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18.1 Introduction
Nature equips us with numerous biological tools for the improvement of a
wide range of production processes, which reduce energy and raw material
consumption, while generating less waste and toxic side-products. As a
result, modern biotechnology has had a significant impact on environ-
mental applications, such as the production of renewable energies and
bioremediation.1 Compared with traditional physicochemical methods,
bioremediation is a cost-effective, safe and nature-friendly biotechnology.1–6

The major approach in the biodegradation of organic pollutants employs
whole microorganisms, such as indigenous or introduced bacteria and
fungi. Most bioremediation systems operate under aerobic conditions,
but anaerobic environments may also permit microbial degradation of
recalcitrant molecules.3,5 In order to be biodegraded, contaminants must
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interact with enzymatic systems in the degrading organisms. Both bacteria
and fungi use various intracellular and extracellular enzymes often as-
sembled in the biochemical pathways. More sophisticated systems involving
genetically modified microorganisms are typically restricted to laboratory
demonstrations of proof-of-principle, while there are only a few examples of
the application in the field. Whether the organisms are genetically modified
or not, microbial bioremediation relies on generally slow microbial growth
that is limited by numerous factors such as mass transfer and contaminant
bioavailability, the level of oxygen, pH, temperature, the nutrient level at
contaminant sites and the presence of other toxic or growth inhibiting
factors.1,2,5 This has led to an interest in the use of formulated enzymes
rather than live microorganisms as bioremediation agents.

Unlike many microbes, extracellular or isolated enzymes can remain
effective in a wide range of pH and temperature ranges, particularly if they
are immobilized on some carrier (see Chapter 16).3 They are effective at
low pollutant concentrations and are active in the presence of microbial
predators or antagonists. Enzymes are more mobile than microorganisms
because of their smaller size.7 Employment of enzymes has the advantage
of using the power of enzyme engineering to maximize enzyme efficiency
(see Chapter 7), yet the use of the final product does not involve the release
of a genetically engineered organism. Advances in bioinformatics and mo-
lecular modeling are helpful in the development of advanced semi-rational
engineering strategies targeting various enzyme properties. The discovery of
novel enzymes with desired technological and economical value is acceler-
ated also by exploring vast natural diversity in genomic databases or by
isolation of novel variants (e.g., thermophilic or cold-adapted enzymes)
from metagenomes of extreme environments (see Chapters 1 and 2). The gap
between the vast information in genetic databases and a limited amount of
functional data can be closed by advances in experimental screening
methods, e.g., lab on a chip, by the development of the database mining
and by the application of advanced technological formulations and novel
materials, e.g., next generation co-solvents or nanomaterials.

Enzymatic bioremediation is particularly suited to situations where
rapid remediation is needed in specific cases in time scale as short as a few
minutes. Enzymes developed for remediation of specific toxic compounds
can also be applied as antidotes for poisonings and as prophylaxis for people
at risk of exposure.2 These characteristics make enzymes attractive bioca-
talysts for applications in the neutralization of chemical weapons, which
will be the major focus of this chapter. Benign biocatalytic methods are
recommended for decontamination of warfare chemicals because enzymatic
preparations are not corrosive, flammable or harmful to a user. Potentially,
an enzyme-based decontaminant is benign enough to be directly applied to
the skin of exposed personnel.8–10 Unlike most chemical catalysts, enzymes
with different properties and specificities can be mixed together in a single
versatile formulation since they generally function under similar mild
condition.1,8,9

540 Chapter 18



18.2 Chemical Warfare Agents
Chemical weapons have been utilized for debilitation of enemies since
prehistory with evidence from ancient times and the Middle Ages.11 The
natural chemical weapons used at those times were mainly based on
smoke, animal and insect venom, poisonous plants, and later on toxic
elements.11–13 The synthesis of the first toxic chemicals in the 18th century
and the great flourishing of chemistry in the 19th and 20th century to-
gether with the development of delivery systems started the modern
chemical warfare era and turned chemical weapons into means of mass
destruction, mass murders and genocide.11,13 The first massive large-scale
use of chemical weapons occurred during World War I, which is therefore
known also as the ‘‘Chemist’s War’’.13,14 In total, over 113 000 tons of
chemical warfare agents (mainly chlorine gas, phosgene, and mustard gas)
was released killing around 90 000 people and causing over 1.2 million
casualties.12,14 Not even the horror of such a war has prevented the further
exploration and use of chemical weapons.12,13 The deadly organo-
phosphorus nerve agents (tabun, originally an insecticide, and its deriva-
tives sarin and soman) were discovered, produced, and stockpiled in
heavily industrialized Germany before and during World War II.11,13 Sulfur
mustard, sarin, soman, and newly developed V-type nerve gases (VX and
Russian VX) were produced and/or stockpiled by both sides also during
the Cold War.11,12

There is evidence that chemical warfare agents have been perceived as an
immoral means of combat and a taboo throughout history.15 The employ-
ment of chemical warfare agents can be ‘‘invisible’’ for some time because of
the delayed effect. Moreover, the chemicals can be unconsciously spread
further from the contaminated area and/or by affected people.13,15 The
psychological impact on survivors is devastating. Therefore, the usage of
chemical weapons should have been prevented by several treaties made in
history.11,13,15 The Geneva Protocol of 1925 prohibits the use of asphyxiating,
poisonous and other gases in a war.15 The Chemical Weapons Convention of
1993, which has 192 state-parties (in October 2016) extends the Geneva
Protocol and prohibits development, production, stockpiling, and use of
chemical weapons.15,16 However, numerous confirmed and countless al-
leged applications of chemical warfare agents in localized conflicts (mainly
in the Middle East) in 20th and 21st centuries have been described.11–13,17–21

