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a  b  s  t  r  a  c  t

Organophosphate  compounds  (OPs) have  been  employed  in  the  agricultural  industry  as  pesticides  and
insecticides  for  several  decades.  Many  of the  methods  used  currently  for the  detoxification  of OPs  are
harmful  and  possess  serious  environmental  consequences.  Therefore,  utilizing  enzymes  for  the  detection
and decontamination  of  OPs  is gaining  increasing  attention  as  an  efficient  and  clean  bioremediation
strategy.  Microbial  enzymes,  such  as OP hydrolases,  OP  acid  anhydrolases  or methyl  parathion  hydrolase
eywords:
etallohydrolases
rganophosphate pesticides and nerve
gents
ioremediation

(MPH),  are  potent  agents  for OP  decontamination.  Their  biochemical  properties  and  biotechnological
applications  are discussed  in  this  review,  including  a discussion  on  methods  that  may  be  employed  to
immobilize  such  enzymes,  and  essential  steps  to generate  reusable  and  affordable  biocatalytic  systems
for  use  in  bioremediation  and biorestoration.
nzyme immobilization

atalysis

Abbreviations: BChE, butyrylcholinesterase; CB, carbon black; CBD, cellulose-
inding domain; CNT, carbon nanotube; DFP, diisopropylfluorophosphate;
pdQ, glycerophosphodiesterase; HFB, hollow fiber bioreactor; MBL, metallo-�-

actamase; MPH, methyl parathion hydrolase; OP, organophosphate; OPAA, OP
cid  anhydrolase; OPH, OP-degrading hydrolase; PEG, polyethylene glycol; PNP,
-nitrophenol; PON, paraoxonase; PTE, phosphotriesterase; QD, quantum dots.
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1. Introduction

Organophosphate2 pesticides (OPs) are important in agricul-

ture, accounting for approximately 40% of the total global pesticide
usage (Fig. 1) [1–3]. OPs are also produced as chemical warfare
agents (CWA); 200,000 tons of these agents are thought to be

2 The term organophosphate is often used to denote a class of pesticides or nerve
agents that are triesters of phosphoric, phosphonic and phosphinic acid and sulfur-
containing compounds. While there are formal nomenclature conventions for these
compounds they are usually referred to by their common names in the literature
and  this convention is followed here.

dx.doi.org/10.1016/j.ccr.2016.03.006
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2016.03.006&domain=pdf
mailto:schenk@uq.edu.au
mailto:ollis@rsc.anu.edu.au
dx.doi.org/10.1016/j.ccr.2016.03.006
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Fig. 1. Structures of OPs repre

tored throughout the world [4,5]. These compounds are generally
oxic, primarily due to their ability to irreversibly inhibit acetyl-
holinesterase [6]. OPs are partially water soluble and can easily
nter the soil and ground water and, being mutagenic, they have
een linked to a number of nervous and immune system-related
iseases [7–23]. In both developing and developed countries OPs
re also a common cause of poisoning by occupational expo-
ure or deliberate self-harm and environmental contamination
1,2,8–16,24–39].

Disposing of OPs can be problematic. Stockpiles dumped in land-
lls can leach into the surrounding soil while chemical degradation
an result in the production of toxic by-products [40]. Incinera-
ion of OPs is an approved but costly process that can also result in
oxic emissions [41–43]. An efficient “green and clean” approach
o degrade OPs is thus much desired, and enzymes expressed
n some soil-dwelling microorganisms may  be an ideal tool for
his purpose. The history of OP-degrading enzymes dates back to
946 when hydrolysis of diisopropylfluorophosphate (DFP) was
bserved in mammalian tissue extracts [44]. In 1973 it was discov-
red that the soil bacterium Flavobacterium sp.  (strain ATCC 27551)
s able to thrive in an environment where the OP diazinon is the
ole carbon source [45]. Several other microorganisms, including
grobacterium radiobacter,  Enterobacter aerogenes and Pseudomonas
iminuta have since been shown to possess the enzymatic machin-
ry to degrade OPs [43,46–48]. Common to these organisms is that
hey have evolved an enzymatic activity that is very effective in
ydrolyzing the OP triesters into di- and monoesters, and ulti-
ately phosphate; the products of these hydrolytic reactions are

enerally far less harmful than their parent OP compound.
In this review several OP-hydrolyzing enzymes will be discussed

ith a view to describing their general physicochemical features
nd how they can be utilized in the context of bioremediation, i.e.
he degradation of harmful OP compounds into less or non-toxic
roducts. We  realize that we have been selective in our focus and
pologize in advance to authors whose significant contributions
o the field may  not have been covered in detail. For instance,
nsects are one of the main targets of OP pesticides and it is thus
ot surprising that they have developed some resistance, involv-
ng in particular a family of esterases [49]. However, since these
nzymes do not require metal ions for their function they will not
e discussed further here. Also, we like to stress that the purpose
f the article is to describe enzymatic systems in context of their
g nerve agents and pesticides.

potential for applications in bioremediation, not their mechanis-
tic details (which are outlined in a series of primary literature as
indicated in relevant sections).

