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Abstract: Diisopropyl fluorophosphatase (DFPase) from Loligo vulgaris is an efficient and robust biocatalyst
for the hydrolysis of a range of highly toxic organophosphorus compounds including the nerve agents
sarin, soman, and cyclosarin. In contrast to the substrate diisopropyl fluorophosphate (DFP) the nerve
agents possess an asymmetric phosphorus atom, which leads to pairs of enantiomers that display markedly
different toxicities. Wild-type DFPase prefers the less toxic stereoisomers of the substrates which leads to
slower detoxification despite rapid hydrolysis. Enzyme engineering efforts based on rational design yielded
two quadruple enzyme mutants with reversed enantioselectivity and overall enhanced activity against tested
nerve agents. The reversed stereochemical preference is explained through modeling studies and the crystal
structures of the two mutants. Using the engineered mutants in combination with wild-type DFPase leads to
significantly enhanced activity and detoxification, which is especially important for personal decontamination.
Our findings may also be of relevance for the structurally related enzyme human paraoxonase (PON), which is
of considerable interest as a potential catalytic in vivo scavenger in case of organophosphorus poisoning.

Introduction

Enzyme engineering, through methods such as site-directed,
site-saturation mutagenesis, and directed evolution are common
ways of improving upon and augmenting an enzyme’s activity.1-3

Engineering stereoselectivity into an enzyme has potential
applications in enzyme-assisted chemical synthesis and creation
of novel unnatural compounds and drug leads. The enzyme
diisopropyl fluorophosphatase (DFPase, EC 3.1.8.2) from the
squid Loligo Vulgaris is a potent and well characterized
phosphotriesterase capable of hydrolyzing a variety of organo-
phosphorus compounds that act as irreversible inhibitors of
acetylcholinesterase (AChE). Substrates include diisopropyl
fluorophosphate (DFP) and a range of highly toxic G-type
organophosphorus (OP) nerve agents such as sarin (GB), soman
(GD), and cyclosarin (GF) that still pose a credible threat to
military personnel as well as civilian populations (Scheme 1).4-7

While DFP is achiral, the nerve agents possess a stereocenter
at the phosphorus atom and exist as pairs of enantiomers (four
stereoisomers for GD due to an additional stereocenter in the
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Scheme 1. Structures of DFP and Organophosphorus Nerve
Agents and Hydrolysis of DFP Catalyzed by DFPase with
Reaction Productsa

a (a) Structures of DFP and organophosphorus nerve agents, which are
substrates of DFPase. Asterisks indicate stereocenters. (b) Hydrolysis of
DFP catalyzed by DFPase with reaction products.
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pinacolyl side chain). These optical isomers also exhibit different
inhibitory potencies toward acetylcholinesterase (AChE) and
therefore different toxicities8 and can racemize in aqueous
solution9 in a fluoride catalyzed process.

Earlier work revealed that wild-type (WT) DFPase shows a
stereochemical preference for the less toxic enantiomers of
G-type nerve agents.10 While this is not a large concern for the
decontamination of equipment as long as full detoxification is
achieved within a certain time, it is a problem for applications
requiring a rapid decrease in toxicity, such as topical applications
or in ViVo use. At the same time a very high enantioselectivity
of the enzyme, as normally required for enzymes used in organic
synthesis,11,12 is also not desirable as complete hydrolysis of
the agent is still required. Therefore, the goal is an enzyme
mutant with enhanced total activity, that displays enantioselec-
tivity for the more toxic stereoisomer leading to a rapid decrease
in toxicity while still turning over the less toxic stereoisomer
rapidly enough to ensure complete hydrolysis.

