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Organophosphorus compounds (OPs), developed as pesticides and chemical warfare agents, are extremely toxic
chemicals that pose a public health risk. Of the different detoxification strategies, organophosphate-hydrolyzing
enzymes have attracted much attention, providing a potential route for detoxifying those exposed to OPs. Phospho-
triesterase (PTE), also known as organophosphate hydrolase (OPH), is one such enzyme that has been extensively
studied as a catalytic bioscavenger. In this review, we will discuss the protein engineering of PTE aimed toward
improving the activity and stability of the enzyme. In order to make enzyme utilization in OP detoxification more
favorable, enzyme immobilization provides an effective means to increase enzyme activity and stability. Here, we
present several such strategies that enhance the storage and operational stability of PTE/OPH.
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Introduction Table 1).>° Organophosphates contain chiral cen-
ters, where the Sp enantiomer is the more toxic
version of OP-based CWAs. OPs inhibit the func-
tion of AChEs in the human body, which function
to break down the neurotransmitter acetylcholine
(ACh). The toxic accumulation of ACh can lead to a
range of physiological issues, including hyperstim-
ulation, muscle weakness, convulsions, respiratory
failure, and even death.>*° Reversibility of the inhi-
bition reaction is incredibly slow® and dependent on
the size of the substituent bound to the phospho-
rus atoms.” Generally, the larger the substituent, the
slower or more irreversible the process is for AChE
to return to its functional state.”

OP pesticide self-poisoning is a common form
of suicide, according to the World Health Orga-
nization; it accounts for one in seven suicides
globally.®® Due to its ease of access, paraoxon and
other OP pesticides are a significant hazard.®’
“These authors contributed equally. OP pesticide poisoning can lead to an acute

Organophosphorus compounds (OPs) are classified
as neurotoxins since they serve as potent inhibitors
of acetylcholinesterase (AChE).! OPs are synthetic
small molecules first synthesized during the Second
World War to serve as insecticides and pesticides;
this class of compounds has been further developed
as chemical warfare agents (CWAs). OPs have the
general structure O=P(OR)3, while a subset of com-
pounds have the structure SP(OR);, NC-P(OR);,
or F-P(OR); (Fig. 1). Some of the OP-based CWAs
include the G-series nerve agents (sarin, tabun,
soman, and cyclosarin), V-series nerve agents (VE,
VG, VM, VX, and VR), and OP-based pesti-
cides (paraoxon, acephate, diazinon, coumaphos,
parathion, chlorpyrifos, and malathion) (Fig. 1 and
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Figure 1. Chemical structures of OP agents.

cholinergic syndrome that can be lethal if
untreated,'® as well as several chronic disorders
affecting the nervous system,'! muscles,'” and
heart."® Treatment often consists of a cocktail of
the muscarinic receptor antagonist atropine for the
muscular convulsions, oximes for AChE reactiva-
tion, and benzodiazepines for continuing treatment
of the nerve agent-induced seizures.'*'* Therapeu-
tics with antiglutamatergic properties are also being
explored to minimize the brain damage associated
with prolonged seizure after OP poisoning.!”"!®
Treatments have remained relatively ineffective for
OP pesticide exposure, with an estimated mortality
rate up to 40% for admitted patients.'’

New technologies are also on the rise for OP
poisoning treatment. Nanoparticles (NPs) mimick-
ing red blood cells with AChE on the surface have
been shown to decrease the presence of OPs in vitro
and in vivo.”" An early bioscavenger was butyryl-
cholinesterase (BChE), capable of binding preferen-
tially to OPs, compared with AChE.?!*> However, as
a stoichiometric scavenger, large amounts of BChE
would need to be administered to be effective.”!
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The use of an enzyme, particularly wild-type OP-
degrading enzyme (OpdA), capable of hydrolyz-
ing G-nerve agents isolated from Agrobacterium
radiobacter, has shown promise in reducing the OP
concentration in African green monkeys.”® A sub-
stantial decrease in dichlorvos, the model OP used
in the experiment, after 240 min has been observed
without the use of atropine or oximes.
Phosphotriesterase (PTE), an enzyme iso-
lated from Pseudomonas species, holds significant
promise for OP bioremediation. PTE was first
discovered in soil bacterium capable of degrad-
ing parathion.” Interestingly, PTE has no known
natural substrate and broadly degrades a number
of synthetically made organophosphates. In par-
ticular, PTE seems to have evolved to break down
paraoxon at a diffusion-limited rate,” indicating
that it is optimally evolved to break down paraoxon.
Additionally, there is some evidence to suggest that
Pseudomonas and other microorganisms are able
to use OPs as a source of carbon and nutrients.**
Native PTE has been found to break down a
number of OPs and has been the subject of
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Table 1. Select G- and V-agents and OP pesticides and
their lethal doses

Nerve agent LDsg References
Tabun (GA) 0.12-0.22 mg/kg 3,99, 100
Sarin (GB) 41-96 pg/kg 3, 100
Soman (GD) 38-69 ng/kg 3, 100
Cyclosarin (GF) 46 nug/kg 3
Amiton or tetram (VG) 9 mg/kg 101
Edemo (VM) 1.19 mg/kg 102
VX 7-13 pglkg 3, 100
Russian VX (VR) 11-15.3 pg/kg 3, 100
Paraoxon (POX) 0.32-1 mg/kg 100, 103
Diisopropyl 1.40 mg/kg 100

fluorophosphate

(DFP)
Parathion 15 mg/kg 101
Coumaphos 15 mg/kg 104
Diazinon 435 mg/kg 101
Malathion 2830 mg/kg 101
Acephate 266-388 mg/kg 105

engineering efforts to improve its performance.’
PTE was found to protect mice from multiple
lethal doses (4-7 x LDsg) of paraoxon, diethylflu-
orophosphate (DFP), and GA.*® Thus, engineering
an improved PTE has significant potential in
biomedical, environmental, and homeland defense
applications. In this review, we discuss recent
developments in the genetic and form factor (i.e.,
physical and chemical modifications to PTE post-
expression) engineering efforts. These efforts aim to
improve PTE catalytic efficiency, enzyme stability,
and substrate versatility.