Apart from combat, and incidents related to abandoned stockpiles, chemical
weapons have harmed people in several terrorist attacks.12,13,17,22–24 A couple
of chemical warfare agents (e.g., sarin) were manufactured and misused by a
Japanese religious sect Aum Shinrikyo in the 1990s.13,25,26 Iraqi Al Qaeda
used bombs and chlorine to intimidate people in Iraq between 2006 and
2007.12,24 These cases underlined that chemical warfare agents could cur-
rently represent a threat mainly to unprotected civilian population as a mean
of terrorism or ‘New Wars’ where no borders between a war and an organized
crime can be recognized.13,15,27,28
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18.2.1 Nerve Agents

Organophosphate chemicals are the deadliest group of the modern chemical
warfare agents.29 Despite being called nerve gases, these agents are liquid,
stable, easily dispersed and highly toxic.29–31 The group of nerve agents
comprises (i) volatile G-type compounds (tabun, GA; sarin, GB; soman, GD;
ethylsarin, GE; cyclosarin, GF), and (ii) more persistent V-type compounds
(VG, VX and Russian VX) (Scheme 18.1). The first organophosphates of each
type were originally intended for the agricultural use of pesticides.

All these organophosphate chemicals contain essential structural features
(Scheme 18.1): the phosphorus atom is bonded directly to oxygen or sulfur
forming a phosphoryl- or thiophosphoryl-group, R1 and R2 are defined as an
alkoxy-, alkyl-, N-alkylamino- or N,N-dialkylamino-groups, and the leaving
group X is typically a halogen- or pseudohalogen-, aryloxy-, thioxy-, or
phosphate-group.29 The nature of the leaving group influences phos-
phorylation ability of the compound and its stability in the aqueous me-
dium. All nerve agents are chiral compounds, and the individual
enantiomers differ in their toxicity.32,33

Known nerve agents rapidly and fully inhibit the activity of the human
enzyme acetylcholinesterase (AChE) by irreversible phosphorylation of the
essential serine residue in the AChE active site.29,31 Phosphorylated AChE
cannot catalyze the hydrolysis of the neurotransmitter acetylcholine to cho-
line at neural chemical synapses and neuromuscular junctions of the choli-
nergic type. Based on the method of exposure and the dose, the peripheral
nervous system or central nervous system can be affected and muscarinic and/
or nicotinic receptors stimulated.31,34 As long as acetylcholine is not removed
by AChE, the signal remains triggered. Characteristic signs and symptoms of
nerve agent poisoning can be apparent within seconds.30 An exposed person
can evince constricted pupils (miosis), headache, nausea, vomiting, dif-
ficulties in breathing, chest oppression, muscular weakness and twitching,
cough, rhinorrhea, drooling, excessive sweating, abdominal cramps, and
anxiety.30,31 After exposure to a lethal dose, an untreated person can die within
minutes.30,34 The standard clinically available antidote is the combination of
anticholinergic atropine and pralidoxime, which can reactivate the inhibited
enzyme.35 Reactivation of inhibited AChE, however, becomes impossible after
aging of the nerve agent–enzyme complex, a change probably caused by a loss
of an alkyl- or alkoxy-group, which is relevant mainly to soman poisoning.31,35

18.2.2 Blister Agents

Blister agents or vesicants are named based on their ability to form blisters
and vesicles on the skin and mucous membranes.29,36 The mode of action of
these cytotoxic alkylating agents is more complex. Chemical weapons based
on blister agents were intended to cause injury rather than to kill.30 The
group of blister agents comprises: mustards (the most prominent member
sulfur mustard and its derivatives, Scheme 18.2), systemic arsenical poisons
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(lewisite, mustard–lewisite, phenyldichloroarsine), and a systemic poison
and an urticant phosgene oxime.29,36

Sulfur mustard (bis(2-chloroethyl)sulfide), known also as Yperite,
LOST, S-Lost, Yellow Cross, is a bifunctional alkylating agent.36 It is a pale
yellow oily liquid, which easily vaporizes in the warm dry environment and
penetrates ordinary clothes.17,29,36 On the other hand, sulfur mustard is very
persistent in cold and damp weather. It can persist for two weeks sprayed on
the soil or for years as a result of leakage. Sulfur mustard is sparingly soluble
in water but soluble in fat and organic solvents. While sulfur mustard
dissolved in water exhibits half-life of 4–15 minutes, bulk sulfur mustard
may persist in water for years because the skin of hydrolysis products
protects the remaining mustard from destruction.29,36

Intoxication is induced percutaneously by ingestion or inhalation.29 The
length and intensity of the exposure determine the local or systematic nature
of the damage.36 Toxicity of sulfur mustard depends on temperature and
humidity; it is more toxic in hot and humid weather. Hydrolysis of sulfur
mustard produces an extremely reactive cyclic ethylene sulfonium ion which
alkylates a variety of cellular macromolecules.17,36,37 Blistering between
epidermis and dermis is caused by disruption of the interface between
the epidermis and basement membrane.36 The formation of large blisters
filled with lymph is followed by large-scale necrosis.29 The understanding of
the delayed effect of sulfur mustard is ongoing.36 The generally accepted
hypotheses suggest that delayed toxicity of sulfur mustard is connected to
different molecular actions: alkylation and crosslinking of DNA, inactivation
of proteins, depletion of GSH reserves, production of reactive oxygen species,
and peroxidation of membrane phospholipids.36,38

