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The organophosphorus substances, including pesticides and nerve agents (NAs), represent highly toxic compounds.

Standard decontamination procedures place a heavy burden on the environment. Given their continued utilization or

existence, considerable efforts are being made to develop environmentally friendly methods of decontamination and

medical countermeasures against their intoxication. Enzymes can offer both environmental and medical applications. One

of the most promising enzymes cleaving organophosphorus compounds is the enzyme with enzyme commission number

(EC): 3.1.8.2, called diisopropyl fluorophosphatase (DFPase) or organophosphorus acid anhydrolase from Loligo Vulgaris

or Alteromonas sp. JD6.5, respectively. Structure, mechanisms of action and substrate profiles are described for both

enzymes. Wild-type (WT) enzymes have a catalytic activity against organophosphorus compounds, including G-type

nerve agents. Their stereochemical preference aims their activity towards less toxic enantiomers of the chiral phosphorus

center found in most chemical warfare agents. Site-direct mutagenesis has systematically improved the active site of the

enzyme. These efforts have resulted in the improvement of catalytic activity and have led to the identification of variants

that are more effective at detoxifying both G-type and V-type nerve agents. Some of these variants have become part of

commercially available decontamination mixtures.

Keywords: organophosphate ; nerve agents ; diisopropyl fluorophosphatase ; organophosphorus acid anhydrolase ;

enzymatic decontamination

1. Introduction

Biological decomposition of toxic substances has become a very attractive topic. At present, particular emphasis is placed

on industrial processes and technologies that do not burden the environment but help to clean or protect it. With

increasing intensity and interest in the introduction of “green” industrial technologies, world organizations pursue the

reduction of environmental pollution as the result of the increasingly loud calling of society . Biodegradation is a means

to decrease toxicity completely without burdening the environment. Biodegradation is defined as a process of

decomposing toxic compounds by living organisms without producing other hardly degradable substances. In this regard,

enzymatic degradation is a subtype of biodegradation when only enzymes are employed for the degradation of toxic

compounds. The utilization of whole living microorganisms poses another approach to biodegradation .

Organophosphorus compounds (OP), including pesticides and nerve agents (NA), represent a target for enzymatic

degradation. Pesticides are still an integral part of agriculture. Tens of thousands of tons are applied all around the world

every year. In the USA, more than 40 thousand tons of OP compounds, including pesticides, are land applied, and 20

thousand tons are produced for export every year . Worldwide, OP compounds account for over 38% of the total

pesticides used . According to the World Health Organization, there are three million pesticide poisonings every year

. Another part of this issue is the possibility that these substances leak into the ground and enter municipal water

supplies and pollute the surrounding environment.

NA and their potential misuse by a terrorist organization are another current issue. NA are 100–10,000 times more toxic

than pesticides. Despite a ban on their use (Chemical Weapons Convention in 1993), there is evidence of misuse by

terrorist organizations, extremists or political authoritarianism . Sarin was recently used in Ghouta and Khan

Shaykhun, Syria, in 2013 and 2017, respectively. Approximately 1400 civilians died in Ghouta . S-[2-

(diisopropylamino)ethyl]-O-ethyl-methylphosphonothioate (VX), having the abbreviation VX according to NATO

designation, was utilized in the assassination of Kim Jong-nam, the half-brother of the North Korean dictator, in Kuala

Lumpur, Malaysia in 2017 . In Japan, the extremist group called Aum Shinrikyo applied sarin and VX for their terrorist

attack. The most serious of these attacks resulted in the deaths of 19 people and at least 5500 were injured . The

last abuse of NA was in Salisbury, the United Kingdom, in 2018, when a Novichok agent was used in an attempted
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assassination . Novichok substances were developed in the USSR. Their structures have never been published, but

according to the available sources, more than three compounds were synthesised and their toxicities are presumably

higher than other NA .

Thus, it is clear that OP are a significant health threat and environmental load. Enzymes may significantly facilitate their

degradation and support the final decontamination of hot zones. Additionally, pesticide degradation would minimize their

harmful effects on the environment. Last but not least, enzymes, which prove to be safe for human intravenous

administration, can be utilized as protective as well as therapeutic drugs of both pesticide and NA poisonings .

Naturally occurring enzymes, that hydrolyse organophosphates, act 40 to 2000 times faster than chemical hydrolysis .