Phosphotriesterase

PTE, also known as organophosphate hydro-
lase (OPH) (EC 3.1.8.1), is an enzyme originally
discovered in Pseudomonas diminuta, with an
identical protein found in Flavobacterium,® and
has a natural ability to degrade OP pesticides,
including paraoxon and parathion;*” however, its
activity toward OP CWAs is limited. Wild-type
PTE is best suited for the hydrolysis of paraoxon,
with its catalytic efficiency approaching the limit
of diffusion.?® Structurally, PTE is a 336 amino
acid (36 kDa)**-long protein and functionally
exists as a dimer (72 kDa)* of two TIM barrel
subunits (Fig. 2) with a binuclear site for metal
ion complexes. Each monomer can complex with
two metal ions and the PTE dimer has a total
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of four metal ions. PTE’s natural metal ligand is
zinc (Zn?*) but has also been shown to complex
with nickel (Ni**), manganese (Mn®"), cobalt
(Co*"), and cadmium (Cd?**);> however, Zn?"
complexes are the most stable, while Co*t com-
plexes are the most active.””-*! The more solvent-
exposed B-metal ion interfaces with the residues
His201 and His230 and the other more buried
a-ion interfaces with His55, His57, and
Asp301.>**2 A carboxylated Lys169 acts as a
bridge between the ions.® The catalytic site of PTE
comprises of a large group pocket (made of residues
His254, His257, Leu271, and Met317) and a small
group pocket (made of residues Gly60, Ilel106,
Thr303, and Ser308) (Fig. 2).>*°? Additionally,
there is a leaving group pocket made of residues
Trp131, Phel32, Phe306, and Tyr309 (Fig. 2).>*"%
Protein engineering efforts have been made to
give PTE additional promiscuity toward CWAs,
enhanced catalytic activity, and improved thermal
stability.

Genetic engineering of PTE

Substantial protein engineering efforts have been
made to create PTE mutants with improved phys-
ical and chemical properties. The catalytic effi-
ciency of wild-type PTE for paraoxon (k.,/Ky ~10°
M~! min~!)*?® approaches the limit of diffusion;
however, the catalytic efficiency of PTE for other
substrates, notably G- and V-series nerve agents,
is several orders of magnitudes lower (ke,/Ku
~10°-10° M~! min~').? It has been suggested that
in order for the enzyme to be used as a biotherapeu-
tic, its efficacy should be on the order of 10”.%® Thus,
enzyme engineering efforts have been primarily tar-
geted toward increasing the catalytic efficiency of
PTE against other substrates, specifically the more
toxic Sp enantiomers of nerve agents due to PTE
naturally preferring the less toxic Rp enantiomer.?

Genetic engineering of the PTE active site

While PTE has the natural ability to hydrolyze a
broad range of OPs, it is far too inefficient for ther-
apeutic applications.*® Thus, enzyme-engineering
efforts have been targeted toward improving the
catalytic efficiency against nerve agents, specifically
the more toxic Sp enantiomer of nerve agents.
The crystal structure of PTE has given structural
understanding of the critical residues for the
catalytic activity of PTE.* Thus, substantial genetic
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Figure 2. Cartoon representation of the crystal structure of
PTE (PDB ID: 1HZY).!%7 The catalytic site is made up of a large
group pocket (His254, His257, Leu271, and Met317) in green,
a small group pocket (Gly60, 1le106, Thr303, and Ser308) in
pink, a leaving group pocket (Trp131, Phel32, Phe306, and
Tyr309) in blue, and a metal ligand pocket (His55, His57,
Lys169, His201, His230, and Asp301) in yellow.

engineering efforts have been directed toward
the catalytic site of PTE. The Raushel group has
identified a general strategy for enhancing the
catalytic efficiency toward nerve agents.*>*® Muta-
tions to enlarge the small binding pocket enhance
catalytic efficiency toward nerve agents,* poten-
tially through increased steric accommodations for
larger substrates.”’” Mutations to reduce the size
of the large binding pocket reverse the enantios-
electivity to prefer the more toxic isomer.’>*® A
PTE mutant (I106G/H257Y/S308G)*> prefers the
more toxic enantiomer by 460-fold and another
variant (H257Y/L303T)*® demonstrates preference
toward the more toxic enantiomers of GB and GD
analogs (Table 2). diSioudi et al.*’” have also iden-
tified an H257L mutant with an 11-fold increase
and an H254R/H257L mutant with an 18-fold
increase relative to native PTE in specificity toward
a GD analog. Interestingly, these mutations cause
a decrease in the number of metal ligands from 4
to 2 metal ions per dimer (Fig. 3A and Table 2).
Using metal titration and flame atomic absorption
spectroscopy, the apoenzyme was found to regain
its activity upon titration with two equivalents of
cobalt (II) chloride (CoCl,). This loss of metal
ions may have introduced additional flexibility to
the binding pocket of PTE, conferring improved
catalytic efficiency toward VX and GD.

Directed evolution strategies have created large
libraries of PTE variants to identify mutants with

Enhancing organophosphate hydrolase efficacy

increased catalytic activity toward nerve agents.
The Raushel group®® has created targeted libraries
at two sites in addition to random mutagenesis
of the loop regions and identified a PTE variant
VRN-VQFL with a 26-fold improvement in activ-
ity toward DEVX (Fig. 3B and Table 2), an analog
of VX (Fig. 3B, inset). Schofield and Dinovo* have
performed site-directed mutagenesis of the bind-
ing pockets in the catalytic domain of PTE. Their
work has identified two PTE variants with 8-fold
(mutant 5) and 26-fold (mutant 8) improved activ-
ity toward VX (Table 2). Tsai et al.** have utilized
randomized libraries generated by error-prone PCR
coupled with site-specific modifications to isolate
PTE variants with improved reactivity toward GB,
GD, GE VX, and VR. Specifically, an H257Y/L303T
variant was at least 13,000-fold more active toward
GB, GD, and GF compared with wild-type PTE
(Table 2). Bigley et al.*’ have screened a 28,800
mutant library constructed from six-residue satu-
ration mutagenesis and identified several mutants
with increases in catalytic efficiency toward CWAs.
Notably, one mutant (BHR-23) had a 9200-fold
increase in k.,/Ky toward VX compared with wild-
type PTE, and another mutant (BHR-73-MNW)
had a 13,400-fold increase in k./Ky toward VR
compared with wild-type PTE (Table 2).