2. Paraoxonase (PON) and OP acid anhydrolase (OPAA)

In 1946 Mazur, studying rabbit tissue samples, discovered the
first example of an enzyme capable of degrading an OP, DFP [44].
Due to its ability to hydrolyze the OP paraoxon (Fig. 1) this OP
acid anhydrolase (OPAA) was given the name paraoxonase (PON)
[50–52]. However, it was subsequently found that this enzyme is
rather promiscuous acting on a broad spectrum of diverse sub-
strates, including a range of OPs and lactones [53,54]. While this
broad substrate range complicates the assessment of the precise
biological function(s) of PON, there is strong evidence that links
the enzyme to atherosclerosis [55–57].

Based on sequence homology PON enzymes are divided into
three groups, PON1–PON3 [58]. PON1 is the best studied group
in this family of enzymes and has been identified in a variety of
higher organisms, including human, rabbit, bovine, dogs, cats and
horses [59]. PON1 appears to be the only family member with effi-
cient OP hydrolase activity [53]; the enzyme is likely to act as a
lactonase in vivo [54] but is capable of degrading a variety of OPs
including the oxon metabolites of parathion, diazinon and chlorpy-
riphos, as well as the nerve agents Sarin and Soman [52]. In directed
evolution experiments it was  demonstrated that the substrate pref-
erence of PON1 can easily be modified, underlining this enzyme’s
potential in the detoxification of OPs, in particular for victims suf-
fering from poisoning [60]. The enzyme consists of about 350 amino
acids. The crystal structure of rabbit PON1 was  solved to 2.2 Å res-
olution (Fig. 2), showing a six-bladed �-propeller overall structure
[60]. Importantly, the active site contains two Ca2+ ions, one with
a structural role, the second required for catalysis [58]. In the pro-
posed model for the reaction mechanism the substrate coordinates
to the catalytic calcium ion (labeled Ca1) prior to a nucleophilic
attack by a hydroxide ion that does not directly coordinate to this
Ca2+ but is activated via hydrogen bonding interactions involving
two conserved histidine residues in the active site (Fig. 2) [60].
OPAAs are frequently categorized in two  classes, “squid-type”
and “Mazur-type” [61,62]. The former prefers DFP to Soman as sub-
strate and requires Ca2+ ions for activity [63]. The Ca2+-dependent
PON1 described in the previous section therefore classifies as a
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were demonstrated to have significant in vitro prolidase activity
[63,76]. It is thus not surprising that variants of prolidases have
been isolated from hyperthermophilic bacteria and demonstrated
ig. 2. Overall (left) and active site (right) structure of PON1. The two Ca ions in t
re  proposed to activate a non-coordinating hydroxide for a nucleophilic attack on 

he  structure). W represents water molecules. The figure was  modified from [60].

squid-type” OPAA, the name referring to the initial discovery of a
a2+-dependent OPAA in the squid Loligo pealei in 1966 [62,64]. In
ontrast, the “Mazur-type” OPAAs are characterized by being more
fficient catalysts for the hydrolysis of Soman than DFP, and their
ctivity is stimulated by Mn2+ ions. Paradigm examples are OPAAs
urified from a number of Alteromonas species, initially strain JD6.5,
nd subsequently also in A. undina, A. haloplanktis and A. macleodii
63,65–69]. These OPAAs are characterized by their broad substrate
pecificity toward a wide variety of OPs, especially the highly toxic
-type nerve agents Sarin, Soman and Tabun. Specifically, they are
ighly active against P-F bonds, but far less so against P-O or P-C
onds [63]. Crystal structures for the enzymes from Strain JD6.5 and
. macleodii were recently determined to 2.3 Å and 1.8 Å, respec-
ively [68,69]. The two enzymes share more than 60% sequence
dentity and also display a high degree of structural similarity with
n rmsd of 0.8 Å for 421 aligned carbon backbone atoms [68]. While
he OPAA from Strain JD6.5 is monomeric the A. macleodii enzyme
s dimeric in solution [68,69]. Despite these apparent differences
n their oligomeric structure the active site geometry in these two
nzymes is virtually identical. Their active sites contain two  closely
paced Mn2+ ions, separated by ∼3.3 Å (Fig. 3). The two metal ions
re bridged bidentately by the carboxyl groups of an aspartate and

 glutamate side chain. In addition, an oxygen atom from either
 water molecule (in A. macleodii OPAA) or presumably a glyco-
ate (present in the crystallization mixture of Strain JD6.5 OPAA)
inks the two Mn2+ ions. It is interesting to point out that the
ctive site geometry of OPAA is very similar to that of the enzyme
minopeptidase P (AMPP) from Escherichia coli [70,71]; the ligands
f the Mn2+ ions are invariant. AMPP, and hence OPAA, belongs
o the family of prolidases, a group of enzymes that also includes

ethionyl aminopeptidase (MetAP) [72,73] as well as numerous
acterial, archeal and human prolidases, Mn2+-dependent enzymes
hat hydrolyze specific peptide bonds [74,75]. Apart from the con-
ervation of their active sites these enzymes also share considerable
imilarity in their overall structures, which are composed of two
omains, an N- and C-terminal one. The C-terminal domain exhibits
 “pita bread” fold that contains the dinuclear metal ion cen-
er (Fig. 3). In mammals prolidases are involved in the collagen