The currently proposed mechanism for DFPase assumes that
the incoming substrate replaces a water molecule in the
coordination sphere of the active site calcium ion binding via
its phosphoryl group and is activated for nucleophilic attack by
the free oxygen atom of calcium-coordinating amino acid residue
D229. This results in the formation of a phosphoenzyme
intermediate, which is subsequently hydrolyzed to form a
phosphonic or phosphoric acid as the reaction product.5 This
mechanism has been supported by the results obtained with OP-
compounds with fluorogenic leaving groups as substrates6 and
by the solvent orientation and protonation states found in a
recent neutron diffraction study.7 The phosphotriesterase activity
of paraoxonase 1 (PON1) might follow the same mechanism,5,6

a claim that has been supported by a recent in silico study.13

Like DFPase, PON1 preferably hydrolyzes the less toxic nerve
agent stereoisomers.14-16 In order to find PON1 mutants with
reversed or broader stereoselectivity, directed evolution was used
employing nerve agent derivatives with fluorogenic leaving
groups.17,18

Realizing the complications arising from the different size
and chemical behavior of chromogenic or fluorogenic leaving
groups compared to the small fluoride leaving group found in
the original substrates, our approach focused on the original
substrates accepting that a high-throughput assay would not be

available for the screening of large mutant libraries and that
further restrictions would arise due to the high toxicity of the
substrates. With an atomic resolution X-ray19 and a neutron7

structure of DFPase available, combined with knowledge about
the phosphotriesterase mechanism,5 we aimed to create im-
proved mutants using rational design. Furthermore, the high
stability of the enzyme and the rigidity of the active site pocket
make DFPase an attractive candidate for these re-engineering
studies. In this work we report the creation of DFPase mutants
with reversed stereoselectivity and enhanced activity against a
range of nerve agent substrates by rational design and explain
the changed stereochemical preference by structural analysis
and computer modeling.

Materials and Methods

Substrates. Chemical warfare agents were made available by
the German Ministry of Defense and handled in accordance with
the Chemical Weapons Convention. DFP was obtained from Fluka.
Organophosphorus compounds were used as approximately 2% (v/
v) stock solutions in dry acetonitrile.

Expression and Purification of DFPase. Wild-type DFPase and
mutants were expressed in E. coli BL21 cells and purified according
to the method of Hartleib and Rüterjans.20 Mutants were generated
by site-directed mutagenesis. Detailed procedures are described in
the Supporting Information.

Crystallization and Structure Determination. Crystals of
DFPase mutants were grown at room temperature (RT) by vapor
diffusion using the hanging drop method. A 2 µL portion of 1 mM
protein solution (ca. 35 mg/mL) was mixed with well solution
containing 0.1 M Tris buffer pH 8.5, 2% tacsimate, 16% PEG 3350
for mutant E37A/Y144A/R146A/T195M (Mut1), or 0.2 M KCl,
0.05 M HEPES buffer pH 7.5, 35% pentaerythriol propoxylate (5/4
PO/OH) for mutant E37D/Y144A/R16A/T195M (Mut2). Crystals
grew over a period of 2-4 weeks and were transferred to
cryoprotectant containing mother liquor with 20% glycerol and
flash-frozen in liquid nitrogen prior to data acquisition.

Data was collected at 100 K at ESRF beamlines ID14-1 (Mut1)
and BM16 (Mut2). Data were integrated, reduced, and scaled with
MOSFLM/SCALA (Mut1) and HKL2000 (Mut2).21,22 Molecular
replacement was done using the RT WT structure of DFPase (PDB:
2GVW) excluding the waters and the two calcium ions, with
alanines in place of the mutated residues. For Mut2, rotation and
translation searches were performed in MOLREP,23 yielding an
unambiguous set of solutions corresponding to the four molecules
in the asymmetric unit. Mut1 maps were calculated using difference
Fourier maps, clearly showing the amino acid differences at residue
37 between Mut1 and Mut2. Manual building in Coot24 was
followed by rounds of positional, individual B-factor, and simulated
annealing refinement in CNS 1.225 to yield the final refined
structures.

Kinetic Measurements. Specific enzymatic activities and kinetic
parameters were recorded using Fourier transform infrared (FTIR)
spectroscopy according to the method of Gäb et al.26 To discrimi-
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(26) Gäb, J.; Melzer, M.; Kehe, K.; Richardt, A.; Blum, M. M. Anal.
Biochem. 2009, 385, 187–193.