Genetic engineering of PTE outside the
catalytic domain

Residues outside the catalytic pocket and metal
ligand interface have also proven to be critical in
the function of PTE. Studies have demonstrated
that diethyl-4-methylbenzylphosphonate (EBP) is
a potent competitive inhibitor of wild-type PTE
but acts as a noncompetitive inhibitor in some PTE
mutants.*"*> This suggests that the PTE enzyme
features an allosteric site that is critical for the
activity of PTE. Although this allosteric site has not
been extensively studied, this finding illustrates that
residues outside the substrate binding pocket and
metal ligand interface could be potential candidates
for mutation.*” Indeed, mutations to the PTE sur-
face have yielded mutants with improved catalytic
activity. Directed-evolution efforts by Cho et al.*®
have been targeted at loop 7, which is on the PTE
surface (although near the leaving group binding
pocket). These studies resulted in one variant,
22A11 (A14T/A80V, K185R/H257Y/1274N), with
a 25-fold improved hydrolysis of methyl parathion
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Table 2. PTE mutants and their catalytic efficiencies
PTE mutant Mutations Substrate keat/Kng M~ 1s71) References
1106G/H257Y/S308G Paraoxon derivative 5.1 x 107 35
YT H257Y/L303T GB 3% 10° 36, 39
GD 8.9 x 10* 36, 39
GF 8 x 10° 39
H257L Paraoxon 5.3 x 107 37
DFP 2.6 x 10* 37
Demeton-S 1.8 x 10° 37
H254R/H257L Paraoxon 4.0 x 107 37
DFP 40 x 10° 37
Demeton-S 2.7 x 10* 37
VRN-VQFL A80V/F132V/K185R/H254Q/ DEVX 3.1 x 104 38
H257F/1274N/S308L
Mutant 5 A80V/1106V/F132D/K185R/D208G/ Demeton-S 1.9 x 104 4
H257W/1274N/R319S
Malathion 4.02 x 10* 4
Mutant 8 A80V/1106V/F132D/K185R/D208G/ Demeton-S 1.99 x 10* 4
H257W/1274N/S308L/R319S
Malathion 1.1 x 10° 4
BHR-23 F132V/H254R/1274S/S308L VX 8 x 10° 40
BHR-73-MNW C59M/1106A/F132E//T173N/ VR 5.8 x 10* 40
H254G/1274N/Y309W
22A11 A14T/A80V/K185R/H257Y/1274N Methyl parathion 6.4 x 107 43
Paraoxon 6.2 x 108 43
B3561 A14T/L17P/A80V/V1161/K185R/ Chlorpyrifos 2.2 x 108 44
A203T/1274N/P342S
G5-C23 F132E/T173N/H254G/P342S VX 4.99 x 106 51
VR 3.03 x 10° 51
PTE-d1-10-2-C3 K77A/A80M/F132E/T173N/G208D/ VX 5 x 107 33
D233G/H254G/A270S/1L271W/1274N/
Y309W/R118E/A203D/S222D/S238D/
M293V/G348T/T352E
d1-IVA1 C59M/K77A/A80V/ VR 1.2 x 107 33
1106A/F132E/T173N/G208D/D233G/
H254G/A266D/1274N/Y309W/
R118E/A203D/S222D/S238D/
M293V/G348T/T352E
Bd-PTE-d2-R2#16 1106H/F132E/L271R/L303T/F3061 GD and GF >107 53, 106

(MPT) and up to a 10-fold faster hydrolysis of
paraoxon, parathion, and coumaphos (Table 2).
Using the 22A11 variant as a parent mutant, they
have constructed a library via DNA shuftling
and identified an OPH variant, B3561 (A14T/
L17P/A80V/V1161/K185R/A203T/1274N/P342S),

from two rounds of directed evolution that exhibits
a 700-fold hydrolysis improvement for chlorpyri-
fos (Table 2).** Furthermore, Olsen et al.** have

58

identified residues outside the dimer interface that
played critical roles in improving the properties
of PTE. Specifically, incorporation of a F306L
mutation improves catalytic activity and offers
some protection from heat inactivation (Fig. 3C).
These experiments show that residues outside
the dimer interface and the catalytic domain
prove to play an important role in enzymatic
performance.
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Figure 3. (A) Relative activity against 3 mM paraoxon (closed triangle A) and 6 mM demeton-S (open triangle A) of the apoen-
zyme of the PTE mutant H254R/H257L reconstituted with equivalents of Co?*. The kinetic profile of the PTE mutant begins to
plateau at 1 mol of metal per monomer, indicating a loss of 2 moles of metal per dimer. Adapted with permission from diSioudi
etal’” Copyright American Chemical Society. (B) The kc,/Ky values for PTE mutants against DEVX (blue) and VX (green). The
red bars indicate the ke, values for the hydrolysis of VX. The mutant VRN-VQFL displayed enhanced catalytic activity against
DEVX. The inset shows a comparison of the chemical structure of VX and its analog DEVX. Adapted with permission from Bigley
et al.3® Copyright American Chemical Society. (C) Residual activity of PTE mutants with allosteric site mutations at different tem-
peratures. All k.,/Ky values were normalized to PTE at 25 °C. The mutant F306L exhibited improved activity at 25 °C and residual
activity after heating to 55 °C compared with PTE. Republished with the permission BioSystems Olsen et al.*>

Improving PTE stability due to electrostatic and van der Waals effects
Native PTE is a fairly stable enzyme, with a con- (although it is still less stable compared with the
formational stability of 40 kcal/mol.** However, wild-type PTE) (Table 3). The single mutant A8OV
engineering efforts dedicated toward improving and variants containing the alteration K185R have
catalytic efficiencies often come at the cost of beneficial effects in increasing enzyme stability and
enzyme stability, and thus, additional engineering expression (Table 3).** The mutation Y309A was
studies have been targeted toward improving the also found to improve expression (Table 3).* Intro-
stability of PTE.>*** Reeves et al.’* have shown that  ducing additional chemical functionalities, such as
introducing the mutation H254R/H257F provides  disulfide bridges*’ or fluorines,****° provides fur-
3.88 kcal/mol to the global stability of the enzyme  ther stability to PTE (see below).