Sulfur mustard primarily affects the skin, respiratory tract, and eyes.36

Acute symptoms comprise edema and ulceration necrosis of epithelial
tissue. Symptoms of systematic poisoning are nausea, vomiting, fever,
and malaise. Delayed complications of sulfur mustard poisoning can be
conjunctivitis, blindness, chronic bronchitis or cancer. Lethality, caused by
inhaling the aerosol or ingestion, is 2–5%, significantly lower than in the
case of nerve agents.11,13,17 However, the number of injuries together with
psychological impact on victims is high. As no specific antidote is known,
the supportive treatment is the only option.17 The potential of antioxidants
as a countermeasure of sulfur mustard has been intensively studied.38,39

Nitrogen mustards represent other bifunctional alkylating agents
with similar vesicant, cytotoxic and mutagenic effects as sulfur mustard.17,36

Scheme 18.2 Chemical structures of blister agents.
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The group of nitrogen mustards produced as potential military agents
comprises HN-1, bis(2-chloroethyl)ethylamine, HN-2, bis(2-chloroethyl)-
methylamine, and HN-3, tris(2-chloroethyl)amine. These tertiary bis(2-
chloroethyl)amines are oily liquids sparingly soluble or insoluble in water,
but miscible with organic solvents. Their relative potency for vesicant effects
slightly decreases as follows: HN-34HN-14HN-2.36 The dermal effect is
enhanced by moisture. Nitrogen mustards alkylate nucleophilic parts of
cellular macromolecules through the instable cyclic immonium cation
which originates from hydrolysis. Similarly, as in the case of sulfur mustard,
the mainly affected parts of the body are eyes, skin, the respiratory tract and
the gastrointestinal tract.17 The length of the latency period of the poisoning
varies for several hours and days for eye and skin damage, respectively.36

No specific antidote is known.17

18.2.3 Other Agents

Other significant warfare chemicals belong to choking and blood agents.
Although their military importance has vanished, their misuse by terrorists
against unprotected civilian population still represent a real threat.29

Choking, or pulmonary, agents can cause lung irritation, damage, and pul-
monary edema.38 Choking agents comprise: chlorine gas (Cl2) – a choking
agent with strong oxidizing potential, chloropicrin (PS, Aquinite, Klop) – a
strong lacrimator and lung irritant inhibiting mitochondrial enzymes,
phosgene (CG) and diphosgene (DP) – pulmonary agents causing an acute
lung injury, and phosphine – a pesticide interacting with a mitochondrial
cytochrome oxidase.17,29,38 Blood agents, or asphyxiants, target blood cells,
and/or cellular respiration (oxygen transport or utilization) and thus cause
tissue hypoxia.17,29,30,38 Blood agents include: arsine, a highly toxic form of
arsenic acting as a hemolytic agent; hydrogen cyanide, a potent inhibitor of
mitochondrial respiration; and inflammable cyanogen chloride (Maugui-
nite), a reversible inhibitor of a cytochrome oxidase.17,38 The specific anti-
dotes (hydroxocobalamine, dicobalt edentate, 4-dimethylaminophenol, amyl
nitrite/sodium nitrite/sodium thiosulfate) are available only in the case of
hydrogen cyanide or cyanogen chloride poisoning.17,40

18.2.4 Decontamination of Chemical Warfare Agents

Parallel to the use and preparation of novel chemical weapons, there has
naturally always been an interest in the protection against those toxic
chemicals. Protective gear and equipment for early detection and decon-
tamination of warfare agents have been developed.11 The complete Personal
Protective Equipment (PPE) includes a face mask connected to an oxygen
source or a canister with a high-efficiency particulate aerosol (HEPA) filter,
a vapor-impermeable/air-permeable suit, and liquid-impermeable butyl
rubber gloves and boots.41 Self-detoxifying materials (e.g., functionalized
nanofibers, nanofibers with embedded metal nanoparticles, nucleophilic
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polymers) for the detection and decontamination-integrated protective suits
are currently under development.41–43

The concentration of chemical warfare agents in the environment is
reduced by combined effects of sunlight, temperature, moisture, aeration,
and microbial activity.44 Whereas highly volatile agents are rapidly diluted
with air or washed by water, extremely reactive compounds immediately
react with other available compounds in the environment.10 Availability of
a proper decontamination method is therefore crucial, mainly in the case
of contamination by persistent and highly toxic agents. Decontamination
can be defined as a method essentially involving the conversion of toxic
chemicals into harmless products by degradation, or as a method for re-
duction or removal of chemical agents in such a way that they are no longer
hazardous.34,45 A selected decontamination technique should meet required
parameters regarding: safety, efficiency, cost, waste production, possible
automation, and universality.45 The requirements for harsh methods and
formulations for stockpile destruction (such as the two-stage incineration
or hydrolysis using sodium hydroxide) naturally differ from demands for
methods for large-scale decontamination of the environment and/or sensi-
tive surfaces of contaminated equipment.46 The formulations for the latter
should be compatible with the treated material, be easy to prepare–apply–
remove, be able to adhere to vertical surfaces, evince no or low toxicity,
be non-flammable, and not interfere with a monitoring equipment.34,47