J. AM. CHEM. SOC. 9 VOL. 131, NO. 47, 2009 17227

Enantioselectivity of DFPase against OP Nerve Agents A R T I C L E S



nate the hydrolysis rates for the different stereoisomers of the chiral
substrates we used a combination of two methods. The overall
(racemic) hydrolysis rate was measured titrimetrically using a pH-
Stat method27 while the hydrolysis of the toxic stereoisomer was
determined by the inhibitory potency of the reaction solution against
AChE. Human hemoglobin-free erythrocyte ghosts were used as
the AChE source.28 Samples were taken at intervals, and the
reaction was quenched in formate buffer (pH 3.5). The inhibitory
potency and therefore the concentration of the toxic stereoisomer
were determined by a modified Ellman assay using acteylthiocholine
and DTNB.29-31 Concentrations were calculated using the method
of Hart and O’Brien.32 Detailed procedures are described in the
Supporting Information.

kcat/KM values for the enantiomers of GB and GF were
determined by modifying a mathematical procedure described
by Yeung et al.15 for analyzing kinetic data for the four
stereoisomers of GD. In the presence of a racemic mixture of
GB or GF, the catalyzed reaction is analogous to simultaneously
deriving the kinetic constants for the hydrolysis of two competi-
tive substrates. Instead of fitting the individual values of kcat

and KM for the two enantiomers (four variables), only kcat/KM

values (two variables) were used for the fitting procedure, which
was carried out using the software MATHEMATICA. This was
due to the fact that all reactions with GB and GF were carried
out at nonsaturating conditions.

Chiral GC/MS. The GC/MS method for the separation of
cyclosarin enantiomers was based on the original method of Reiter
et al.33 with some modifications. The GC/MS system consisted of
a 6890N gas chromatograph connected to a 5973 Network MS (both
Agilent Technologies) equipped with a cold injection system (CIS).
According to the original method the CIS was operated in the
solvent vent mode at 50 °C for 1.8 min with the split exit open.
After this initialization, the split exit was closed and the temperature
was raised to 260 °C using the maximal heating rate. After the
temperature was reached, the split exit was opened again and the
liner was purged for 3 min with carrier gas (purified helium passed
over moisture, oxygen, and two active charcoal filters) with a flow
rate of 1.3 mL/min. The oven program was initiated at 50 °C
holding the temperature for 2 min. The temperature was then raised
to 105 °C with a rate of 40 °C/min (no hold), then further to 130
°C at a rate of 3 °C/min (no hold), and finally to 170 °C at a rate
of 40 °C/min (no hold). The MS was operated in the selected ion-
monitoring mode (SIM) with a dwell-time of 100 ms for m/z 99.
The enantiomers of cyclosarin were separated using a chiral
GAMMADEX 225 column (Supelco, 30 m length, 0.25 i.d., 25
µm film-thickness). Sample preparation was carried out using solid
phase extraction (SPE). Cyclohexyl columns (Isolute) were con-
ditioned using 1 mL methanol followed by 1 mL water and loaded
with 10 µL of sample solution afterward. After being washed with
water (3 × 1 mL) cyclosarin was eluted with 1 mL of isopropanol
and diluted 10-fold using the same solvent in an autosampler vial
for GC/MS determination.

Docking. Docking experiments were carried out using Auto-
Dock434 in combination with the AutoDock-Tools35 GUI. A
gridbox (50 × 50 × 50 points with a grid spacing of 0.375 Å) was
placed over the binding site of the protein and centered slightly

above the catalytic calcium ion. The Lamarckian genetic algorithm
with a maximum of 20 million energy evaluations in combination
with a local search algorithm was used for each of the 100 individual
docking runs. All other parameters were left to the preset values in
AutoDock-Tools. Low energy conformers of the ligands were
obtained with the CORINA program.36

Modeling. Models of the phosphoenzyme intermediate were
generated by hand using Coot24 and subjected to thorough energy
minimization using both the steepest descent and conjugate gradient
algorithm as implemented in the GROMACS37,38 simulation
software. Modifications of the GROMOS96 43a1 force field39 for
the phosphorlyated aspartate residues were carried out on the basis
of the results of the PRODRG40 server for these modified amino
acids.