Ann. N.Y. Acad. Sci. 1480 (2020) 54-72 © 2020 New York Academy of Sciences. 59



Enhancing organophosphate hydrolase efficacy Katyal et al.
Table 3. PTE mutants for improved stability and their catalytic efficiencies
PTE mutant Mutations Substrate keat/Kng (M~ 1s™1) Features References
RF H254R/H257F Paraoxon 9.00 x 10° Stabilized by cation-7 30
interactions
Demeton-$ 447 x 10° 30
2H2 A80V Methyl parathion 6.0 x 10° 43
Paraoxon 4.1 x 108 43
2H2R A80V/K185R Methyl parathion 8.2 x 10° 43
Paraoxon 7.8 x 108 43
L271A/Y309A VX 24.9 Wider outer rim of entrance 43, 46
A204C/T234C Paraoxon 5.09 x 10° 33% retained activity at 65 °C 47
T128C/E153C Paraoxon 3.68 x 10° 46% retained activity at 65 °C 47
T1991/T541 Paraoxon keat = 899.5 57! 50
C227V/T1991/T541 Paraoxon Keat = 848 57! 50
pFE-F104A F104A Paraoxon 2.23 x 10° Global replacement of 49

phenylalanine with
fluorophenylalanine

Computational design

Recently, computational modeling has proven to be
a powerful tool in protein engineering. Although
different methods may be used, computational
modeling typically performs molecular dynamics
simulations to estimate the equilibrium behavior of
a protein based on individual amino acid proper-
ties. With structural understanding of PTE coupled
with sophisticated computational simulation tools,
itis possible to perform site mutations in silico along
with their resulting protein folding energies, thus
saving valuable time and resources. The energeti-
cally favorable mutations can then be experimen-
tally screened and validated.

Farnoosh et al. employed the use of protein sim-
ulation software Disulphide by Design and molec-
ular dynamics simulations to identify pairs of
residues that would be good candidates for cys-
teine mutation to enable the formation of disulfide
bonds to improve thermal stability."” Two mutants,
A204C/T234C and T128C/E153C, were identified
in silico to be good candidates. The T128C/E153C
mutant showed increased catalytic activity, while
the A204C/T234C mutant showed decreased cat-
alytic activity. Both mutants, however, retained
more enzymatic activity at 65 °C compared with
the wild type (Table 3). Jacob et al. utilized Eris, a
molecular modeling simulation that calculates the
AAG via side-chain repacking and energy mini-
mization, and identified allosteric mutation sites.*’
These studies generated two variants. Introduction

of the double mutation T1991/T54I improved activ-
ity up to 70-fold for up to 240 min at 50 °C and
up to 30 min at 60 °C (Table 3). The triple mutant
C227V/T1991/T541 exhibited improved activity up
to 60 min at 50 °C and up to 30 min at 60 °C
(Table 3). Jeong et al. used docking simulations of
VX into the OPH active site to identify key residues
to enhance substrate access to the active site.*® The
double mutant L271A/Y309A demonstrated a 150-
fold higher catalytic activity for VX compared with
wild-type OPH (Table 3). Cherny et al. used a com-
bined computational and screen-driven approach to
engineer PTE mutants more active toward G- and
V-series agents.”’ Rosetta was used to design muta-
tions in the catalytic site docked with a substrate,
and a medium-throughput (~3700 mutants) library
was designed via gene reassembly and screened over
five rounds (Fig. 4A). A PTE variant (G5-C23) was
found that had 5000-fold more activity toward V-
agents compared with wild-type PTE (Table 2).
Recent advancements have also allowed for the
modeling of noncanonical amino acids (NCAAs).
The incorporation of NCAA gives researchers
access to more tools in order to create more efficient
and stable enzymes. Access to an expanded genetic
code offers access to a wider range of chemical
diversity. For instance, global replacement of pheny-
lalanine with fluorophenylalanine (pFF) resulted in
a variant of PTE (pFF-PTE) that exhibited higher
thermal stability and higher catalytic efficiency
via the fluorophilic effect (Fig. 4B).*® Specifically,

60 Ann. N.Y. Acad. Sci. 1480 (2020) 54-72 © 2020 New York Academy of Sciences.
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Figure 4. (A) Using Rosetta, VX and VR were docked into the active site of PTE where the best performing variants were tested
experimentally. Experimental results were used to refine the Rosetta model in order to identify more variants. In total, five itera-
tions between experimental validation and computational design were performed, resulting in a variant with improved catalytic
efficiency. Reprinted with permission from Cherny et al.>! Copyright American Chemical Society. (B) Structural depiction of PTE
with phenylalanines replaced by p-fluorophenylalanines at the dimer interface (pFF-PTE). Reprinted with permission from Baker
and Montclare.*® Copyright John Wiley and Sons. (C) Further mutation of F104A (pFF-F104A) improves the residual activity over

days. Adapted with permission from Yang et al.*’ Copyright John Wiley and Sons.

pFF-PTE exhibited more activity at elevated tem-
peratures compared with wild-type PTE (Table 3).
Additionally, fluorination of PTE increased the
melting temperature (Tn,) by 1-2 °C. However,
the introduction of pFF caused steric clashes at the
dimer interface as well as solubility issues. Using
Rosetta, Yang et al.*’ allowed every pFF to freely
mutate to other residues except phenylalanine.
Using Rosetta, each mutant was allowed to refold
and the mutants with the most favorable folding
energies were selected. Phenylalanine at position
104 was found to cause steric clashes at the dimer
interface, thereby reducing its catalytic activity and
stability. This phenylalanine was mutated to alanine
to improve stability at the dimer interface (denoted
as pFF-F104A). Thus, pFF-F104A demonstrated a
higher melting T,, and retained enzymatic activ-
ity at elevated temperatures even after several
days in solution (Fig. 4C and Table 3). These

experiments demonstrate that protein modeling
coupled with experimental screening not only gen-
erates improved enzyme variants but also expands
our understanding of protein dynamics and
chemistry.