Personal decontamination is even more delicate and is based on the
stepwise use of adsorbents, washing, active ingredients (e.g., chloramines),
and antidotes or supportive medical treatment.34 The exposure to chemical
warfare agents can be proven by biomonitoring methods mainly based on
mass spectrometry and immunochemistry.48 Using these approaches,
resulting adducts with DNA or proteins, urine and plasma metabolites,
and/or enzymes’ inhibition can be detected.48,49 The relevance of oximes,
antinicotinics, (bio)scavengers, and antioxidants as antidotes in the treat-
ment of poisoning has been intensively studied.35,38,39

Generally, decontamination technologies can be divided into mechanical,
physical, chemical, and biological approaches.34,45 Mechanical decon-
tamination is based on the removal of the bulk agent or covering the con-
taminated surface.34 Physical decontamination covers dilution and washing,
adsorption (e.g., by Fuller’s earth), evaporation (e.g., thermal treatment),
and reverse osmosis and ultra-filtration. Both mechanical and physical
decontamination approaches are universal; however, they do not lead to
neutralization of the treated chemicals.45

On the contrary, chemical decontamination refers to neutralization of the
agent to a non-toxic product by chemical reactions – mainly by hydrolysis,
oxidation or reduction.34,44–46 Proper reaction conditions during decon-
tamination processes are of the highest importance as the degradation of
chemical warfare agents can lead to toxic byproducts or products that can
adversely affect the environment and potentially harm the user.9,44 For
example, hydrolysis of VX at neutral to alkaline pH leads to the formation of
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toxic and environmentally stable S-(2-diisopropylaminoethyl) methylphos-
phonothioic acid (EA 2192).44 Moreover, universal bleaches and strong
oxidants may be unsuitable under certain conditions as they corrode, etch or
erode the treated surface (Table 18.1).34 Biological decontamination means
the application of environmentally benign enzymes, which is a concept with
truly exciting potential.45

18.3 Enzymes in Decontamination of Warfare
Chemicals

Enzymes that catalyze chemical reactions at or near the diffusion limit
are highly efficient biological catalysts that increase the reaction rate up to
107–1010 times, compared to the un-catalyzed reaction.50 Such incredible
catalytic efficiency together with biodegradability, non-toxicity, and non-
flammability makes enzymes an interesting choice for decontamination of
chemical warfare agents (Table 18.1). Decontamination formulations em-
ploying enzymes are currently developed for the personal treatment of skin,
wounds, and eyes and/or decontamination of sensitive surfaces. The pos-
sible use of enzymes in prophylaxis and medical treatment as bioscavengers
is a very attractive topic nowadays.51–54

18.3.1 Enzymes Converting Nerve Agents

The most well known enzyme associated with organophosphorus compounds
is acetylcholine esterase (AChE). This serine hydrolase, like butyrylcholine
esterase (BuChE), stoichiometrically inactivates nerve chemical agents in
a suicide reaction that irreversibly inhibits the enzyme.55 Over the years,
a number of enzymes that convert toxic nerve agents by hydrolysis
(phosphotriesterases) or oxidation (chloroperoxidase) have been isolated,
characterized, and described in the literature.33,56,57 Although various
phosphotriesterases (EC 3.1.8) differ in their primary and tertiary structure,

Table 18.1 Comparison of decontaminants of chemical warfare agents.

Decontaminant Advantages Disadvantages

Chemical Broad range effectiveness Toxic, sometimes toxic byproducts
Good stability Aggressive, corrosive
Easy preparation Stoichiometric

Non-compatible with other agents

Enzymatic Non-toxic Less stable
Non-corrosive Laborious isolation
Environmentally acceptable Highest activity in water
Highly efficient Specificity, selectivity
Operating at mild conditions Narrow operation parameters
Catalytic Sometimes cofactor requirement
Compatible with other agents Prone to inhibition
Broadly applicable Allergenic
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and the catalytic mechanism, they are all metal-dependent hydrolases
containing a hydrophobic active site with three detached binding pockets.33

The nomenclature of phosphotriesterases is inconsistent and confusing
as they are often named according to their first identified substrate.9,54

Phosphotriesterases can be subdivided into two groups based on preference
for the bond cleavage: organophosphate hydrolases preferring cleavage of a
P–O bond (EC 3.1.8.1, e.g., bacterial phosphotriesterase, paraoxonase) and
diisopropylfluorophosphatases preferring cleavage of P–F or P–CN bonds
(EC 3.1.8.2, e.g., squid DFPase).54 As chloroperoxidase can oxidize both VX
and sulfur mustard, it will be described in the next subsection as an enzyme
converting blister agents (Table 18.2).57

