acid increases the size of the active site, providing

more space for the accommodation of the larger organo-
phosphate substrates. The βα-loop 3, composed of residues
Phe-96 to Glu-117, was displaced by up to 3 Å at residue
positions Ala-99 to Ala-103, due to the elimination of a
hydrogen bond between the side chain of Asp-71 (βα-loop 2)
and the backbone nitrogen of Ala-103. The E101G mutation,
like Y28L, enlarges the substrate binding pocket. The side chain
of Phe-97, present in DrPLL.9 and DrPLL.10, overlaps in the
case of DrPLL.10 the side chain of Tyr-97 in the wild-type
enzyme.
The E179D mutation in βα-loop 5 adopts an alternate

conformation within the engineered variants. In DrPLL.10,
residue Asp-179 does not form a hydrogen bond to the
neighboring Arg-148 in βα-loop 4, resulting in more flexibility.
The βα-loop 7 is composed of residues Arg-228 to Thr-239.
This loop is in a similar conformation as an alternate DrPLL
wild-type structure (PDB ID: 2ZC1), providing no obvious
explanation for the considerable increase in activity caused by
the V235L mutation. The mutation L270 M (βα-loop 8),
present in DrPLL.8 and DrPLL.9, is found in a location remote
from the active site. The P274L mutation, present only in
DrPLL.10, causes a shift of the backbone by 1.7 Å (Figure S4b).
Computational Docking. Attempts to obtain complexed

structures of the DrPLL variants by cocrystallization with
substrate and product analogues or soaking of preformed
crystals failed. Therefore, the substrate OP 7 was computa-
tionally docked using the RosettaLigand program25 into the
active site of DrPLL.10 to assess the conformational and spatial
orientation of the bound substrate. This docking program has

Figure 3. Comparison of the catalytic parameters of DrPLL.1, DrPLL.7, DrPLL.8, and DrPLL.10 with those of wild-type DrPLL. The improvements
of the four mutant enzymes in the values of kcat/KM relative to those of wild-type DrPLL for compounds OP 1 through OP 7 (from the values in
Table 1) are presented.
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been successfully applied in the docking of organophosphates
and lactones in adenosine deaminase and paraoxonase 1
(PON1).26,30 Initially, retrospective docking with wild-type
PdPTE using diisopropyl methyl phosphonate (DIMP) and OP
7 was performed, yielding docking poses that were essentially
identical to poses observed by crystallization (Figure S5).31 OP
7 was subsequently docked into the active site of DrPLL.10.
When no external constraints were set, the phosphoryl oxygen
of OP 7 hydrogen bonded to the side chain of Arg-228,
indicating a potential electrostatic interaction of the guanidine
group to the substrate (Figure S6). Since the inhibitor
complexes of PTE always show an electrostatic interaction
between Mβ and the phosphoryl oxygen of the inhibitor,
molecular constraints as derived from DIMP-complexed
PdPTE structure (PDB ID: 1EZ2) were subsequently set to
enforce a metal-complexed interaction. The phosphoryl oxygen
of the ligand was restricted to reside within 2.5 ± 0.4 Å to Mβ,
and the angle between Mβ and the phosphoryl oxygen (OP)
was set to 140 ± 30°.
The 20 top-scoring docking poses were analyzed and yielded

two clusters of poses (Figure 5). In the highest-scoring and
most frequently occupied pose, the p-nitrophenyl ring is
oriented toward βα-loop 3. This is equivalent to the leaving
group subsite in PdPTE.31,32 The two O-ethyl substituents fit
within the large pocket generated by βα-loops 7 and 8 in

DrPLL.10. In the second pose, the p-nitrophenyl moiety and
one O-ethyl substituent fit within the large pocket; the second
O-ethyl substituent is oriented toward βα-loop 3. The
orientation of representative docking poses for paraoxon in
the substrate binding pocket of DrPLL.10 are shown in Figure
5. To compare the conformational and spatial orientation of
paraoxon in DrPLL.10 and PdPTE, one of the best top-scoring
paraoxon-docking poses for DrPLL.10 was superimposed with
the paraoxon-docking pose for PdPTE (Figure S7). Docking of
paraoxon yielded similar binding modes in DrPLL.10 and
PdPTE with respect to the orientation of the p-nitrophenyl
ring. However, the orientation of the O-ethyl substituents
differs. The O-ethyl substituents cannot be accommodated in
the same orientation as in PdPTE due to a steric clash of one
O-ethyl substituent with Phe-26 (βα-loop 1); therefore, Phe-26
appears to be important for substrate positioning. Site-

Figure 4. Structural superposition of DrPLL.10 (PDB ID: 4J35) and
DrPLL (PDB ID: 3FDK). (a) Cα atoms of DrPLL.10 and wild-type
DrPLL superimpose with an rmsd of 0.42 Å. The seven mutations are
indicated (blue sticks, wild-type DrPLL residues; red sticks, DrPLL.10
residues). The largest backbone differences are observed in βα-loops 3
(mutations Y97F and E101G) and 8 (mutation P274L). Some
variation can also be seen in βα-loop 7 (mutation V235L). (b) Active
site superposition of wild-type DrPLL (depicted in gray) and
DrPLL.10 (depicted in blue). The metal-coordinating histidine and
aspartate residues maintain their wild-type conformation. The active
site residue R228 adopts an alternate conformation.