Results

Stereochemical Preference of WT DFPase. In a first step the
stereochemical preference of wild-type (WT) DFPase for the
substrates sarin (GB), soman (GD), and cyclosarin (GF) was
determined using a biological assay based on the inhibition of
human acetylcholinesterase (AChE). The enzyme concentration
was maintained at a dilute 20-30 nM depending on the substrate
and enzyme mutant to ensure accurate sampling. For GF, 50%
of the agent is hydrolyzed after 300 s, but virtually no
detoxification has occurred. Only after 7500 s is complete
degradation observed (Figure 1a). It was recently shown that
the two enantiomers of GF possess markedly differing toxici-
ties.41 In the first phase of the reaction only the less toxic
enantiomer is hydrolyzed while a substantial decrease in toxicity
is only detected after prolonged reaction times. The same
behavior is seen for GD while for GB there is no clear
stereochemical preference. The results are in agreement with
qualitative observations made by Schulz and co-workers.10 It
was shown previously that the more toxic stereoisomers of GB
and GD are those with S configuration at the phosphorus atom
(SP).8,42 On the basis of the structural determinants of the AChE
active site,43,44 it can be assumed that this is also true for GF.

In a second step all stereoisomers of GB, GD, and GF were
docked into the active site of WT DFPase. The binding mode
of the substrate in the active site has to fulfill two criteria to
adopt a productive arrangement for reaction. First, the phos-
phoryl oxygen has to coordinate to the catalytic calcium ion
for substrate activation. Second, the leaving group of the
substrate must be oriented away from catalytic residue D229
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in order to allow an in-line attack of the free D229 oxygen on
the phosphorus.5 The lowest energy orientations of the two
enantiomers of GF bound to DFPase can be deduced from
Figure 2. The figure shows (RP)-GF in the active site of WT
DFPase. Docking of (SP)-GF shows a similar orientation but with
the phosphorus-bound fluoride and methyl groups exchanged. An
orientation that would allow a subsequent reaction can only be
found for the less toxic RP enantiomer of GF while the binding
mode of the more toxic SP enantiomer does not allow an in-line
attack of D229 on the phosphorus atom. Similar results are obtained
for the stereoisomers of GD while the small size of GB allows
productive orientations for both enantiomers. This is in agreement
with the results obtained using the biological assay.

Rational Design of Enhanced DFPase Mutants. The DFPase
active site is a quasisymmetrical elongated cleft with the
catalytic calcium ion bound on the bottom of the binding pocket.
One of the determinants for the binding orientation is the
preference of the large alkoxy chain of the substrate to bind in
either the left or the right side of the binding pocket (left,
pointing toward T195; right, pointing toward I72). The docking
reveals that in WT DFPase these side chains prefer the left side
of the pocket. Therefore, our engineering efforts focused on
limiting the space of the left side of the pocket forcing the alkoxy
chain of the substrate to the right side by introducing a larger
residue at position T195. The first reaction step in the catalytic
cycle of DFPase is the attack of D229 on the substrate
phosphorus atom. This leads to the formation of the phospho-
enzyme intermediate. During the course of this first step a
Walden inversion on the phosphorus atom takes place. This
inversion is accompanied by movement and rearrangement of
the substituents on the phosphorus atom, especially the large
alkoxy group. To facilitate these movements a more open
binding pocket was generated by removing steric constraints
in the vicinity of the leaving group (E37, Y144, R146). The
final quadruple mutant generated was E37A/Y144A/R146A/
T195M (Mut1).