The functional human acetylcholine esterase (hAChE, EC 3.1.1.7) at cho-
linergic synapses is made up of four 60 kDa a/b-hydrolase subunits associ-
ated with either the collagenous protein ColQ, or with a transmembrane
proline-rich membrane anchor protein.58,59 The essential catalytic triad,
formed by a nucleophile (Ser203), a catalytic acid (Glu334), and a catalytic
base (His477), is hidden in an active site connected with the bulk solvent by
a tunnel.58,60,61 The enzyme catalyzes the rapid hydrolysis of the neuro-
transmitter acetylcholine into acetic acid and choline via an acyl–enzyme
intermediate in a diffusion-controlled reaction.62,63 AChE serves as a bio-
marker of the exposure to organophosphate nerve agents and as a bior-
ecognition component of biosensors.48,49,64 During unsuccessful
development of second-generation bioscavengers, a number of mutants were
prepared by protein engineering.52 The first variant of hAChE which showed
organophosphate hydrolase activity was mutated in three positions Gly122-
His/Tyr124Gln/Ser125Thr.55 The double variants Tyr124His/Tyr72Asp and
Phe338Ala/Tyr337Ala exhibit improved reactivation rate and slower aging
after inhibition, respectively.52,55 Goldenzweig et al. designed and con-
structed hAChE variant bearing 51 mutations with 2000-fold higher ex-
pression in Escherichia coli and 20 1C higher thermostability.59

Human butyrylcholine esterase (BuChE, EC 3.1.1.8) is a serine hydrolase
which is present in human plasma.53 The size of this tetrameric enzyme is
340 kDa. The subunits with a/b-hydrolase fold interact with each other via a
four-helix bundle at the C-termini (Figure 18.1).53,62 This tetramerization
domain surrounds a polyproline-rich peptide. The active site of BuChE is
located at the bottom of a deep gorge lined by several aromatic residues and
connected with the surface by a tunnel.61,65 The catalysis by BuChE is similar
to that of AChE, and requires an essential catalytic triad Ser198, Glu325,
His438, and an oxyanion hole formed by Gly116, Gly117, Ala199.66 Ser198
acts as a nucleophile to attack the carbonyl carbon of the substrate.65

The acylation leads to an acyl–enzyme intermediate which is subsequently
hydrolyzed by a water molecule. The Glu325–His438 pair is crucial for
activation of the nucleophile and for proton transfer.

Ser198 is irreversibly covalently modified by the reaction with organo-
phosphorus esters, which stoichiometrically inactivates BuChE and the or-
ganophosphorus agent (Scheme 18.3).55 A single amino acid substitution
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Gly117His, which is close to both the nucleophile and the oxyanion hole, is
essential for the acquirement of phosphotriesterase activity by the enzyme.67

The mutant enzyme can hydrolyze sarin and VX. Although the physiological
role of BuChE remains unclear, it is generally accepted that BuChE has a role
in detoxification of poisons.53 Plasmatic BuChE has been used as a biomarker
of exposure to organophosphate nerve agents. Wild-type and mutant enzymes
have been tested as stoichiometric and catalytic bioscavengers,
respectively.53,55,68,69

The bacterial phosphotriesterase (PTE, EC 3.1.8.1) is one of the most
studied organophosphate-hydrolyzing enzymes.10,33 The enzyme was ini-
tially identified in bacterium Brevundimonas diminuta (formerly Pseudomonas
diminuta, the American isolate) and Flavobacterium sp. ATCC 27551 in soil
contaminated by insecticides parathion and diazinon, respectively.10,33,70–72

Two other enzymes with sequence identity greater than 90% and similar
activity profile were found in the soil bacteria Agrobacterium radiobacter P230
and Chryseobacterium balustinum.33,73 B. diminuta PTE is a 72 kDa dimeric
enzyme.72,74 Each subunit adopts a TIM barrel motif with a binuclear zinc

Figure 18.1 Structures of enzymes degrading nerve agents. (A) A subunit of butyryl-
cholinesterase with a/b-hydrolase fold (PDB ID: 1P0I), (B) a zinc
containing subunit of a phosphotriesterase with a TIM barrel fold
(PDB ID: 1HZY), (C) a calcium containing dialkylfluorophosphatase
with a six-bladed b-propeller fold (PDB ID: 1E1A), and (D) a manganese
containing subunit of a prolidase with a ‘‘pita bread’’ fold (PDB ID:
3L7G).66,75,93,129
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center situated in the active site at the C-terminal end of the barrel
(Figure 18.1).75 The zinc ions are bridged together by carboxylated Lys169
and hydroxide ion, and coordinated to the protein by the side chains
of His55, His57, His201, His230, carboxylated Lys169, and Asp301. The
naturally-bound zinc ions can be replaced with cadmium or manganese ions
without loss of enzymatic activity. B. diminuta PTE has a remarkably broad
substrate specificity granted by the nonspecific nature of substrate binding
site with three hydrophobic pockets.33,76 The best-known substrate is para-
oxon that is hydrolyzed at the nearly diffusion-controlled rate.77 The catalytic
mechanism of this enzyme is still discussed and not fully understood.72 The
mechanism proposed by Aubert et al. is based on a SN2-like simple substi-
tution which leads to inversion of stereochemistry at the phosphorus center
(Scheme 18.4).33,78 An organophosphate compound binds to the active site
in an orientation that polarizes the P–X bond through coordination of the
phosphoryl oxygen to the b-zinc ion, which may weaken the binding of the
bridging hydroxide to the b-zinc ion.78 Upon the nucleophilic attack on
the phosphorus center and proton transfer to Asn301, the P–X bond is
broken, and an enzyme–product complex formed as a phosphate anion
bridges the two zinc ions. His254 and Asp233 help to shuttle the proton
away. The active-site hydroxide is regenerated upon product release.