Therefore, research teams have been investigating the possibilities of biological degradation of chemical warfare agents

(CWA) . Several enzymes from different kinds of organisms (bacteria, protozoa, squid, clams, and mammals) have

been reported to cleave and detoxify specific groups of pesticides and NA. These enzymes, with varying esterase

specificities, have been designated as phosphoric triester hydrolases (EC: 3.1.8) with two subgroups, including

aryldialkylphosphatase (EC: 3.1.8.1), also called phosphotriesterase (PTE) or organophosphorus hydrolase (OPH) and

diisopropyl fluorophosphatase (DFPase, EC: 3.1.8.2), also called organophosphorus acid anhydrolase (OPAA), tabunase,

or organophosphorus anhydrase, etc. . PTE isolated from Brevundimonas diminuta GM (formerly

Pseudomonas diminuta GM) and Sphingobium fuliginis ATCC 27,551 (formerly Flavobacterium sp. ATCC 27551) have

been widely studied.

2. History of EC: 3.1.8.2

Mazur began to explore the possibility of enzymatic degradation of NA shortly after the end of World War II. He identified

an enzyme later called DFPase present in a variety of rabbit and human tissues. The enzyme was capable of hydrolysing

diisopropyl fluorophosphate (DFP) .

During the 1950s, researchers Mounter, Aldridge and Augustinsson did much of the work in this field [8,26]. Mounter and

co-workers  further investigated and characterized enzymes originally reported by Mazur. They purified the enzyme

and determined the effect of metal ions (Co , Mn ) and amino acids on DFPase activity. They also demonstrated the

existence of various types of DFPase in up to 14 different forms originating from rats, humans, cats, guinea pigs, pigeons,

and turtles . This group was also the first one which reported on DFPase from microorganisms .

Aldridge referred to an enzyme derived from rabbit serum, which was capable of hydrolysing paraoxon. He called it A-

esterase or A-serum esterase. He also investigated the stereospecificity of A‑serum esterase for sarin .

Augustinsson et al.  followed up on Aldridge’s research and expanded the work with other enzymes that would

hydrolyse CWA, such as tabun. They subsequently showed that the enzyme was more stable at neutral pH and also

confirmed Aldridge’s observation that phosphoryl phosphatase isolated from pig kidney exhibits stereoselectivity against

tabun . Due to differences in substrate specificity and sensitivity to inhibition, they distinguished three different

types of esterase activity in plasma, including arylesterase (aromatic esterase, A-esterase), aliesterase (carboxylesterase,

B-esterase, “lipase”) and cholinesterase. Individual enzymes also displayed variations in their properties .

In the 1960s, many additional scientists focused their attention on the enzymatic hydrolysis of CWA, including Hoskin and

his team. They purified and characterized DFPase from squids (Loligo vulgaris, Loligo pealei). The biological and

chemical properties of these enzymes are different from all other types of DFPases . The squid DFPases are

highly stabile and possess broad substrate specificity. The molecular weight of the enzyme from Loligo pealei is

approximately 30 kDa, requires Ca  for its activity and is found only in cephalopods. The gene from Loligo vulgaris was

cloned, sequenced, expressed and further characterized . Its molecular weight is 35.2 kDa. Scharff et al. 

crystallized the enzyme and determined its three-dimensional structure. It has been demonstrated that one of the Ca

ions serves to stabilize the structure, while the second one serves the catalytic function. Industrial production (15 kg) of

the recombinant DFPase was started by Roche Diagnostic (Berne, Switzerland).

From the early 1980s to the present, researchers have oriented their investigations toward targeted isolation and

characterization of microorganisms and their enzymes, and rather a random exploration of organisms having enzymes

that hydrolyse CWA, especially nerve agents. Enzymes with DFPase activity were discovered in the ciliate protozoan

Tetrahymena thermophilia by Landis et al.  or in the clam Rangia cuneata by Anderson et al. . These

enzymes have a different molecular weight, hydrolysis rate, substrate specificity, and metal stimulation. Attaway and co-

workers creened 18 g-negative bacterial isolates and observed that only cultures with parathion hydrolase activity

showed significant DFPase levels.
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As the nomenclature of these enzymes was unsystematic and confusing, the literature soon became filled with references

to phosphorylphosphatase, fluorophosphatase, DFPase, paraoxon, parathion hydrolase, phosphotriesterase,

phosphofluorase, somanase, sarinase, and tabunase. The Nomenclature Committee of the International Union of

Biochemistry and Molecular Biology established a new systematic nomenclature in 1992. Currently, two main types of

DFPases are used to degrade CWA. The first DFPase is isolated from squids (also known as squid-type DFPases) with a

molecular weight of 30–40 kDa and the second one is from bacteria Alteromonas species (also known as Mazur-type

DFPases or OPAA) with a molecular weight of 40–96 kDa. These two enzymes are the most studied . A general

scheme of degradation of organophosphorus compounds by DFPase and OPAA is presented in Scheme 1.