Structure and Activity of Designed DFPase Mutants. Mut1
and another mutant containing an aspartate at position 37 (E37D/
Y144A/R146A/T195M; Mut2) were crystallized successfully
and their crystal structures determined (PDB: 3HLH for Mut1,
3HLI for Mut2). Data collection and refinement statistics are
shown in Table 1. Crystals of the two mutants grew in a
previously uncharacterized space group (P21 compared to
P212121 for the WT), containing four molecules in the asym-
metric unit. Nevertheless, structural comparison of WT DFPase
(PDB: 1E1A) and the four mutant molecules in the asymmetric
unit reveals only minor differences (0.2-0.3 Å rmsd), localized
to loop regions and crystal contact areas. The C� atoms of the
mutated amino acids in Mut1 (A37, A144, A146) superimpose
with the C� atoms of the original side chains in the WT (E37,
Y144, R146). C� and Cγ of the new side chain of M195
(formerly T195) can be superimposed with the C� and Cγ of
the original side chain in the WT. This coincides with another
observation made with structurally characterized mutants of
DFPase: the protein backbone is highly resistant to structural
changes upon side chain mutations. This feature of DFPase is
especially useful for targeting specific mutations for rational
design efforts. Despite the overall structural rigidity of the

Figure 1. (a) Hydrolysis of enantiomers of GF by WT DFPase. (b)
Hydrolysis of enantiomers of GF by Mut1. (c) Hydrolysis of enantiomers
of GF by Mut2. (Data for substrates GB and GD can be found in the
Supporting Information.)

Figure 2. Docked orientation of (RP)-GF in the active site of WT DFPase.
Docking of (SP)-GF shows a similar orientation but with the phosphorus-
bound fluoride and methyl groups exchanged.
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mutant structures, there is also one distinct difference relative
to the WT. B-factors for residues in the loop region 141-151
of Mut1 and Mut2, which form part of the active site rim in
DFPase, are elevated relative to the WT. This suggests a higher
mobility of this loop in the mutants, which can be attributed to
the two mutations in this region (Y144A, R146A). The
replacement of the large arginine and tyrosine side chains by
alanine reduces the contact area and removes torsional and steric
restraints, increasing the plasticity of the DFPase active site.

Mut1 shows a pronounced preference for the more toxic SP

stereoisomers of GF (Figure 1b) as well as for GB and GD
combined with a substantially enhanced enzymatic activity
(Table 2). The preference of DFPase for the more toxic
enantiomer of GF was also demonstrated by the use of a
modified GC/MS assay with a chiral column that allows for
the baseline separation of both enantiomers.33 Compared to the
indirect biological assay this method can directly visualize the
disappearance of the two individual enantiomers. GF was
hydrolyzed both with WT DFPase and Mut1, and samples were
taken at intervals and subjected to chiral GC separation and MS
detection. The more toxic S-(-)-GF eluted first and the less toxic
R-(+)-GF second. WT DFPase prefers the less toxic stereoisomer
leading to a faster degradation of this substrate (Figure 3a) while
Mut1 prefers the more toxic stereoisomer (Figure 3b). Mut2 is
slightly less active than Mut1, particularly in the case of GB where
only half the specific activity of Mut1 is observed. Attempts to
determine exact kinetic constants (KM, kcat) for the mutants with
substrates GB, GD, and GF suffered from the low affinity of the
substrates. Due to safety restrictions the maximum substrate
concentration that could be used was 0.2% in the final reaction
solution (approximately 10 mM). This is still below the KM of Mut1
and Mut2 as at the maximum substrate concentration the reaction
rate was still linearly dependent on the agent concentration and
therefore [S] , KM (data not shown). Even though kcat and KM

cannot be determined individually under these conditions, it is still
possible to determine kcat/KM if a single substrate is present. In the
present case, however, the substrate stereoisomers act as substrates
as well as competitive inhibitors of each other. Yeung et al. have
presented a mathematical model for the determination of kinetic
constants for the four stereoisomers of GD hydrolyzed by the
enzyme paraoxonase.15 The biological assay based on inhibition
of AChE used in this study is only able to discriminate the pair of
GD stereoisomers with a different configuration of the phosphorus
atom, as this is the dominant stereocenter that determines toxicity,
but is unable to individually detect all four steoroisomers. We have
only used data for GB and GF (both with Mut1 and Mut2) to
determine kcat/KM using a version of the mathematical model for
GD/paraoxonase for a system with only one pair of enantiomers.
kcat/KM for each GB and GF enantiomer was determined by
computationally fitting the variables to the model equations and
values are listed in Table 3.