The dialkylfluorophosphatase from the Mediterranean squid Loligo
vulgaris (squid DFPase, EC 3.1.8.2) was isolated and characterized on the
grounds of F.C. Hoskin’s findings with the enzyme of the Northwest Atlantic
squid Loligo pealei.10,79–81 The overall structure of 35 kDa DFPase from
L. vulgaris resembles a six-bladed b-propeller with two calcium ions
(Figure 18.1).82,83 High-affinity and low-affinity calcium ions bound in a
central water-filled tunnel are important for stability and catalysis, respect-
ively.10,83,84 A reaction mechanism of DFPase proposed by Blum et al. in-
volves a nucleophilic attack by Asp229 on the phosphorus atom of the
organophosphate substrate.85 Asp229 and the substrate are coordinated by
the low-affinity calcium ion. The formed phosphoenzyme intermediate is
hydrolyzed by a water molecule which attacks the carboxylate group of
Asn229 (Scheme 18.5). However, the possibility that Asp229 could activate
the water molecule for the nucleophilic attack is also considered.86,87

L. vulgaris DFPase is of high practical relevance as it hydrolyzes sarin,
soman, cyclosarin and tabun, and is highly stable over a wide temperature
range and is compatible with different organic solvents.10,33 DFPase can be
produced in sufficient yield in the fermentor culture of the yeast Pichia
pastoris.88 DFPase was also successfully displayed on the surface of E. coli.89

Human paraoxonase 1 (PON1, EC 3.1.8.1) hydrolyzing g- and d-lactones,
paraoxon, tabun, sarin, soman, cyclosarin and VX, is structurally similar to
the squid DFPase.10,33 Due to its broad substrate specificity, PON1 repre-
sents the most promising candidate as a prophylactic medical counter-
measure against highly toxic organophosphates.90 Paraoxonase from archea
Sulfolobus solfataricus MT4 (SsoPox, EC 3.1.8.1), which is homologous to the
B. diminuta PTE, exhibits incredible thermostability and resistance to urea
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thanks to its hyperthermophilic origin.46,91 As the lactonase activity of
this enzyme is two orders of magnitude higher than the promiscuous
phosphotriesterase activity, the possibility to improve its phosphotriesterase
activity by mutagenesis has been intensively studied.46,92

Organophosphate acid anhydrolase (OPAA, EC 3.1.8.1) from a moderately
halophilic bacterium Alteromonas sp. JD6.5 is a tetramer of 60 kDa poly-
peptides which, apart from degrading proline-containing peptides, hydrolyses
DFP, sarin, soman and cyclosarin.33,46 The C-terminus domain contains two
manganese ions and its fold resembles a ‘‘pita bread’’ (Figure 18.1).93 Human
prolidase is a promising enzyme for development of bioscavengers.51

18.3.2 Enzymes Converting Blister Agents

The hydrolytic detoxification of blister agents, particularly sulfur mustard, is
not a trivial problem due to its poor solubility in water.17,29,36 The combin-
ation of enzymes with suitable carriers in decontamination mixtures (e.g.,
gels or emulsions) is, therefore, necessary.10 Sulfur mustard can be hydro-
lyzed by the enzymes haloalkane dehalogenases, or oxidized by a chloro-
peroxidase in the presence of peroxide and a halide ion.9,57,94–96 The first
enzyme reported hydrolysing the carbon–halogen bond in sulfur mustard
was haloalkane dehalogenase (HLD, EC 3.8.1.5), specifically LinB from
Sphingobium japonicum UT26 (formerly Sphingomonas paucimobilis
UT26).9,94,97 This enzyme exhibits also a weak dehalogenase activity towards
nitrogen mustard.9 LinB structurally belongs to the a/b-hydrolase fold
superfamily (Figure 18.2).98 The active site is hidden inside the enzyme and
is connected with the solvent by an access tunnel.99,100 A catalytic triad
consists of Asp108, His272, and Glu132.101 Another two amino acid residues
are required for the stabilization of a halide.102 The residue Asp108 acts as a

Figure 18.2 Structures of enzymes degrading blister agents. (A) A haloalkane
dehalogenase with a/b-hydrolase fold (PDB ID: 1MJ5), (B) a chloroper-
oxidase with a heme (PDB ID: 1CPO).100,106

554 Chapter 18



nucleophile causing the release of halide ion and formation of a covalent
alkyl–enzyme intermediate. The intermediate is subsequently hydrolyzed by
a water molecule that is activated by His272 acting as a base catalyst.
A catalytic acid (Glu132) stabilizes the charge developed on the imidazole
ring of the His272 during the reaction (Scheme 18.6).103,104 While
spontaneous hydrolysis results in the production of a potent alkylating
compound (the reactive sulfonium ion), enzymatic hydrolysis proceeds via
non-toxic intermediates.9 Further research on haloalkane dehalogenases led
to the identification of other enzymes converting sulfur mustard, i.e., DhaA
from Rhodococcus rhodochrous NCIMB 13064 and DmbA from Mycobacterium
bovis 5033/66. Screening using a simple fluorescent activity assay on twenty
haloalkane dehalogenases revealed weak activity towards sulfur mustard
also in the case of DadB from halophilic bacterium Alcanivorax
dieselolei B-5105 (Bidmanova et al., in preparation).