etabolism; their role in bacteria and archaea is still unknown as
he natural substrate(s) has not yet been identified. Similarly, the
ive site are shown as green spheres. Two histidine residues in the vicinity of Ca(1)
osphorous atom of the Ca(1)-bound substrate (illustrated by a phosphate group in

natural substrates of OPAAs are still unknown but these enzymes
Fig. 3. Overall (top) and active site (bottom) structure of OPAA. The monomer con-
tains two distinct domains. The active site is located in the C-terminal domain and
contains two  bound Mn2+ ions (shown as purple spheres). The metal ions are bridged
via  two  carboxyl groups and a water molecule (red sphere). The figure was modified
from [68].
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o have low levels of OP-degrading activity that could be improved
sing directed evolution [77]. For example, the prolidase from
seudomonas horikoshii (Phprol) has been the subject of in vitro evo-
ution experiments in which a Ph1prol gene library was  constructed
nd screened for mutants that show increased prolidase activity at
0 ◦C. Four mutants were found with improved catalytic parame-
ers at various temperatures for the hydrolysis of several OP nerve
gents, including p-nitrophenol Soman [41,78].

. OP hydrolases (OPHs)

“Squid-type” and “Mazur-type” OPAAs are not the only enzymes
apable of hydrolyzing OP pesticides and nerve agents. The intro-
uction of pesticides for agricultural applications triggered the
volution of OP-degrading hydrolases (OPHs) in a number of
oil-dwelling microorganisms [46–48,79,80]. One of the best char-
cterized of these enzymes is the phosphotriesterase (PTE) that
as initially identified (in 1973) in Flavobacterium sp ATCC 27551

nd then P. diminuta [45,81]. The gene encoding PTE is localized
n extrachromosomal plasmids and may  thus be rapidly trans-
erred among different microorganism (i.e. via a horizontal gene
ransfer reminiscent of that associated with the rapid spread of
he antibiotic-degrading dinuclear metallo-�-hydrolases) [80]. To

 large extent PTE has a substrate specificity that resembles that of
PAA, being able to hydrolyze compounds such as Sarin, Soman,
araoxon and their derivatives [82,83]. However, in contrast to
PAA, PTE is also capable of hydrolyzing VX [79]. Genetic engi-
eering has been used to produce variants of PTE with improved
atalytic properties toward selected OPs. As an example, a variant
n which the histidine at position 254 was replaced by an arginine
xhibits a four-fold increase in the rate of hydrolysis of Demeton-S,
ut 14- and ∼180-fold decreases for Paraoxon and DFP, respectively
84]. Directed evolution has also been utilized to increase the cat-
lytic efficiency toward poor substrates such as Chlorpyrifos (Fig. 1)
85].

Several crystal structures of PTE (in the presence of various sub-
trate analogs, products, etc.) have been reported [46,84,86–88]. A
epresentative structure is shown in Fig. 4. The active site accom-

odates two closely spaced divalent metal ions (∼3.5–4 Å apart)

ut unlike in OPAAs or prolidases the in vivo metal ion content
s subject to debate; catalytic activity can be reconstituted with a
ange of metal ions including Zn2+, Mn2+, Cd2+ and Co2+ [89,90]. In

ig. 4. Overall (left) and active site (right) structure of PTE. The two divalent metal ions i
o  debate) are shown as gray spheres and are linked via a carboxylated lysine residue and
ry Reviews 317 (2016) 122–131 125

contrast to OPAA only one amino acid links the two metal centers, a
carboxylated lysine residue. However, a bridging water/hydroxide
molecule is again ideally located to initiate a nucleophilic attack
on the bound substrate. A structural comparison of the active sites
of PTE and OPAA indeed demonstrated that despite a lack of dis-
cernable similarity in overall structure and amino acid sequence
the catalytic centers of the two  enzymes are geometrically similar,
leading to the proposal that they are also employing a conserved
mechanistic strategy [69].

Very closely related to PTE is the OP-degrading enzyme from
Agrobacterium radiobacter (OpdA), with ∼90% sequence identity
shared between the two  enzymes [47,90,91]. These enzymes have
similar substrate specificities with OpdA displaying a preference
for methyl-substituted while PTE prefers ethyl-substituted (e.g.
methyl- vs ethyl-paraoxon) [47]. The major difference between
PTE and OpdA is their respective stability, with the former losing
activity as a consequence of losing metal ions [92]. This differ-
ence in stability is also reflected in the effect of pH on their
catalytic activities. PTE generally reaches optimal activity at pH val-
ues above 6.0 while OpdA is still efficient at pH values as low as 4.0
[90,93]. A recent study demonstrated that these functional varia-
tions between PTE and OpdA are likely to be associated with amino
acid substitution in the second coordination sphere; while both
enzymes have nearly identical metal ion binding sites (the identi-
ties and locations of the metal ion ligands are invariant; Fig. 4 [94])
the substrate binding pocket of OpdA only is characterized by the
presence of a hydrogen bonding network that connects the metal
ion and substrate binding sites [90]. This study also demonstrated
that a single mutation in the second coordination sphere can alter
the substrate specificity of OpdA, thus making this enzyme a good
(and flexible) candidate for the development of a biocatalyst with
a desired preference for particular OP substrates. Similar to PTE
the native metal ion composition of OpdA is unclear. While atomic
absorption and anomalous scattering measurements are consis-
tent with the presence of an Fe2+-Zn2+ center [95], in vitro studies
demonstrated that the di-Co2+, di-Mn2+ and di-Cd2+ derivatives
are significantly more reactive and efficient than the heterodin-
uclear combination [90,93]. These studies also indicated that in