Challenges in PTE engineering

In order for enzyme scavengers to be used as an
effective biotherapeutic for OP decontamination,
the catalytic efficiency (k./Ky) of engineered PTE
should be greater than 10’ M~! min~'.>*> While
engineering efforts have improved the catalytic effi-
ciency of PTE several fold toward other substrates,
they still do not reach this threshold. Furthermore,
optimization of an enzyme is a nonlinear path*’ and
itis difficult to differentiate between local and global
optima. For instance, the single mutation of K185R
results in the complete loss of PTE activity; how-
ever, the double mutation of A80V/K185R improves

Ann. N.Y. Acad. Sci. 1480 (2020) 54-72 © 2020 New York Academy of Sciences. 61
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enzyme stability and expression and results in a
two-fold increase in k. /Kv against MPT
(Table 3).** Improvement of PTE also comes
with diminishing returns, with every mutation
making it increasingly difficult to engineer PTE
variants with high catalytic efficiencies (107 M ™!
min~!).3°

Engineering broad substrate specificity often
comes at opportunity costs as well. While some
studies have reported some improved PTE variants
that do not compromise catalytic activity toward
other substrates,** the majority of studies report
that there is a tradeoff in substrate specificity dur-
ing engineering efforts.***7*4%52 To overcome this,
the Tawfik group has recently introduced a cock-
tail of three engineered PTE variants, with each of
the three designed to effectively hydrolyze G- and
V-series nerve agents. The cocktail is composed of
PTE-d1-10-2-C3% (key/Ky = 5 x 10° M~ min™"
toward VX), d1-IVA1* (ke/Kye > 107 M™! min ™!
toward VR), and Bd-PTE-d2-R2#16°* (k./Ky >
107 M~! min~! toward GD and GF) (Table 2). The
mixture of the three variants does not show cross-
interference in catalytic activity. The mixture also
exhibits thermostability above 60 °C and resistance
to acidic pH (pH 5-6).

Stabilization/immobilization strategies

Enzymes are fragile molecules that are highly effec-
tive under specific conditions. External stresses,
such as high temperature, extreme pH conditions,
and organic solvents, can denature enzymes or dis-
rupt their active conformation, ultimately com-
promising their catalytic activity.”* While protein
engineering is an established method to gener-
ate libraries of variants with improved catalytic
efficiency and stability, exposure or transportation
of these enzymes under nonideal conditions can
render them useless. Several strategies have been
explored that can stabilize OPH. Here, we summa-
rize such strategies (Table 4) that can dramatically
increase OPH/PTE performance and confer long-
term storage stability.

The most common strategy to stabilize proteins
is the use of excipients. Additives, such as sugars,
polyols, detergents, polymers, and amino acids, can
minimize protein aggregation and influence pro-
tein stability.” Iyengar et al. have screened a panel
of excipients that can stabilize OPH (derived from
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Flavanobacterium) under aqueous and lyophilized
conditions at 25 °C.*® Of all the excipients, mal-
tose, trehalose, proline, and arginine were the
most effective stabilizers of OPH when stored
under aqueous conditions. While freeze-drying of
OPH decreased its activity by 20%, addition of
sugars (maltose, trehalose, and mannose) during
lyophilization preserved its paraoxon-hydrolyzing
abilities and improved its stability for 2 months at
25 °C (Table 4).%

Another notable example of a sugar that can
aid in enzyme solubilization and immobilization
is beta-cyclodextrin (CD), a cyclic oligosaccharide
consisting of a hydrophobic cavity and a hydrophilic
surface.”” The ability of CD to form host-guest
complexes has garnered considerable interest, espe-
cially for industrial applications and environmen-
tal protection. Owing to its sorption capacity, CD
can absorb and detoxify various OPs, including
malathion, sarin, and soman.”® When OPH is
immobilized onto poly-cyclodextrin (PCD), CD
molecules not only adsorb OPs but also enhance
its functional stability and activity (Fig. 5A and
Table 4). CD-coated OPH can hydrolyze methyl
paraoxon (MPO) within 10 min of exposure and can
be reused for a total of four cycles.”

Apart from sugars, polymers can also influence
the activity and stability of OPHs. Specifically,
chemical modification of proteins using polyethy-
lene glycols (PEGs), also referred to as PEGylation,
can substantially alter the physicochemical prop-
erties of the enzymes. PEGylated proteins exhibit
low immunogenicity, high stability, improved
pharmacokinetic profiles, and delayed plasma
clearance.®” These features impart pharmacolog-
ical advantages to the enzymes, enhancing their
therapeutic and prophylactic use in managing
OP-related toxic effects. Covalent conjugation of
OPH with N-hydroxysuccinimide (NHS) esters
of linear and branched PEG (Fig. 5B and Table 4)
adversely impacts the k. values, reducing the
catalytic activity in hydrolyzing paraoxon and
demeton-S.°! In spite of its reduced activity, PEGy-
lating OPH improves its biological efficiency. Both
linear and branched PEG improve the circulation
half-life of OPH in guinea pigs, with branched PEG
exhibiting the maximal effect with enhanced phar-
macokinetic profile and lower immunogenicity.®!
Although PEGylation reduces catalytic activity,
it can enhance enzyme stability, with OPH still
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Table 4. Immobilization strategies of OPH