Another enzyme that catalyzes detoxification of sulfur mustard is chlor-
operoxidase isolated from the fungus Caldariomyces fumago (CPO, EC
1.11.1.10).57,96 This heme peroxidase bears a cysteine-ligated heme that uses
peroxides as electron acceptors.96 It acts as peroxidase, halogenase, catalase,
and exhibits also oxygen insertion activities. CPO folds into a unique tertiary
structure dominated by eight helical segments (Figure 18.2).106 Substrates
probably bind into a hydrophobic patch above the heme. The catalytic base,
essential for cleavage of the peroxide O–O bond, is Glu183 rather than His as
in other peroxidases. Two independent studies demonstrated rapid deg-
radation of sulfur mustard catalyzed by CPO with the addition of hydrogen
peroxide and sodium chloride.57,96 While Amitai et al. identified sulfoxide,
sulfone, and sulfoxidivinyl as the oxidation products of the reaction, Popiel
and Nawa"a observed only sulfur mustard sulfoxide. Amitai et al. demon-
strated that CPO can be used also for oxidation of nerve agent VX.57

18.4 Practical Applications of Enzymes Converting
Warfare Chemicals

Not many enzyme-based technologies for neutralization or biodegradation of
warfare chemicals are fully developed and available for current use even
though there is often an active research and IP-protection on-going. Most of
the applications have been demonstrated at a small scale, while many others
still require identification or engineering of more suitable biocatalysts. To
reach commercialization or field use, large-scale production of the com-
ponents needs to be achieved.8 Recombinant DNA technology for gene clon-
ing in a variety of expression hosts (e.g., bacteria, yeasts, and fungi) and the
ability to overexpress target proteins in large quantities have opened the door
to bulk enzyme production.10 Industrial scale production using recombinant
bacterial strains has been developed for enzymes converting nerve gas agents
and organophosphate-based pesticides. These enzymes have been confirmed
to be successfully functioning in a variety of water-based scaled systems such
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as fire-fighting foams and sprays, aqueous degreasers and aircraft deicers,
and consequently commercially used in DEFENZt line of decontamination
products capable of breaking down organophosphate type materials,
including G-type nerve agents such as soman and sarin (Genencor–DuPont,
USA).8 Another example of a commercial decontamination kit is Yperzymet
which contains a recombinant haloalkane dehalogenase as an active com-
ponent and offers a safe and environmentally friendly alternative to chemical
detoxification of sulfur mustard (Enantis, Czech Republic).

Stability is another characteristic influencing the practical applicability of
enzymatic catalysts. Stability for long-term storage can be significantly in-
creased by drying of an enzyme preparation (e.g., freeze or spray drying) and
further influenced by a wide variety of additives. The more critical operational
stability is specifically dependent on the property of an enzyme and reaction
conditions. Decontamination formulations (e.g., foams and emulsions) often
include co-solvents for solubilization of agents with limited water solubility
and so-called thickened agents increasing the persistency of otherwise volatile
chemical agents.10 Enzymes are in this way effective and stable in conditions
far away from physiological conditions for which they have evolved. This
disparity between natural and operational conditions can be overcome thanks
to modern advances in molecular biology, biochemistry, bioinformatics and
computational chemistry. Enzyme stability at elevated temperatures and/or
in the presence of organic solvents can be modulated by protein engineering
or by other methods such as immobilization (see Chapter 16), chemical
modification (see Chapter 16), post-translation modification (see Chapter 6),
or application of new nanomaterials and nanostructures.107–111

Due to the inherent gentleness of enzymes and the costs of their prepar-
ation, formulations employing enzymes are currently demanded mainly for
personal decontamination of skin, wounds, and eyes. Two different decon-
tamination products based on organophosphate degrading/scavenging en-
zymes have been described so far: (i) a reusable sponge, and (ii) a polyurethane
foam.45 Significant advancement has also been made in the field of biosca-
vengers that inactivate nerve agents in the bloodstream before they can reach
AChE.52 Phase I clinical trials with a bioscavenger for the protection of
humans against nerve agents have been successfully completed recently.51,53

Another application of enzymes converting warfare chemicals is in
biosensing, providing an early alarm in case of terrorist attacks, as well as
monitoring the presence of these chemicals in the environment. Detectors
based on isolated enzymes or whole cells offer advantages in terms of high
sensitivity, miniaturization, integration, low cost, and power requirements,
comparing favorably with traditional analytical techniques, e.g., chroma-
tography and mass spectrometry.112 Inhibition of AChE or BuChE has been
mostly utilized in detectors for nerve agents.64,113 The need to regenerate or
replace the enzyme during measurement and longer incubation times have
shifted the recent focus towards catalytic systems based on organo-
phosphorus acid anhydrolase and organophosphorus hydrolase.114 Despite
an increasing number of reports on biosensor technologies capable of
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detecting warfare chemicals, there are apparently only very few items of this
kind available commercially.115 Practical examples of commercial detectors
are colorimetric tubes ChP 71, respectively 05 (Oritest, Czech Republic),
disposable dipsticks Detehit (Oritest, Czech Republic), and the M256A1 kit
and M-272 Water Test Kit containing enzyme-based detector tickets (Luxfer
Magtech, USA). All these systems use AChE enabling detection of nerve
agents.115 The only report of a catalytic biosensor for sulfur mustard is re-
cently developed colorimetric test stripe based on haloalkane dehalogen-
ase.116 The lack of suitable biorecognition molecules and inherent instability
of the respective enzymes have been the greatest impediments to the com-
mercialization of biosensors for warfare agents.117 Nevertheless, on-going
research provides better enzyme catalysts, new methods for their immobil-
ization, chemistries stable through the range of the working environments,
and optimization of detection by application of the latest trends in nano-
technology, lab-on-chip, and functional materials.