Analyzing the kcat/KM values for GB, we can see that the
values for both enantiomers of GB are almost identical in case
of the wild type (ratio S/R ) 0.89). Under the experimental
conditions where [S] , KM it can be shown that the ratio of the
kcat/KM values is equal to the ratio of the reaction rates of the
two enantiomers if they are present at equal concentrations (as
in the case of a racemic mixture). Both mutants show a
preference for the more toxic (SP)-GB, and this preference is
more pronounced for Mut1. As can be seen from Table 3 this
is achieved by an enhanced kcat/KM for (SP)-GB and a decreased
value for (RP)-GB (ratio S/R Mut1 ) 5.11; Mut2 ) 2.96). In
case of GF, the DFPase WT shows a distinct preference for the
less toxic enantiomer (RP)-GF (ratio S/R ) 0.02, Figure 1a).

Table 1. Data Collection and Refinement Statistics

Mut1 Mut2

PDB code 3HLH 3HLI
source ESRF ID-14,

λ ) 0.933 Å
ESRF BM16,

λ ) 1.007 Å
space group P21 P21

unit cell a ) 67.11 Å a ) 66.95 Å
b ) 74.39 Å b ) 74.49 Å
c ) 118.64 Å c ) 118.95 Å
� ) 99.9° � ) 100.0°

resolution 1.8 Å 1.4 Å
Rsym 0.136 (0.458) 0.053 (0.308)
〈I/σ(I)〉 5.0 (1.6) 18.8 (4.4)
completeness 99.2% (98.7) 94.5% (86.3)
redundancy 3.8 3.1
indep reflections 105813

(incl 5332 for Rfree)
213535

(incl 10622 for Rfree)
Rfree/Rcryst 0.218/0.195 0.221/0.205
rmsd bond lengths 0.005 Å 0.004 Å
rmsd bond angles 1.484° 1.455°
B-factor 11.3 Å2 12.2 Å2

outer shell (1.90-1.80 Å) (1.45-1.40 Å)

Table 2. Specific Enzymatic Activities of DFPase WT, Mut1, and
Mut2 against 0.1% DFP, GB, GD, and GF

WT Mut1 Mut2

DFP (8.2 mM)a 247 ( 10b 390 ( 21 429 ( 21
sarin (GB, 14.3 mM) 110 ( 6 862 ( 32 418 ( 3
soman (GD, 11.0 mM) 82 ( 14 192 ( 8 117 ( 7
cyclosarin (GF, 10.0 mM) 198 ( 15 258 ( 13 143 ( 8

a Substrate concentrations in parentheses. b U/mg; 1 U ) 1 µmol/min.

Figure 3. (a) Degradation of GF using WT DFPase monitored by chiral
GC/MS showing the preference for less toxic R-(+)-GF. (b) Similar results
for the degradation of GF using Mut1, showing preference for the more
toxic S-(-)-GF.
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This preference is reversed in the case of Mut1 (ratio S/R )
3.77, Figure 1b), but in the case of Mut2 both enantiomers are
hydrolyzed with almost the same preference (ratio S/R ) 0.89,
Figure 1c).

WT DFPase and Mut1, both acting on the same chiral
substrates, not only show reversed enantioselectivity but also
have very different kcat and KM values. While the WT displays
a lower KM value compared to Mut1, which is important for
agent degradation at very low substrate concentrations, it is
clearly inferior in terms of kcat, which determines the maximum
achievable reaction rate of the enzyme. Thus, Mut1 is preferred
at higher substrate concentrations, where its preference for the
toxic enantiomers and the higher kcat will lead to rapid
detoxification. At lower substrate concentrations, the WT is
preferred, due to the better KM of the WT enzyme. To investigate
this issue, WT and Mut1 as well as 1:1, 1:2, and 2:1 mixtures
(with the same total enzyme content) were used to completely
hydrolyze a solution of 660 µM GF (Figure 4). The biphasic
hydrolysis curve for the WT is clearly visible. Although the
KM of Mut1 is much higher than the KM of WT, the use of
Mut1 reduces the required time for hydrolysis by more than
50%. Using mixtures of WT and Mut1 reduces the reaction time
even further, but apparently the effect of the ratio is minimal in
the range 1:2-2:1 (the 2:1 curve was omitted from Figure 3
for clarity but is virtually superimposable to that of the 1:1
mixture). These results clearly show that addition of DFPase
WT to Mut1 partially overcomes the effect of the unfavorable
KM of Mut1 at low substrate concentrations.