Scheme 1. Schematic degradation of organophosphorus compounds by diisopropyl fluorophosphatase (DFPase) and

organophosphorus acid anhydrolase (OPAA).

3. Squid-Type DFPase

Squid-type DFPase is the oldest known enzyme utilized for the decontamination of organophosphorus compounds.

However, it is still relevant for large-scale production . It is quite remarkable that an enzyme hydrolysing highly toxic OP

was found in a higher organism. The discovery of DFPase is linked with the research by Nachmansohn and Hoskin.

Nachmansohn’s group  used the squid Loligo pealei for their experiments. In one of them, they tried to block axonal

conduction by irreversibly inhibiting the cholinesterases using the potent inhibitor DFP. However, the DFP concentration

needed to suppress the conduction turned out to be exceptionally high. Hoskin et al.  tried to investigate this surprising

behaviour. They concluded that the axonal envelope contains a potent hydrolytic enzyme. They continued this work and

isolated this enzyme in the hepatopancreas, saliva, head ganglion, and axons . They also demonstrated that the

enzyme is able to hydrolyse sarin, soman and tabun.

3.1. Structure

The structural investigation began in parallel with studies of the chemical effect and kinetic studies [47]. The first X-ray

structure was solved at a resolution of 1.8 Å (PDB—code 1E1A). Another determination of the DFPase structure was able

to push the resolution to 0.85 Å (PDB—code 1PJX) . This improvement caused better imaging of the enzyme structure

and an understanding of its mechanism of action. There are some similarities between L. vulgaris and the other

squid‑type DFPases. Squid-type DFPases were found to be metal-dependent hydrolases with calcium ions (Ca ) as the

native metal, although manganese (Mn ) can be substituted for the calcium ions . DFPase isolated from

the head ganglion of L. vulgaris has a monomeric structure containing 314 amino acids in the 35 kDa polypeptide chain.

The enzyme has a β-propeller structure with six (propeller) blades. Each blade consists of 4-stranded antiparallel β-

sheets. They are arranged in a 6-fold pseudosymmetry around a central water-filled tunnel that contains both calcium ions

. More solvent-exposed calcium ion has been identified as the “low-affinity” calcium (Ca-1). Ca-1 is located at the base

of the active site, sealing the water-filled tunnel and playing a critical role in the enzymatic activity. The more buried

calcium ion is known as “high-affinity” calcium (Ca-2). Ca-2 is in the center of the molecule and is responsible for the

structural integrity of the enzyme . Calcium ions are bound to the enzyme by amino acid side chains and the loss of

active site-bound ion destroys the enzyme activity (Figure 1) . The active site analysis shows that the calcium ions are

coordinated by four amino acid residues at the bottom of the active site. The three remaining ligands are water molecules.

Two of them are below the metal ion forming the “dead end” of the central water-filled tunnel and one is on the top of the

metal ion in the active site. Biophysical and site-directed mutagenesis studies have indicated that one particular histidine

residue, His287, is important but not essential for the hydrolytic reaction. Hartleib and Rüterjans replaced His287 with Asn,

producing a mutant protein with only 3.7% residual enzymatic activity. According to the X-ray structure, both His287 and

Ca-1 are located in a solvent-accessible surface pocket of DFPase. Structural and catalytic types are also ligated to the

protein by Asp232, His274 and by Glu21, Asn120, Asn175, and Asp229 side chains, respectively . Particularly, the

catalytic residues have been comprehensively mutated. The studies showed that calcium coordination is dependent on

the presence of Glu21 and at least two negatively charged residues in the active site . Although calcium binding is

crucial, its presence is not sufficient for enzymatic activity. The active site’s overall charge and the electrostatic topology

are also critical , as single mutants of Asn120 and Asn175 contain calcium but display only 4% and 2% residual

enzymatic activity, respectively .
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Figure 1. DFPase from Loligo vulgaris (PDB ID 3O4P, resolution 0.85 Å) : six foursomes of antiparallel β-sheets (six

blades) create the central tunnel containing two calcium ions (green); coloured from the N-terminal (blue) to C-terminal

(red).