particular the di-Co2+ derivative of OpdA is of interest for prac-
tical applications as it not only maintains a high activity over a
broad pH range, but it reaches a maximum at pH 11. Spectroscopic
and kinetic studies revealed that this derivative of OpdA displays

n the active site (Zn2+ in this case, but the in vivo metal ion composition is subject
 a water molecule. The figure was modified from [86].



1 emist

a
a
d
w
a

p
a
f
t
r
a
a
e
r
a
s
a
r
t
a
c
s
t
D
u
a
e
r
b
f
i
a
f
r
c
n
e
a
s
l

Zn2+ centers where the metal ion-bridging hydroxide acts as the

F
i
w

26 G. Schenk et al. / Coordination Ch

 mechanistic flexibility whereby a metal ion-bridging hydroxide
cts as hydrolysis-initiating nucleophile (as is the case for most OP-
egrading enzymes, as discussed in this review) at lower pH values,
hereas a hydroxide bound to one metal ion only fulfills this role

t higher pH [90,93,96].
OP-degrading enzymes such as PTE and OpdA have great

romise in bioremedial applications, in part due to their high cat-
lytic efficiencies and enzymatic stability, but and in particular
or OpdA, also due to their functional plasticity. As pointed out in
he previous section the metal ion composition may  influence the
eactivity and mechanism of the enzymes, while a single amino
cid substitution may  alter the substrate preference [93]. In an
ttempt to develop desired variants of OpdA directed evolution
xperiments were carried whereby cell growth of E. coli cells that
ecombinantly express OpdA was coupled to OP-degrading enzyme
ctivity using the pesticide Methyl Paraoxon as sole phosphorus
ource [97–99]. Using this approach it was not only possible to
lter the catalytic properties of OpdA but it also demonstrated how
emote “outer shell” amino acids may  affect metal ion binding and
hus enzyme stability [92,99]. Similarly, saturation mutagenesis
t specific codons has been utilized to improve the catalytic effi-
iency of PTE toward poorly hydrolyzed P-S-bonds containing OPs
uch as Demeton-S, Malathion and VX [100]. Furthermore, a highly
hermostable OPH has also been identified in the extremophile
einococcus radiodurans, and which is stable at temperatures
p to 70 ◦C [101]. Site-directed- and random mutagenesis-based
pproaches were used to enhance the catalytic activity of this
nzyme toward Ethyl and Methyl Paraoxon by 126- and 322-fold,
espectively [101]. In view of the significant potential of OPHs in
ioremediation the recent discovery of two “PTE-like” enzymes
rom Sphingomonas sp. strains TDK1 (i.e. Sm-PTE) and Sphingob-
um sp. strain TCM1 (i.e. Sb-PTE) is of interest [102]. These enzymes
re particularly reactive toward a group of OP triesters that are
requently used as plasticizers, durable plastics, foams and flame
etardants. These compounds, in contrast to OPs used as pesti-
ides or nerve agents, do not have a labile ester bond and are
ot substrates for enzymes such as PTE or OpdA. Sb-PTE, how-
ver, is effective in hydrolyzing both inert and labile OPs, the latter

lbeit with an efficiency that is about two orders of magnitude
maller than that of PTE [103]. Nonetheless, using directed evo-
ution approaches it may  be possible to develop a stable enzymatic

ig. 5. Overall (left) and active site (right) structure of MPH. Both subunits of the homod
n  vivo metal ion composition is believed to be Zn2+–Zn2+ one Zn2+ ion is replaced by Cd2

ater  bridge in addition to monodentate aspartate side chain. The figure was  modified fr
ry Reviews 317 (2016) 122–131

catalyst with a desired substrate preference. The structure of Sb-
PTE is not yet known but there is no sequence homology to PTE or
OpdA, and homology modeling suggested that its active site may
contain a single divalent metal ion, thus resembling rather OPAAs
such as PON1.

4. Methyl parathion hydrolase (MPH)

Methyl parathion (Fig. 1) is an OP pesticide extensively used in
agriculture [104]. A genetic analysis of Plesiomonas sp. strain M6
and Pseudomonas sp. WBC-3 microbes that were found in methyl
parathion-contaminated soil, has led to the discovery of an enzyme
that effectively degrades this pesticide [105–107]. This enzyme was
thus aptly named methyl parathion hydrolase (MPH). The enzyme
from Plesiomonas sp. strain M6  (M6-MPH) and Pseudomonas sp.
WBC-3 (WBC3-MPH) have identical protein and near-identical DNA
sequences. Several MPH  variants have since also been identified in
other microorganisms, including Ochrobactum sp. and Burkholderia
sp. [107–112]. MPH  does not share any sequence similarity to OPHs
such as PTE or OpdA.