With the structures of both mutants available, docking was
used again to investigate the binding orientations of the

stereoisomers of GB, GD, and GF, but the results were
inconclusive regarding a distinct preference for the “left” and
“right” side of the binding pocket compared to the WT. To find
out which mutational site mainly contributes to the reversed
enantioselectivity of the Mut1 the single mutants T195M and E37A
and the double mutant Y144A/R146A were generated and tested
with GF (see Supporting Information). None of these mutants
displays the behavior of Mut1, although the preference for the less
toxic enantiomers is less pronounced in T195M. Interestingly also
E37A does not lead to a different selectivity compared to the WT.
As shown above, Mut2 (containing the mutation E37D) only
leads to an equal preference for both enantiomers in the case
of GF, while Mut1 (containing mutation E37A) displays a
reversed preference. To achieve the final selectivity of Mut1
all mutations are required. For DFPase this result can be
explained structurally by modeling the different phosphoenzyme
intermediates. In addition to the effect of T195 M introducing
steric hindrance in the “left” side of the binding site, the other
mutants open the pocket to facilitate the accommodation of the
large alkoxy side chains of the substrates (Figure 5). It appears
that the phosphoenzyme intermediate formed by the toxic SP

substrates is in an energetically more favorable conformation
than those for the RP substrates. Finally, the more open binding
pocket should facilitate the structural rearrangements during the
Walden inversion on the phosphorus atom that goes along with
the nucleophilic attack by D229. Recent computational studies
have revealed that this inversion does not have to occur in a

Table 3. kcat/KM for DFPase WT, Mut1, and Mut2 with Substrates DFP, GB, and GF and KM and kcat for Substrate DFP

WT Mut1 Mut2

DFP KM 3.76 ( 0.05 mM 2.12 ( 0.07 mM 3.93 ( 0.14 mM
kcat 211 ( 9 s-1 291 ( 7 s-1 376 ( 13 s-1

kcat/KM
a 5.6 × 104 M-1 s-1 1.4 × 105 M-1 s-1 9.6× 104 M-1 s-1

(R)-GB kcat/KM
b 4.7 ( 0.6 × 104 M-1 s-1 4.5 ( 0.4 × 104 M-1 s-1 2.4 ( 0.1 × 104 M-1 s-1

ratio S/R 0.89 5.11 2.96
(S)-GB kcat/KM

b 4.2 ( 1.2 × 104 M-1 s-1 2.3 ( 0.3 × 105 M-1 s-1 7.1 ( 0.6 × 104 M-1 s-1

(R)-GF kcat/KM
b 7.2 ( 1.6 × 105 M-1 s-1 1.3 ( 0.1 × 105 M-1 s-1 2.7 ( 0.4 × 104 M-1 s-1

ratio S/R 0.02 3.77 0.89
(S)-GF kcat/KM

b 1.7 ( 0.5 × 104 M1 s-1 4.9 ( 0.3 × 105 M-1 s-1 2.4 ( 0.2 × 104 M-1 s-1

a Determined by direct calculation from KM and kcat (KM and kcat determined from at least three independent experiments). b Determined by fitting kcat/
KM for both enantiomers (determined from at least three independent experiments).

Figure 4. Degradation of GF using WT DFPase, Mut1, and mixtures (1:2
and 1:1 of WT and Mut1). Figure 5. Model depicting the preferred orientation of the substrate alkoxy

groups for the phosphoenzyme intermediate in the binding site of Mut1.
The phosphorus-bound methyl group takes the position of an alkoxy oxygen
atom (omitted for clarity).
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concerted manner but is also possible in a stepwise fashion.45

Studies employing QM/MM methods are currently underway
to gain a further understanding of the reaction step leading to
the phosphoenzyme intermediate.