Enhancing organophosphate hydrolase efficacy

Stabilization strategy Pesticide used Feature(s) References
Additives Paraoxon Stable for 2 months at 25 °C 56
Cyclodextrin Methyl paraoxon Recycled for 4-5 times 59
Continuous degradation for 4 days
Linear and branched PEG Paraoxon Demeton-S Enhanced pharmacokinetic profile and lower 61
immunogenicity in guinea pigs
PEG-CA photostabilized gel Paraoxon Stable for 7 days at 25 °C 62
Poly(carboxybetaine) (PCB) Paraoxon Stable for 6 months at 4 °C 63
Sarin Protective effect of a single prophylactic
injection in Sprague-Dawley rats
Pluronic blend Paraoxon Active in methanol 64
Stable at high temperatures
Withstand lyophilization
Crosslinked enzyme-Pluronic Malathion Enhanced activity in anionic, nonionic, and 65
conjugates (CLEPCs) biocompatible detergents
Pluronic micelles (OPH with Paraoxon Stable at high temperature, organic solvents, and 66
corona) can withstand lyophilization and multiple
freeze—thaw cycles
Capable of decontaminating CARC surfaces
POEGMA-b-qP4VP-Inverse Methyl paraoxon Active in ethanol 68
micelles
POEGMA-b-qP4VP-PAA Methyl paraoxon Improved stability in ethanol and DMMP 68
coacervates Active for 3 days after heat treatment at 37 °C
Polyelectrolyte multilayers Methyl parathion Active under high-salt conditions 69
RHP-PEO fiber mats Methyl parathion Seven-fold active in toluene 71
Trap catalytic byproducts
Polyurethane foams Paraoxon Stable over a 3 months period at RT 73,74
Resistant to proteases for 125 days at 30 °C
Silk fibroin Methyl parathion Stable at high temperature, upon UV light 77
exposure, and in the presence of detergents
Amyloid fibrils Paraoxon Stable at 40, 45, and 50 °C 78
Gelatin pads Methyl parathion Stable for 6 months at RT or a year at 4 °C 79
Sarin
Resealed carrier erythrocytes Paraoxon Stable for 2 weeks at 4 °C 80
Sterically stabilized liposomes Paraoxon Enhanced protection of OPH 82
(SLs) Stable in buffer and guinea pig plasma for 4 days
DPPC-DVBA Methyl parathion Can be lyophilized 83
Stable at room temperature for 3 weeks
Magnetic nanoparticles Ethyl parathion Stable at extreme pH 86
Can be recycled seven times
Graphene oxide Methyl parathion Stable in methanol and DMSO 87
Can be stored for 30 days at 4 °C
Can be recycled 10 times
Mesoporous silica Paraoxon Improved immobilization efficiency and stability 88, 89
Nylon powder 11 Paraoxon Stable for at least 20 months at 5 °C 90
Nylon 6 and 66 membranes Paraoxon, ethyl Limited activity in hydrolyzing OPs and CWA in 90
parathion, and DFP the presence of cosolvent
oMV Paraoxon Stable at high temperature 98
Can withstand lyophilization and multiple
freeze—thaw cycles
Ann. N.Y. Acad. Sci. 1480 (2020) 54-72 © 2020 New York Academy of Sciences. 63
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Figure 5. (A) Schematic showing OPH-PCD capable of sorption and degradation of MPO. OPH degrades MPO into para-
nitrophenol (pNP) and phosphonic acid. Reprinted (adapted) with permission from Moon et al.>® Copyright Elsevier. (B) Molec-

ular structures of linear and branched polymers. Reprinted (adapted) with permission from Novikov et a

maintaining substantial activity in OP hydrolysis.®
Upon exposure to >300 nm light, a mixture of
cinnamaylidene-terminated PEG (PEG-CA) and
OPH conjugated to PEG-CA can undergo photo-
gelation in the presence of erythrosin B (Table 4).

1.1 Copyright Elsevier.

The photostabilized PEGylated OPH within the gel
can maintain 80% of its activity over a period of
7 days at 25 °C.%2 OPH can also be encapsulated
within a zwitterionic polymeric gel compris-
ing poly(carboxybetaine) (PCB).** Unlike PEG,
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coating with PCB has no adverse effect on cat-
alytic efficiency of OPH against paraoxon. The
polymeric gel significantly improves the storage
stability with OPH being active for 6 months at
4 °C under aqueous conditions. In Sprague-Dawley
rats, OPH-PCB gel (also referred as nanoscavenger)
exhibits prolonged half-life and minimal immune
response (Table 4). A single prophylactic injection
of these nanoscavengers can protect rats from
paraoxon poisoning for a period of 7 days. The
nanoscavengers are also effective against G-type
nerve agents. A prophylactic injection of PCB
gels encapsulating a variant of OPH, referred to
as OPH-YT, can protect guinea pigs from toxic
effects, even after multiple exposures of sarin
(Table 4).%3

Pluronic, a triblock polymer comprising of
poly(ethylene oxide-b-propylene oxide-b-ethylene
oxide) (PEO-PPO-PEO), is another polymer that is
quite often used to stabilize OPH. A simple blend of
OPH with F127 Pluronic can significantly improve
OPH activity against paraoxon (Table 4).%* A 1:1000
mixture of OPH:Pluronic can maintain its activity
in methanol, a solvent commonly utilized to dis-
solve OPs. Interaction of OPH with the hydrophobic
PPO block protects the enzyme from aggregation.
Even after heating the mixture at 70 °C for 10 min,
the enzyme retained 85% of its activity. The mix-
ture can also be lyophilized and stored for 25 days
at 4 °C without significant loss in activity.** Besides
Pluronic-OPH blends, crosslinked enzyme aggre-
gates (CLEAs) and crosslinked enzyme-Pluronic
conjugates (CLEPCs) have also been prepared
and tested for OPH activity against malathion
(Table 4).% Cheng et al. have utilized glutaralde-
hyde to crosslink ammonium sulfate-precipitated
OPH in the presence and absence of Pluronic to
form CLEPC and CLEA, respectively.®> CLEPC
exhibits better activity and stability with respect
to different pHs and temperatures. The crosslinked
polymeric conjugates also show improved activity
in the presence of detergents, including sodium
dodecyl sulfate (anionic), alkyl polyglycoside (non-
ionic), and coconut oil derivatives (biocompatible
detergents).®

F127-Pluronic, being an amphiphilic polymer,
can assemble into micelles above its critical micelle
concentration (CMC).?® Similar to the NHS ester
of PEG (see above), F127-NHS can conjugate with
the lysine residues of OPH (Fig. 6A). When used
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above its CMC, the PPO hydrophobic block of F127
forms the core, while the hydrophilic PEO block,
conjugated to OPH forms the corona of the micelles.
The micelles, about 100 nm in size, exhibit higher
enzymatic activity against paraoxon compared with
unconjugated OPH. Conjugated OPH micelles are
stable under a variety of conditions, including
high temperature and organic solvents, and can
withstand lyophilization and multiple freeze-thaw
cycles (Table 4). Suthiwangcharoen and Nagarajan
have demonstrated the efficacy of these conju-
gated micelles in decontaminating chemical agent—
resistant coating (CARC) surfaces (Fig. 6B).°

OPHs are also stable as reverse micelles, where
the enzymes are entrapped within the aqueous
core surrounded by hydrocarbon tails.”” Since
the enzyme molecules are sequestered within the
core, enzymes are protected from the deleteri-
ous effects of organic solvents. A block polymer
of poly(oligo(ethyleneglycol) methacrylate)-b-
poly(4-vinyl N-methylpyridyl iodide), (POEGMA-
b-qP4VP), which forms inverse micelles, can
enhance OPH activity against MPO for several
days (Table 4).°® These micelles retain 37 + 2%
(relative to OPH in solution) of OPH activity in
ethanol. When POEGMA-b-qP4VP is mixed with
an oppositely charged polymer, poly(acrylic acid)
(PAA), complex coacervate core micelles (C3M) are
formed as a result of phase separation. OPH with
C3Ms is condensed within the dense polymeric-
rich phase that can stabilize enzymes in organic
solvents, with OPH exhibiting improved stabil-
ity in ethanol and dimethyl methyl-phosphonate
(DMMP). The OPH-bearing C3Ms also retain its
activity for 3 days after heat treatment at 37 °C
(Table 4).°%