The crystal structure of the homodimeric WBC3-MPH was
solved to 2.4 Å resolution (Fig. 5) [113,114]. Similar to “Mazur type”
OPAAs, PTE or OpdA the active site accommodates two metal ions,
separated by 3.5 Å. However, while in OPAAs two bidentate car-
boxyl groups and in PTE/OpdA a bidentate, carboxylated lysine (all
in �-1,3 coordination; Figs. 3 and 4) connect the two bound metal
ions, in MPH  an aspartate residue forms a �-1,1 link (Fig. 5). Insofar,
the active site geometry of MPH  is reminiscent of that of func-
tionally unrelated dinuclear metallohydrolases such as purple acid
phosphatases, Ser/Thr protein phosphatases or 5′-nucleotidases
[48,115,116]. However, the highest degree of overall structural sim-
ilarity is observed between MPH  and another group of dinuclear
metallohydrolases, the antibiotic-degrading metallo-�-lactamases
(MBLs). Apart from the aspartate connecting the two  metal ions all
metal ion-binding residues in the active sites of MPH  and MBLs are
conserved [113,114]. MBLs generally require at least one Zn2+ ion
for activity although the majority of these enzymes form dinuclear
initiator for the cleavage of the �-lactam bond [73,117]. MPH  is also
likely to contain dinuclear Zn2+ centers in its active site although
in the crystal structure one of the Zn2+ ions was replaced by Cd2+,

imer are shown on the left, with the metal ions indicated as spheres. Although the
+ in the structure, possibly an artifact of crystallization. The metals are linked via a
om [114].
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resent in the crystallization solution, and the relevant catalytic
echanism is proposed to be similar to that of PTE, OpdA or MBLs

113,114]. Furthermore, despite the lack of apparent sequence sim-
larity between PTE/OpdA and MPH  both groups of OPHs may  have
volved from bacterial lactonase ancestor proteins, evidenced by
he considerable lactonase activity measured for both PTE and the

PH-related MBLs MIM-1  and MIM-2  [118,119].
Importantly, since the MPH-fold appears to be capable of

ccommodating a diverse range of substrates ranging from OPs to
-lactams and lactones MPH  may  be a useful agent to be devel-
ped into a potent and versatile bioremediator. Toward this aim,
ite-directed and random mutagenesis, as well as a semi-rational
pproaches using computer-aided methods and site saturation
utagenesis have all been used to improve the thermal and acid

tability of MPH  from Ochrobactrum sp M231 [120–122]. Several
roups have also been successful in increasing the activity of MPH
oward less preferred substrates. Jeong and colleagues designed a
igh-throughput screening (HTS) system that utilizes a phenolic-
esponsive transcription activator for directed evolution of MPH
nd found a mutant with 100-fold improvement in kcat/Km for
he reaction using p-nitrophenyl diphenylphosphate as substrate
123]. Xie and co-workers subjected MPH  from P. stutzeri strain
K-5 to one round of error-prone PCR and found a mutant with a
ve-fold increase in kcat for the hydrolysis of Chlorpyrifos [124],
hile saturation mutagenesis and DNA shuffling experiments with
BC3-MPH demonstrated the plasticity of the active site of this

nzyme since a modest number of mutations was required to fine-
une the substrate preference toward Ethyl Paraoxon [125].
Another OPH, OPHC2, was isolated from P. pseudoalcaligenes
110]. This enzyme also belongs to the MBL superfamily and
hares ∼45% sequence identity with MPH. Its structure was
ecently solved, revealing an overall fold and active site geometry

ig. 6. Structure of GpdQ. In the top panel are shown the homo-hexameric overall struc
ontains a dinuclear metal ion center in its active site. The metal ions are shown as bro
chematic illustration of the active site is shown in the bottom half of the figure. Similar
igand.  The figure was  modified from [139].
ry Reviews 317 (2016) 122–131 127

virtually identical to that of WBC3-MPH (Fig. 5) [126,127]. How-
ever, while OPHC2 is catalytically less efficient than MPH  it is more
thermostable with a Tm of 97.8 ◦C, probably due to the presence of a
disulfide bond that is absent in MPH. Thus, OPHC2 is an interesting
candidate for future OP decontamination [127,128].