Discussion

A survey of the literature reporting engineering enantiose-
lectivity in enzymes shows that rational design is still used but
that evolutionary approaches tend to dominate the field. A class
of enzymes where both approaches have been used are the
lipases. Lipases are valuable enzymes for the creation of
enantiomerically pure compounds, especially secondary alco-
hols, which are important building blocks in organic synthesis.
Examples of a rational design approach include early work by
Hirose et al.46 focusing on the hydrolysis of 1,4-dihydropyridines
and a more recent study by Magnusson et al.47 focusing on
secondary alcohols. Examples of evolutionary approaches can
be found in the work of Zha et al.48 using error prone PCR and
DNA shuffling and Koga et al.49 using single molecule PCR
linked in Vitro expression (SIMPLEX). These works show that
both strategies can lead to enzyme variants with reversed
enantioselectivity. Koga et al. point out, however, that improving
activity or enantioselectivity by rational design remains chal-
lenging. The reasons for this are that the structural and functional
effects of point mutations are not fully predictable and that site-
directed mutagenesis is a slow and labor-intensive process such
that only a limited number of variants can be produced and
tested. Thus, evolutionary strategies are preferred if an assay
for screening the mutant libraries exists that can be automated
and used for high-throughput screening. Several examples with
other enzymes using evolutionary methods can be found in the
literature,50-52 but also hybrid strategies have been reported,
by using error prone PCR to generate libraries and point
mutations to refine the initial hits from screening.53

Rational approaches require detailed knowledge about enzyme
structure, substrate binding, and reaction mechanism. In the
absence of this information, related enzymes with a highly
conserved active site environment and similar but stereochemi-
cally reversed substrate specificity can be used as templates.
This was demonstrated for vanillyl-alcohol oxidase (VAO) using
a similar p-cresol methylhydroxylase (PCMH).54 Analogously,
the DFPase mutants reported in this study may be used to guide
the engineering of the related enzyme paraxonase (PON).13

Human PON1 has been considered as a catalytic in ViVo

scavenger. As the concentration of nerve agents is low in human
plasma, even in cases of severe poisoning, a much smaller KM

is required for efficient enzyme activity than that displayed by
WT DFPase and the mutants.55

The reason for choosing a rational design strategy for the
engineering of DFPase was, as pointed out above, the toxic
nature of the substrates that makes the screening of large mutant
libraries virtually impossible. At the same time, substrate
mimics, due to the presence of reporter groups and chro-
mophores, are sometimes flawed surrogates for the real sub-
strates. The creation of the DFPase mutants was aided by the
wealth of structural data for the protein, detailed knowledge
about the enzyme mechanism, and the unusual rigidity of the
protein backbone, which helps to predict mutant structures and
the effect of point mutations. It should be noted, however, that
the rational design approach employed here is unlikely to
generate an optimal enzyme mutant as the number of sampled
mutants is still small compared to the large libraries used in
evolutionary approaches.

Using rational design two quadruple mutants of DFPase have
been constructed with a reversed enantioselectivity for G-type
nerve agents. These mutants also display an enhanced enzymatic
activity against the tested substrates. Both effects lead to a rapid
detoxification of the reaction solution. Even though several
articles in the literature deal with the enantioselectivity of nerve
agent degrading enzymes like mammalian PON114-18 and PTE
from B. diminuta,56-59 they deal only with substrates mimicking
the nerve agent, and only one PTE mutant with a reversed
enantioselectivity against GF has been reported so far.41 This
was achieved by slowing down the turnover of the less toxic
enantiomer resulting in a rather low overall activity. In contrast,
the mutants reported here demonstrate an enhanced overall activity
and enantioselectivity that allow for the practical use of DFPase
for rapid detoxification. This highlights the significance of our
findings and clearly shows that enzyme engineering efforts to
enhance the activity and selectivity of DFPase are leading to
promising results and that further optimizations seem feasible.
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