Figure 5. Docking poses of paraoxon (OP 7) in the crystal structure of
DrPLL.10, obtained with the RosettaLigand program using distance
and angle constraints. (a) Active site and substrate binding pocket of
DrPLL.10. One representative of each cluster of docking poses of OP
7 is shown in green and purple, respectively. The docking pose
depicted in green belongs to the group of highest-scoring and most
frequently occupied cluster of docking poses; the docking pose in
purple belongs to the second cluster of docking poses. The variation
within each cluster of docking poses is indicated in the insets. Docking
poses for the first cluster are illustrated in green and cyan; the second
cluster of docking poses is depicted in purple and light pink. Residue
side chains of Arg-228 and Leu-274 adopt a different conformation in
the docked structure compared to the conformation obtained by
crystallization. The Arg-228 side chain is shifted in order to
accommodate the ligand (only one Arg-228 side chain conformation
is shown). (b) Active site and substrate binding pocket of DrPLL.10 in
surface representation.
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saturation experiments confirmed a strong deleterious effect on
organophosphatase activity when Phe-26 is substituted by any
other residue. The equivalent residue in PdPTE (G60) is crucial
for PdPTE activity.32

■ DISCUSSION
The results presented here dramatically demonstrate that
controlled laboratory evolution can establish high organo-
phosphatase activity on the DrPLL scaffold. Together with a
recent reverse functional transition experiment, where homo-
serine lactonase activity was established within the PdPTE
scaffold,33 our results provide the first strong evidence for the
evolution of PTE activity from members of the PLL family
(Figure 6). A total of only three mutations was sufficient to

substantially alter the substrate specificity of DrPLL (DrPLL.1
(D71N/E179D/L270M)). An extremely efficient PTE was
created starting from a protein scaffold with barely detectable
ability to hydrolyze organophosphates.
In the reverse functional transition experiment, the mutation

of H254R in PTE proved to be the key for the switch in activity
from a phosphotriesterase to a lactonase33/esterase.34 In our
reconstruction of the active site of DrPLL, Arg-228 is essential
for the acquisition of organophosphatase activity. Mutation of
this arginine residue to another polar amino acid, including
histidine, leads to a dramatic loss in organophosphatase activity.
Overall, our reconstruction of the active site within DrPLL did
not yield variants that simply rebuilt the PdPTE active site
structure evolved by natural evolution.
The overall increase in catalytic activity for the variants

constructed for this investigation is attributed to a slight
decrease in the KM value for organophosphate substrates
coupled with a substantial increase in kcat. The catalytic
efficiency for the hydrolysis of organophosphates by DrPLL
variants has been improved up to 6.9 × 104-fold. The kcat/KM
values for the hydrolysis of methyl phosphonates OP 1 to OP 3
are particularly high and achieve absolute values of up to 3.6 ×
105 M−1 s−1. The catalytic efficiencies with the bulkier
substituents (OP 4 and OP 5), and the phosphotriesters
(OP 6 and OP 7) are lower by approximately 1 order of
magnitude. DrPLL.10 exhibits a value of kcat/KM of 104 M−1 s−1

for the hydrolysis of OP 4, which is identical to the catalytic
efficiency of wild-type PdPTE for this substrate (kcat/KM ∼ 104

M−1 s−1). Therefore, the results presented here underline the

catalytic versatility of the ubiquitous (βα)8-barrel structural
fold.35 While work on these and related systems has been
performed,12,15,36−38 no comparable improvements in catalytic
efficiencies for seven substrates simultaneously within a single
structural template have been described.
Recently, Zhang et al. utilized site-saturation mutagenesis and

whole-gene error-prone PCR approaches to enhance the
phosphotriesterase activity of a thermostable lactonase from
Geobacillus kaustophilus HTA426 (GkaP).39 The wild-type
GkaP enzyme (gi|56420041) is 60% identical in amino acid
sequence to DrPLL. The best mutant of GkaP (F28I/
Y99L/T171S/F228L/N269S/V270G/W271C/G273D) in-
creased the value of kcat/Km for the hydrolysis of paraoxon
(OP 7) by a factor of 230. Of the beneficial residue positions
identified in GkaP, only Tyr-99 directly overlaps with the set of
mutations identified in the best variant identified in this study,
DrPLL.10 (see Figure S1). In DrPLL.10, Tyr-97 was changed
to a phenylalanine, and in the GkaP mutant, the equivalent
residue (Tyr-99) was changed to a leucine.
Despite the trade-off in wild-type lactonase activity, the

engineered DrPLL.10 mutant is a truly bifunctional enzyme,
exhibiting broad substrate specificity for the hydrolysis of
lactones and organophosphate substrates (Figure 6). Protein
designs with both weak and strong trade-offs between
engineered promiscuous and original catalytic activities have
been reported.21,33,34,40−42 However, the conservation of the
native lactonase function was not a constraint of the screen,
which only searched for improved organophosphatase activity.
Most likely, the structural flexibility of the βα-loops and the
conservation of most residues important for positioning of the
native substrate (Arg-228, Asp-264, Phe-26, Leu-231, Val-235,
and Trp-287) allowed for the retention of the native lactonase
function. However, the deletion of a crucial electrostatic
interaction in the mutation of Tyr-97 to phenylalanine and an
overall enlargement of the active site led to reduced catalytic
efficiencies for the hydrolysis of lactones relative to the wild-
type enzyme. In wild-type DrPLL, Tyr-97 coordinates Mβ and
this charge transfer interaction gives the protein a purple color.
Overall, our results demonstrate quite clearly that the creation
of an evolved active site within a lactonase template can be
conducted with high efficiency and a relatively small number of
amino acid changes. Altogether, the concerted efforts of
directed evolution, structural biology, and computational
docking enabled the design of a tailored and highly efficient
enzyme.
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