3.2. Mechanism of Action

Two possible catalytic mechanisms have been described. The structure of the active site of the enzyme is shown in Figure

2. The first mechanism and X-ray structure were studied at the same time, and investigation assumes the essential role of

one particular histidine residue (His287) for the hydrolytic reaction. Based on the X-ray structure, both His287 and Ca-1

are located in a solvent-accessible surface pocket of DFPase and His287 and Trp244 are connected by a hydrogen

bridge. His287 also forms another hydrogen bond with the backbone carbonyl oxygen of Ala20. This arrangement is

unable to activate the hydrolytic water molecule; therefore, a structural rearrangement in the active site is necessary for

the enzymatic cleavage reaction. According to this mechanism, the incoming substrate is replaced by a calcium

coordinating water molecule in the active site. It increases the partial positive charge of the phosphorus atom, which

facilitates the nucleophilic attack of the hydrolytic water molecule. This water molecule may be activated via proton

abstraction by His287 when the imidazole ring is disengaged from the hydrogen bond interactions with Trp244 and Ala20.

At this point, the double-protonated His287 side chain interacts with the negatively charged Glu37. Metal (Ca  ion) has a

function of electrophilic Lewis acid and it also helps the nucleophilic reaction. All of these interactions lead to a

nucleophilic attack of the subsequently released hydroxyl ion on the phosphorus atom of the bound substrate. Finally, the

fluoride ion is cleaved and released in the opposite direction from the attacking water. After deprotonation of the charged

His287, the hydrogen bond interaction with Trp244 can be restored to initiate a new reaction cycle (Scheme 2). The

function of the central tunnel has not been revealed to date. However, this reaction mechanism was questioned when

DFPase mutations (His287Phe and His287Leu) were generated and retained 65–80% activity of the wild-type enzyme.

Figure 2. DFPase from Loligo vulgaris (PDB ID 3O4P, resolution 0.85 Å) [72]: a detailed view of the two possible catalytic

residues: (1) Ala20, Glu37, Trp244, and His287 coloured green and (2) Glu21 and Asp229 coloured magenta.
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Scheme 2. Mechanism of nucleophilic substitution (S 2) of the fluorine group to the hydroxyl group in sarin. Glu37

activates a water molecule. The released hydroxyl ion attacks the partially charged phosphorus atom.

A new, and more probable mechanism, was proposed based on new experimental findings. Computational simulation

studies have suggested an essential role of the Asp229 residue in the DFPase catalytic activity because of its correct

orientation for performing nucleophilic attack in the hydrolysis mechanism through bimolecular nucleophilic substitution

(S 2). Asp229 is also coordinated to the Ca  ion, together with other residues and water molecules. There are two

possible pathways of how the reaction can proceed. The first pathway for catalytic hydrolysis refers to Asp229 as a

nucleophile, attacking the phosphorus center of the substrate coordinated to the Ca  ion. Pentavalent phosphoenzyme

intermediate is formed and subsequently, the intermediate is hydrolysed, with the assistance of Glu21, by water attacking

the carboxylated carbon atom of Asp229. This leads to the regeneration of the enzyme and the release of the product

(Scheme 3) . This mechanism is also in concordance with Blum et al. . In one of their studies, DFPase

cleaved DFP in O-labelled water. An excessive amount of enzyme was used to simulate single-turnover conditions,

whereas an excess of the substrate was utilized for multiple-turnover reactions. Single-turnover experiments

demonstrated the incorporation of O and thus revealed that the reaction proceeds via a phosphoenzyme intermediate

with enzyme being the only source of O. Subsequent mass spectrometry analysis identified an oligopeptide with an

altered mass, corresponding to the fragment containing Asp229 . Another study employed neutron diffraction to show

the deprotonation of Asp229, supporting its function as a potential nucleophile .

Scheme 3. Mechanism of two-step nucleophilic substitution of the fluorine group to the hydroxyl group in sarin. In the first

step, the Asp229 attacks the phosphorous atom, releasing the fluorine ion. Glu21 then activates the water molecule. The

released hydroxyl ion finally attacks the carbonyl carbon atom of Asp229. The product is released and the enzyme is

regenerated.