5. Glycerophosphodiesterase from Enterobacter aerogenes
(GpdQ)

GpdQ from E. aerogenes is one of the most promiscuous binuclear
metallohydrolases, catalyzing the hydrolysis of all three classes of
phosphate ester substrates, i.e. mono-, di- and triesters [129–132].
GpdQ has potential as an enzymatic bioremediator since it is
active toward a range of organophosphate pesticides (triesters)
and is capable of degrading EA2192, the highly toxic product of
the hydrolysis of VX [133]. GpdQ is active over a very large pH
range (from pH 3.0 to 11) [130,131] and is also highly promiscuous
with respect to metal ions that can be used to reconstitute cat-
alytic activity [130,131,134–137]. While similar to PTE or OpdA it
is unclear what the native metal ion composition of GpdQ may
be, catalytic activity is highest for the dinuclear Cd2+ and Mn2+

derivatives, while activity can be reconstituted with the apoen-
zyme using a broad range of divalent transition metal ions [137]. In
terms of sequence homology GpdQ is not related to any of the other
known OP-degrading enzymes. Its closest relative is the diesterase
Rv0805 from Mycobacterium tuberculosis, which hydrolyzes the
diester bond in cyclic nucleotides and thus may  play an essential
role in cell signaling [129,138].
Several crystal structures of GpdQ have been reported
[135,139,140], demonstrating an intricate homo-hexameric
arrangements whereby six identical subunits form a trimer of
dimers (Fig. 6). Each subunit contains an active site that can

ture (trimer of dimers structure), a dimer and a monomeric subunit. Each subunit
wn spheres (note that the in vivo metal ion composition is subject to debate). A

 to MPH the metal ions are linked via a monodentate carboxyl group and a water
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ig. 7. Overlapping substrate preferences for OpdA and GpdQ. Their combined activ
onoester products. These monoesters can easily be further metabolized into inorg

ccommodate two metal ions (∼3.5 Å separation; Fig. 6). A series
f spectroscopic and kinetic studies indicated that the dinuclear
enter is composed of a tightly bound, six-coordinate metal ion
ocated in the � site and a more loosely bound, five-coordinate

etal ion in the � site [130,131,139]. Interestingly, despite having
n identical coordination environment (with all seven metal ion-
oordinating amino acids conserved) the diesterase Rv0805 binds
oth metal ions with high affinity, demonstrating the significance
f outer sphere interactions in regulating the catalytically relevant
etal ion center in these enzymes [138].
Indeed, GpdQ employs a regulatory mechanism to control its

ctivity; in the resting state the enzyme is predominantly in an
nactive mononuclear state (only one metal bound to the � site),
ut upon the addition of a substrate the enzyme is activated
y the formation of a dinuclear metal center in the active site
“substrate-promoted” activation) [130,139]. The intricate regula-
ory mechanism employed by GpdQ complicates the enzyme’s use
or applications in bioremediation, for which a continuously active
atalyst is of benefit. Mutations in the first and second coordination
pheres were introduced to increase the affinity of the metal ion in
he � site in the absence of substrate molecules. In particular, muta-
ions in the second coordination sphere (i.e. the replacement of
is81, Ser127 and His217 by alanine) led to considerable improve-
ents in metal ion binding affinities without affecting the catalytic

erformance of the enzyme [137,141]. Furthermore, directed evo-
ution experiments have revealed that the catalytic efficiency (i.e.
cat/Km) toward model substrates such as bis(para-nitrophenol)
hosphate can be improved over 500-fold by the introduction of as
ew as three mutations, highlighting the strong potential of GpdQ
n the development of a useful agent for bioremediation [142].

. Enzyme immobilization and biotechnological
pplications

In general, enzymes may  adopt a variety of roles in the envi-
onment, either as agents (in isolated, cell-bound or immobilized
orm) catalyzing the transformation and/or degradation of com-
ounds polluting the environment, or as reliable and sensitive tools
o detect and measure the amount and concentration of pollutants
efore, during and after the restoration process. There is a growing

ist of examples of enzymes employed (i) in biological remediation,
ii) in the transformation of pollutants to low-molecular weight
dditives, (iii) as biosensors used for monitoring levels of envi-
onmental pollution, and (iv) as bioindicators of water and soil
uality [143]. Specifically, the previous sections highlighted the
otential of a series of metal ion-dependent hydrolases in the detec-
ion and decontamination of various OP neurotoxins, including a
ange of pesticides and nerve agents (Fig. 1). A potentiometry-based
iosensor for direct detection of OP nerve agents was  developed
y modifying a pH electrode with an immobilized layer of E. coli
ells expressing PTE on their surface [144]. Since the PTE-catalyzed
ydrolysis of OPs releases protons [89], the amount of hydrolyzed

ubstrate can be easily measured. This biosensor can be stored long-
erm and is stable for multiple use [144]. PTE-based detection is
ast and selective but not very sensitive. The detection sensitivity
as been improved by using a carbon nanotube (CNT) as electrode
an degrade highly toxic OP triester pesticides or nerve agents into largely harmless
hosphate using a plethora of monoesterases.

material [145–149]. It has also been found that by using meso-
porous carbon (MC) and carbon black (CB) along with PTE as an
anodic layer, the sensitivity of the sensor for p-nitrophenol (PNP), a
product of the PTE-catalyzed reaction, is greatly enhanced [150]. In
comparison to the CNT-modified electrode the MC-CB modification
results in an enhanced amperometric response because it promotes
the electron transfer from the enzymatically generated phenolic
compound (i.e. p-nitrophenol). Under optimal experimental con-
ditions, the biosensor has a detection limit of 0.12 �M (36 ppb)
and a sensitivity of 198 nA/�M for paraoxon, which is suitable for
biosensing applications [150]. An alternative biosensor includes
the use of CdS quantum dots [151], where PTE and (CdSe)ZnS
core−shell quantum dots (QDs) form a bioconjugate. Coupling of
PTE to the (CdSe)ZnS core−shell QD was achieved through elec-
trostatic interaction between the negatively charged QD surfaces
and the positively charged protein side chain, and circular dichro-
ism spectroscopy indicated that the activity of PTE was  preserved.
When applied to the monitoring of paraoxon levels the detection
limit was determined to be about 10−8 M [151].