Sustained activity of OPH against MPT, extend-
ing to about 6 months at room temperature (RT),
has been demonstrated by Lee et al® OPH
immobilized within polyelectrolyte multilayers
(PEM) of branched polyethylenimine-polystyrene
sulfonate (BPEI-(PSS-BPEI);) is deposited onto
glass beads via a layer-by-layer approach.®’
The multilayer assemblies are further stabilized
by coating the enzyme layer with PEI-PAA
and the end-capping monomers 1,2-dihydroxy-
propyl methacrylate (DHPM), 1,2-dihydroxypropyl
4-vinylbenzyl ether (DHPVB), and N-[3-(trimeth-
oxysilyl)propyl]ethylenediamine (TMSED), which
are readily polymerized by ultraviolet (UV) light.
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Figure 6. (A) Conjugation of OPH with F127 Pluronic to form micelles with an OPH corona. (B) Decontamination of CARC
using F127-OPH micelles. (C) Enzymatic activity of OPH versus F127-OPH micelles. Reprinted (adapted) with permission from
Suthiwangcharoen and Nagarajan.®® Copyright American Chemical Society.

The polymer-encased multilayer assembly, in
particular, the assembly with crosslinked TMSED,
can protect the enzyme from deactivation and
delamination under high-salt conditions. OPH
stabilized with TMSED coating retains 27% of the
original activity under high-salt conditions of 2 M
sodium chloride (Table 4).*” PEM-based coatings
are also utilized in designing smart clothing.”
OPH stabilized within BPEI multilayers maintains
MPT-hydrolyzing activity when coated on fiber-
glass or cotton threads, unveiling new opportunities
in designing materials with self-decontamination
properties.”’

The use of polymer-based fiber mats to solubilize
and stabilize OPH is another effective approach

in OP bioremediation.”! Panganiban et al. have
developed a random heteropolymer (RHP)
comprising  methyl methacrylate (MMA),
oligo(ethylene glycol) methacrylate (OEGMA),
2-ethylhexyl methacrylate (2-EHMA), and 3-
sulfopropyl methacrylate potassium salt (3-SPMA)
at a ratio of 5:2.5:2:0.5.”! RHP facilitates OPH
solubilization in organic solvents, increasing the
overall activity of OPH by seven-fold against
MPT dissolved in toluene (Table 4). RHP-OPH
immobilized on electrospun polyethylene oxide
(PEO) or poly(methyl methacrylate) fiber mats was
effective in degrading MPT, with PEO-based fiber
mats capable of trapping the hydrolysis byproducts
(Table 4). These mats allow easy removal of OP
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Figure 7. (A) Polyurethane films containing silk fibroin and SFE-OPH placed in MPT solution. The films were incubated at
37 °C for 1 hour. The SFE-OPH/PU film turned yellow due to p-nitrophenol, a hydrolytic product of MPT. The graph shows
the hydrolytic activity of SFE-OPH/PU films (open diamond) and PU films containing free OPH (filled squares). Adapted with
permission from Dennis et al.”” Copyright American Chemical Society. (B) PTE entrapped within murine erythrocytes is capable
of hydrolyzing paraoxon (PO). The graph shows hydrolysis of PO by erythrocytes with respect to time, with PTE (filled circle)

and without PTE (open circle). Adapted with permission from Pei et a

and its byproducts, providing a facile approach to
perform on-demand bioremediation.”!
Alternatively, PTE has been immobilized on
polyurethane foams and sponges that can be
utilized to clean up small spills.”>”7* Isocyanate-
functionalized polyurethanes react with water
to form carbamic acid that results in the for-
mation of primary amines and carbon dioxide.
While carbon dioxide forms the sponge-like
matrix, primary amines can react with isocyanate
groups to form urea linkages. The enzyme is then
immobilized within the crosslinked isocyanate-
functionalized polyurethanes. The foams are
active against paraoxon for over 3 months at RT
and are resistant to proteases for 125 days at 30 °C
(Table 4).”>7* To decontaminate large areas exposed
to OPs, a unique approach of incorporating OPH
in firefighting foams has been reported by LeJeune
et al. Although OPH experiences some loss in its
activity, it maintained 30% of activity, capable of
neutralizing OP-contaminated surfaces.”

189 Copyright Elsevier.

Silk fibroin is a unique biopolymer that is increas-
ingly being used for encapsulation of enzymes, anti-
bodies, and biological samples.”*’” It is a fibrous
protein obtained from the cocoons of Bombyx
mori that exerts a stabilizing effect on encapsu-
lated enzymes, even without the need for chem-
ical crosslinkers.”” Dennis et al. have encapsu-
lated organophosphorus hydrolase in silk fibroin
films and tested for its stability and activity against
MPT.” While hydrated OPH-encapsulated silk
fibroin films (SFE-OPH) maintain 70% of orig-
inal activity for 65 days, dry films retain 60%
of its activity for 17 weeks when stored at RT.”
The films preserve OPH activity under a vari-
ety of conditions, including high temperature,
UV light, and the presence of organic solvents
and detergents (Table 4). Polyurethane films con-
taining lyophilized SFE-OPH powder (Fig. 7A)
exhibit higher stability under extreme conditions.””
Amyloid fibrils, obtained from bovine insulin, are
another protein scaffold that has been employed to
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immobilize OPH. Fibrils crosslinked with OPH via
glutaraldehyde significantly improve thermal stabil-
ity at 40, 45, and 50 °C (Table 4).”8

Gelatin pads, which exhibit improved storage
stability, have also been utilized to immobilize
OPH.”” Owing to its biocompatibility, the pads
can be placed over OP-contaminated skin and
surfaces. Homogenized gelatin (gelatin foams) are
lyophilized to form pads that are then soaked
in glutaraldehyde solution followed by a subse-
quent soak in OPH. Glutaraldehyde allows covalent
crosslinking of OPH with gelatin. These pads are
effective in hydrolyzing MPT and sarin even after
long-term storage of 6 months at RT or a year at
4 °C (Table 4).”°