The second pathway was described based on (S)-sarin computational simulations . The pathway points to the

participation of a water molecule as a nucleophile with the assistance of both Asp229 and Glu21 residues. The OP

substrate is also coordinated to the Ca  ion via phosphoryl oxygen. The water molecule is activated by proton abstraction

through Asp229, and the hydroxyl ion is formed. This ion acts as a nucleophile and attacks the phosphoric center of the

substrate. It leads to the pentavalent intermediate. The Glu21 participates in these proton transfers. Finally, the leaving

group is released and the hydrolysed substrate is removed from the Ca  ion at the ionized form as the reaction product

(Scheme 4). Notably, although many studies on the mechanism of action exist, there is no consensus in the literature

describing the exact reaction pathway.
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Scheme 4. Mechanism of nucleophilic substitution (S 2) of the fluorine group to the hydroxyl group in sarin. The

negatively charged amino acid residues activate the water molecule. The hydroxyl ion is a nucleophile attacking the

partially charged phosphorus atom.

3.3. Substrate Profile

At present, the physiological role of the enzyme remains unknown and no natural substrate for DFPase has yet been

identified . However, the substrate profile of this enzyme is quite broad. Squid DFPases can hydrolyse organophosphorus

substrates with a P-F or P-CN bond, including sarin, cyclosarin, soman and tabun . However, it cannot detoxify

agents with P-O or P-S bonds, such as paraoxon, VX or N,N-diethyl-2-(methyl-(2-methylpropoxy)phosphoryl)sulfanyl-

ethanamine (known as Russian VX or VR according to the NATO designation). Catalytic efficiency for these NA is less

than that for DFP, one-tenth for tabun and approximately one-third for the others. Squid DFPases are characterized by

stereoselectivity towards the less toxic S -enantiomer of organophosphorus compounds, yet complete detoxification by

wild-type enzyme can be achieved. The enzyme has some additional advantages. DFPase is a highly stable protein,

displaying activity over a wide temperature and pH range. It is also compatible with large amounts of different organic

solvents and microemulsions as carrier systems .

4. OPAA from Alteromonas

In the 1980s, OPAA enzymes were identified in halophilic bacteria called Alteromonas . The most studied strain was

Alteromonas sp. JD6.5, which will be described in more detail in this article. However, other strains, like Alteromonas
haloplanktis or Alteromonas undina, produce the enzyme capable of hydrolysing organophosphorus compounds as well.

All these OPAAs are structurally and functionally similar to each other. They share a molecular weight between 50–60

kDa, an optimum pH from 7.5 to 8.5, an optimum temperature range from 40 to 55 °C and all require an Mn  ion for

maximum activity. See Table 1 for specific values .

Table 1. Comparison of various Alteromonas OPAAs.

-
Alteromonas sp.
JD6.5

Alteromonas haloplanktis Alteromonas undina

Molecular weight (kDa) 60 50 53

Metal requirement Mn or Co Mn Mn

Temperature optimum (°C) 50 40 55

pH optimum 8.5 7.5 8.0

4.1. Structure

Bacterial isolate from Alteromonas sp. JD6.5 was obtained from water and soil samples of salt springs near the Great Salt

Lake in the state of Utah. It is a gram-negative, aerobic short rod and needs at least 2% NaCl for growing, with an

optimum between 5–10% NaCl [8,22,80]. At present, there is still little knowledge of the structure and mechanism of

action of this enzyme. The native enzyme’s structure was solved at 2.3 Å resolution . OPAA is a single polypeptide and

is composed of 517 amino acids. A very similar enzyme was isolated from Alteromonas haloplanktis containing 440 amino

acids. Both enzymes have 77–80% amino acid homology. The remaining invisible 77-residue segment from Alteromonas
sp. JD6.5 has high flexibility. OPAA from Alteromonas sp. JD6.5 is also classified as prolidase based on its structure and

catalytic properties. OPAA was firstly identified as a monomer, but now after further experiments, it has been determined

as a tetramer .

OPAA structure consists of two domains, a small N-terminal domain and a large C-terminal domain, harbouring the

binuclear Mn  ions in the active site (Figure 3) . Six β‑sheets are present in the N-terminal domain with an antiparallel

central pair of strands and parallel flanking pairs. On the other hand, all five β‑strands in the C-domain are antiparallel.