Various current methods used for decontamination of OP
compounds are environmentally challenging and include bleach
treatment or ex situ incineration [152–157]. The successful incor-
poration of active PTE into aqueous fire-fighting foams was a
breakthrough in the use of an enzymatic agent for surface decon-
tamination; the method is reproducible, environmentally friendly
and facilitates the decontamination of a larger area when com-
pared to other methods [158]. Overlapping substrate preferences
of several OP hydrolases may  be exploited to degrade highly toxic
OP triesters into less or non-toxic compounds. As illustrated in
Fig. 7 OpdA and GpdQ are capable of converting toxic triesters into
largely harmless monoesters; indeed an E. coli strain co-expressing
both enzymes thrives in a medium where the OP paraoxon is the
sole source for phosphorous [110]. GpdQ itself has low activity
toward monoester substrates but there are numerous special-
ized monoesterases (e.g. purple acid phosphatases [48,115,116])
that can then convert the monoester substrates of the combined
OpdA/GpdQ activity into inorganic phosphate. A current endeavor
is thus to establish systems that employ both enzymes, preferably
in an immobilized state to facilitate continuous use. Preliminary
attempts to immobilize the OpdA-related enzyme OPH and GpdQ
using mesoporous materials and magnetic nanoparticles, respec-
tively, were encouraging since the process of immobilization led to
increased stability and reactivity for both [141,159,160].

Considering the great significance of enzyme immobilization for
the effective application of these catalysts for applications such
as environmental remediation and restoration it is informative
to review some of the recent developments in this area. Nano-
structures are attractive for enzymatic immobilization processes,
since they possess ideal characteristics to optimize factors that
determine the efficiency of the biocatalysts, including adaptable
surface area, mass transfer resistance and effective enzyme load-
ing. Enzyme supports include silica, chitosan, gold, diamond, metal

ions and metal oxides, such as graphene and zirconium [161–171].
As mentioned in the previous paragraph advances have been made
in immobilization processes that lead to improved enzyme stabil-
ity, enhanced activity, but also the minimization of inhibition by
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eaction products and better selectivity toward desired substrates
164,172]. Another concrete example is the covalent attach-

ent of cyclodextrin glycosyltransferase to magnetite (which was
ilanized with 3-aminopropyltrimethoxysilane and activated with
lutaraldehyde), resulting in an adduct with increased thermal sta-
ility (i.e. the optimal temperature for activity was  raised from 55 ◦C
o 70 ◦C) [168]. Other methods that may  prove useful in developing

 reusable devise for OP degradation include self-immobilization
y the enzymes (e.g. cross-linked enzyme aggregates – CLEA), as
ell as encapsulation or entrapment using dendrispheres or PEI
icrospheres [169]. Enzyme immobilization on magnetic parti-

les with functionalized surfaces has also recently been advanced
o environmental applications, from enzymatic bioremediation to
he synthesis of sustainable and clean energy through novel green
rocesses [169]. The main advantages for using enzymes in such
rocesses are their efficient catalytic properties, their biodegrad-
bility, as well as their high chemo-, regio and stereo-selectivity,
esulting in low by-product formation. Furthermore, biomolecules
inked to superparamagnetic nanoparticles can be selectively
emoved from complex reaction mixtures using an external mag-
etic field. For example, amino-functionalized superparamagnetic

ron oxide nanoparticles (amino-SPION) were co-aggregated with
enicillin G acylase and then cross-linked, generating magnetic
LEAs (M-CLEAs) that were quickly and efficiently recovered from
he reaction medium by applying an external magnetic field [166].
nother approach to exploit a magnetic field for separation was
eveloped by adsorption of enzymes in superparamagnetic hierar-
hically ordered mesocellular mesoporous silica (M-HMMS) with
ubsequent enzyme crosslinking. Specifically, enzymes such as �-
hymotrypsin or lipase were adsorbed into M-HMMS  and treated
ith glutaraldehyde, which resulted in a crosslinked enzyme aggre-

ate with sharply enhanced (i.e. >30-fold) activity when compared
o the unlinked M-HMMS  [173]. Also of interest is a method
hat facilitates a thermally-controlled switch for enzyme activ-
ty, an approach that is based on the site-directed conjugation
f temperature-responsive polymers to a unique cysteine (Cys)
esidue positioned near the active site of the enzyme of inter-
st. As an example, the reversible temperature-induced collapse of
,Ndimethylacrylamide (DMA)/N-4-phenylazo-phenylacrylamide