18.5 Conclusions and Perspectives
Enzymes provide unprecedented catalytic activity and substrate specificity,
which make them suitable catalysts for detoxification of dangerous com-
pounds including warfare chemical agents. As natural biomolecules, enzymes
are fully biodegradable, non-toxic, perform at mild conditions of neutral pH
and moderate temperature, and are harmless to the environment and biota.
These characteristics are well suited for decontamination of sensitive surfaces,
application in the treatment of human victims or prophylaxis for personnel
with a high risk of exposure. The majority of enzymes are compatible with
each other and function under similar conditions, providing a good oppor-
tunity to use them in mixtures. Mixed enzymatic preparations provide several
advantages, (i) they can be applied universally with no need for analytical
steps and identification of agent identity, dramatically reducing time from an
exposure to treatment, (ii) they can simplify handling, as one formulation
fits to all cases, and (iii) they can reduce logistic requirements related to the
application of multiple formulations.

Successful implementation of enzymes for detection and detoxification of
chemical warfare agents, however, depends on a number of requirements,
such as sufficient activity and stability at operational conditions, long-term
storage stability, high productivity and simplicity of separation at a higher
scale, which makes enzyme technologies economical. It is not generally
simple to obtain an optimal catalyst with a proper combination of all
required characteristics.

Natural sequence diversity is explored by using next generation se-
quencing techniques applied to individual organisms as well as metagen-
omes isolated from various environments. The number of protein sequences
grows exponentially doubling every 18 months.118 Novel systems combining
experiment with data analysis and modeling need to be developed to address
this ‘‘big data’’ problem.119 High-throughput determination of protein
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structures is targeted systematically by the structural genomics projects. This
approach aims to provide a three-dimensional model structure for all of the
tractable macromolecules that are encoded by complete genomes.119 Since
the protein structure is closely linked to the protein function, the high-
throughput determination of tertiary structures has the potential to provide
the first insight into the molecular function and mechanism of thousands of
natural proteins. Experimental verification and assignment of functional
properties are still desirable. The recent development of lab-on-a-chip
technology significantly accelerates experimental testing.

Natural enzymes have evolved to act under different environmental con-
ditions, however, they often do not provide optimal process window and
need to be engineered. Both directed evolution and rational design are
broadly applied to modify valuable properties of targeted proteins. Advances
in bioinformatics, molecular modeling, and genetic manipulations are ex-
tremely helpful in the engineering of enzymes. The semi-rational design is
being frequently applied to focus on desired protein properties with the
minimal experimental effort required for library screening (see Chapter 7).

The development of high-throughput experimental techniques, e.g., high-
throughput gas chromatography or mass spectrometry, allows exploration of
the advanced complexity of designed libraries. Lab-on-a-chip technologies
again can significantly accelerate experimental screening. Moreover, a number
of software tools for protein design have been developed and provided to the
non-expert community via user-friendly web applications, e.g., HotSpot
Wizard, 3DM, RosettaDesign, FoldX, Erebus/Eris, etc.120–124 Significant pro-
gress has been made in the field of protein stabilization. Several recently de-
veloped methods, e.g., FireProt, FRESCO, PROSS, are available for designing of
proteins with increased stability under operational conditions.59,125,126

The technological utility of enzymes can be enhanced by their use in or-
ganic solvents rather than in their natural aqueous reaction media (see
Chapter 16). Changing the solvent is not only feasible, it sometimes also
grants novel catalytic properties. Enzymes can catalyze reactions impossible
in water, show increased stability and exhibit so-called ‘molecular memory’.
Enzyme-catalyzed reactions in organic solvents, and even in supercritical
fluids and the gas phase, have found numerous potential applications, some
of which are already commercialized.127

Recent advances in nanotechnologies have led to the discovery of new
materials effective for enzyme immobilization. Various nanostructured
materials, e.g., carbon nanotubes and nanoparticles, often based on com-
bined organic and inorganic species, provide effective support for enzyme
immobilization due to their intrinsically large surface areas and physico-
chemical properties such as pore size, hydrophilic/hydrophobic balance,
and surface chemistry. The immobilization of enzymes is particularly valu-
able for enhancement of enzyme stability and for multiple uses of enzymes
in the process.

Another advantage of using enzymes includes efficient enzyme production
at lower costs by using recombinant DNA technologies. Traditional
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industrial microbiology has been greatly advanced by modern molecular
methods. There is a vast catalog of expression plasmids, a great number of
readily cultivable microbial cell factories and genetically stable, non-patho-
genic host strains or engineered chassis. Many efficient cultivation strat-
egies, as well as cell-free methods for in vitro translation, contribute to the
development of improved cost-effective industrial production processes.

We live in a world where dangerous chemical weapons are being pro-
duced, stockpiled and abused. In response to this, protective and decon-
tamination technologies mandated by the Chemical Weapons Convention
need to be developed. The increasing number of newly isolated or tailor-
made enzymes with improved technological characteristics and available
cost-effective industrial production processes will play a prominent role in
this endeavor. Molecular technologies together with novel materials provide
a good potential for development of effective enzyme-based decontamin-
ation formulation.
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