Another interesting approach to protect OPH
enzymes is to utilize resealed carrier erythrocytes
(Fig. 7B).%0 Pei et al. have employed murine ery-
throcytes to encapsulate PTE. A hypotonic buffer
solution is used to create transient pores in the cell
membrane, which allows PTE to diffuse through.
Once PTE is encapsulated, the cells are resealed
using an isotonic solution. A 30% encapsulation
efficiency was observed for PTE that remained
stable for 2 weeks at 4 °C (Table 4). Encapsulated
PTE can rapidly breakdown paraoxon, as com-
pared with free red blood cells.* Compared with
resealed erythrocytes, sterically stabilized lipo-
somes (SLs) exhibit better encapsulation efficiency
(80%) of PTE and have longer storage stability in
buffer and plasma.?!:82 The OPH-loaded SLs, com-
prising palmitoyloleoylphosphocholine (POPC),
dipalmitoyl-phosphatidyl phosphoethanolamine-
N-[(polyethylene glycol)-2000] (PEG-PE-2000),
and cholesterol (CHOL), are effective in hydrolyz-
ing paraoxon (Table 4). These liposomes are capable
of protecting mice against the toxic effects of OPs
and exhibit enhanced protection compared with
atropine and 2-PAM.%?> Other examples of OPH-
loaded lipid-based vesicles include dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC)-based lipid
nanocapsules, as reported by the Singh group.®*%*
These nanocapsules consist of 3,5 divinylbenzoyl
(DVB) headgroups, which can undergo photopoly-
merization and crosslinking at 254 nanometers.
The crosslinked nanocapsules can be freeze-dried
and retain 18% of original activity against MPT
when stored at RT for 3 weeks (Table 4).83

Of the several stabilizing strategies, enzymes
immobilized onto magnetic iron NPs can be
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readily separated by external magnetic fields.%
Enzyme immobilization onto these NPs makes
them both catalytically effective and recyclable.
Robatjazi et al. have covalently attached OPH to
amino-functionalized magnetic NPs via N-ethyl
carbodiimide.®® These NPs are stable under extreme
pH conditions and exhibit a 6.3-fold improvement
in enzyme activity against ethyl parathion for 5 days
at 4 °C (Table 4). The magnetic particles can easily
be used and recycled for seven times, with 73%
of enzyme activity retained even after the seventh
cycle, indicating their potential in bioremediation
and biosensing.®® Graphene oxide (GO) is another
bioinorganic matrix that is employed to immobilize
OPH.*” Nanocapsules of acryloylated OPH immo-
bilized on GO, referred as nOPH10@GO, exhibit
improved activity, stability, and reusability (Table 4).
nOPH10@GO is stable in methanol and DMSO
and can be stored for 30 days at 4 °C. Interestingly,
the polymer-stabilized OPH on GO maintains
90% of original activity, even after 10 successive
cycles of reuse.’” Aside from the abovementioned
bioinorganic matrices, organically functionalized
mesoporous silica (FMS) has been effectively uti-
lized to encapsulate OPH. HOOC-FMS, bearing
(-CH,-CH,-COOH), showed exceptional immo-
bilization efficiency and stability after long-term
storage for 145 days.®® Amine-functionalized
crosslinked mesoporous silica particles reported
by Francic et al. also exhibit high immobilization
efficiency, capable of hydrolyzing paraoxon for up
to eight cycles.*’

Long-term stabilization of PTE has also been
reported when PTE is immobilized onto nylon
powder.”® PTE crosslinked with glutaraldehyde-
treated nylon powder 11 (mesh size 140) was
shown to be stable for 20 months at 5 °C. The
large surface area of the powder particles allows
sorption of highly concentrated enzymes, achieving
faster hydrolysis of paraoxon. Apart from nylon
powder, nylon membranes have also been uti-
lized to immobilize PTE.*® Compared with nylon
powder, immobilization of PTE onto nylon 6 and
nylon 66 membranes significantly affects its cat-
alytic efficiency. Despite having a higher Km in
the presence of a cosolvent, immobilized PTE,
in particular with nylon 66 membrane, limits its
activity to 10% of free enzyme. Even with such
reduced activities, immobilized PTE has been
shown to hydrolyze dilute solutions of paraoxon
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or ethyl parathion and attain partial hydrolysis of
DFP°

Several other substrates, including cellulose
microfibers,”* chitosan beads,”” quantum dots,”
carbon nanotubes,’® gold NPs,”> and agarose
beds,”® have been utilized to immobilize OPH.
Some of these substrates are best suited for fab-
ricating novel biosensors for OP detection and
are discussed elsewhere.**® The immobilization
strategies described in this article hold promise
as therapeutics and as agents for environmental
decontamination. Each strategy has its special use,
and the choice of specific immobilization method is
influenced by the overall cost, scalability, and appli-
cability. Over the past few years, significant interest
has been generated in developing systems that
combine one or more strategies.””® For example,
Alves et al. have utilized bacterial outer membrane
vesicles (OMVs) to package PTE enzyme. These
OMVs, referred as proteoliposomes, combine
proteins, lipids, and polysaccharide components,
exerting a synergistic effect on PTE activity and
long-term storage stability (Table 4).”® Although
these vesicles show promise, they have yet to be
tested in real-world applications.

Conclusions

OP-based pesticides and CWAs pose a great risk
to civilians and military populations. Enzyme-based
approaches, in particular, OPH/PTE enzymes, have
offered a potential route of OP detoxification.
Extensive research has been devoted to generating
stable and active variants of OPH/PTE that exhibit
improved efficacy and stability, either alone or in
combination with existing stabilization strategies.
Despite their great potential, it is crucial to evaluate
these systems in in vivo models or real-world condi-
tions to further establish their use as effective coun-
termeasures.

While there have been some significant efforts
toward this goal, commercialization of these
enzymes is still uncertain. High costs, manufactur-
ing challenges, and reduced enzyme recovery pose
significant barriers to the commercialization pro-
cess. In order to make cost-effective, commercially
viable enzymes for therapeutic use or environmen-
tal decontamination, it is essential to continuously
improve these systems that can enhance enzyme
productivity, activity, reusability, and storability.
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