AZAAm) copolymers (DMAAm) was used as a molecular switch
o control the catalytic activity of endoglucanase [167]. Alternative
pproaches to enhance enzyme stability and activity for decon-
aminating OP neurotoxins are based on interactions between
he hydrophobic polypropylene oxide (PPO) block of amphiphilic
luronics and enzymes such as PTE. Although a detailed mecha-
ism of how the PPO block may  enhance the catalytic activity of
P-degrading enzymes has not yet been elucidated, it has been
emonstrated that the aggregate has also increased resistance to

nhibition by methanol, enhanced thermal stability, an extended
helf life, as well as an expanded substrate range [174]. Hydrogel-
orming PTE variants have also been generated by genetically fusing
his enzyme to alpha-helical leucine zipper domains (H), unstruc-
ured soluble linker domains (S) and polyhistidine purification tags,
esulting in the formation of hydrogels, which proved to be effective
atalytic biomaterials [175]. Furthermore, in an attempt to improve
ong term stability and increase the half-life of such systems, PTE

as immobilized on biocompatible gelatin pads [176]. In particular
he use of glutaraldehyde spacers dramatically improves enzyme
tability. These PTE-gelatin pads have proven effective to elimi-
ate the OP-insecticide methyl parathion and the nerve agent sarin
176].

The development of a cell-based biosensor for OP detection

vide supra) demonstrates that whole cells of genetically engi-
eered E. coli are an attractive alternative to using immobilized
nzymes. An E. coli strain that displayed PTE on the cell surface has
een used successfully (i) to detoxify contaminated wastewaters
ry Reviews 317 (2016) 122–131 129

[177] and (ii) for the biodetoxification of a widely used insecti-
cide, coumaphos [178]. An E. coli strain that expressed a bacterial
hemoglobin (VHb) in addition to PTE is considerably more potent
in degrading OPs such as paraoxon than the strain expressing PTE
alone [176]. A genetically engineered E. coli strain expressing both a
cellulose-binding domain (CBD) and PTE on its cell surface has been
shown to promote the detoxification of OPs [110]. Subsequently,
this E. coli strain was immobilized in a cellulose-coated hollow fiber
bioreactor (HFB) and shown to be effective in the biodetoxifica-
tion of a model OP pesticide, paraoxon [179]. It is envisioned that
a combination of enzyme engineering (to improve their catalytic
performance and structural stability) and immobilization, either
using the enzymes alone or express them on the surface of carrier
organisms such as E. coli may  pave the way  for very efficient and
clean strategies to remove toxic compounds from environmentally
challenged/polluted habitats.

Lastly, OP-degrading enzymes find increasing applications in
medicine. OPs are estimated to cause the death of hundreds
of thousands of people each year [1,24–27]. Human butyryl-
cholinesterase (hBChE) is a natural bioscavenger but the amount of
native enzyme is insufficient to achieve reasonable protection. Of
significance for medical applications is that intravenous pretreat-
ment of patients with PTE prevents the inhibition of AChE activity
after exposure to OPs and increases the recovery of this activity
after poisoning [180]. PTE is thus a good candidate for use as cat-
alytic bioscavenger for OP pesticides and nerve agents [181,182].
Recent trials with animals have shown that OpdA can also quickly
clear most of the pesticides in the blood of poisoned rats [183].
Current limitations are the stability of the enzyme but attempts to
overcome these limitations are currently being made using directed
evolution methods. In addition, it could be shown that the cova-
lent linking of enzymes such as PTE to polyethylene glycol (PEG)
polymers increased the residence time of the foreign enzyme in
the blood stream of guinea pigs and also reduced the production
of anti-PTE antibodies [180]. Furthermore, it could also be demon-
strated that the antidotal effects of OPAA from Alteromonas strain
JD6.5 are significantly enhanced when the enzyme was  encapsu-
lated in liposomes [180]. Bioremediation by OP-degrading enzymes
has the potential to become a major contributor to solving pesticide
contaminations that lead to environmental pollution and human
poisoning.

7. Concluding remarks

As the global population is rapidly increasing OP-based com-
pounds are likely to remain an essential part for agriculture to
meet the challenge of an ever growing demand for food. Conse-
quently, the strain on the environment will also grow, making
the development of efficient tools for bioremediation tools a high
priority task. OP-degrading enzymes form the most promising
avenue available for this endeavor. The challenge is to optimize
such enzymes to withstand the pressures of the environment (i.e.
temperature, pH), and to be sufficiently versatile to operate on
a range of commonly used OP compounds. Significant advances
toward these aims have been made using various mutagenesis-
and evolution-type methods, but the process is ongoing. Similarly,
optimal methods for the immobilization of these enzymes are still
being investigated – the aim is to develop catalysts with desired
catalytic properties that can be easily and continuously handled
in an applied setting. In summary, this review highlighted the
promise enzymes have in this area, and how they can be manip-
ulated, but it also points out the current limitations in terms of

their biotechnological applications. It is hoped that the motivated
reader will draw inspiration and encouragement from this article
to further develop these enzyme systems into versatile bioremedial
agents.
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