The β-sheet in the N-domain is twisted, whereas that in the C-domain is strongly curved with the exhibiting “pita bread”

architecture . There are some differences in contents and topological arrangements of α-helices in the two domains.

The N-domain contains four helices, while the C-domain with the pita bread architecture contains eight helices . The
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binuclear metal center is located in the C-terminal region, which consists of the amino acid residues Asp244, Asp255,

His336, Glu381, and Glu420 . Two bridging Mn  ions are needed for full catalytic activity. Also, a nonproteinaceous

density was found in the active site of the enzyme, however, not definitively determined. It is assumed to be a bonded

glycolate whose three oxygen atoms coordinate the two Mn  ions .

Figure 3. Organophosphate anhydrolase/prolidase from Alteromonas sp. (PDB ID 4ZWO, mutant Y212F, resolution 2.14

Å) : the two chains of the homo-dimer are coloured green and magenta; manganese ions are coloured violet.

4.2. Mechanism of Action

The substrate-binding site in OPAA is comprised of three pockets (large, small, and the leaving group pocket) as other

similar enzymes. The large pocket is formed by Leu225, His226, His332, and Arg418. The small pocket is composed of

Tyr212, Val342, His343, and Asp45 from the N-terminal domain of the opposite subunit in the dimer. The leaving group

pocket is formed by residues Tyr292 and Leu366. (Figure 4). The ability of this enzyme to cleave OP compounds,

including G-type NA and proline dipeptides, comes from the bridging water molecule or hydroxide ion in the metal center

that helps to promote a nucleophilic attack on either the carbonyl oxygen of the scissile peptide bond of the dipeptide

[Xaa-Pro] or the phosphorus center of NA.

Figure 4. Organophosphate anhydrolase/prolidase from Alteromonas sp. (PDB ID 4ZWO, mutant Y212F, resolution 2.14

Å): the large pocket formed by Leu225, His226, His332 and Arg418 (coloured green), the leaving group pocket formed by

Tyr292 and Leu366 (coloured magenta), and the small pocket formed by Tyr212, Val342, His343, and Asp45 from the

opposite chain (coloured blue).

4.3. Substrate Profile

OPAA belongs to a class of bimetalloenzymes that can hydrolyse various toxic OP compounds. It can also be classified as

a prolidase cleaving dipeptides with proline in the C-terminus. Due to this aspect, the enzyme’s physiological role might be

associated with cellular dipeptide metabolism . A high level of hydrolysis activity was observed against OP compounds

with P-F bonds, but very minimal activity for P-O or P-C bonds and no activity against P-S bonds. Similar substrate activity

was later identified for the OPAA from Alteromonas undina and Alteromonas haloplanktis (Table 2). The best substrate for

OPAA hydrolysis is soman. However, OPAA also catalyses the hydrolysis of other NA like sarin, tabun, diisopropyl
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fluorophosphate, and nerve agents analogues containing a p‑nitrophenol leaving group. The enzyme less effectively

hydrolyses novichok substances. On the other hand, minimal catalytic activity was observed for V-type nerve agents

(Table 3) [8,21,22,81,86,90–92] and mipafox (N,N′-diisopropyl phosphorodiamidofluoridate, DDFP), a close DFP

analogue, is not a substrate under normal assay conditions but a competitive inhibitor. In general, OPAA has a preference

for the less toxic stereoisomer. The OPAA stereoselectivity is for the Rp-enantiomers of methyl phosphonates with a

selectivity of higher than 7000-fold to analogues of soman .

Table 2. Substrate specific activity (U.mg ) of various Alteromonas OPAAs.

Agent/Source Alteromonas undina Alteromonas haloplanktis Alteromonas sp. JD6.5

DFP 1403 691 1820

tabun 368 255 85

sarin 426 308 611

soman 2826 1667 3145

cyclosarin 1775 323 1654

Table 3. Organophosphorus substrate specificity for Alteromonas sp. JD6.5 OPAA [87,88,92,93].

Substrate k /K  (M .min )

DFP 3.7 × 10

soman 1.6 × 10

GP 1.3 × 10

sarin 1.3 × 10

novichok A230 9.5 × 10

novichok A232 6.9 × 10

novichok A234 3.5 × 10

VR 5.4 × 10
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