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Cytochrome P450 enzymes, or P450s, are haem monooxygenases renowned for their ability to insert one atom from molecular oxygen into an exceptionally broad range of substrates while reducing the other atom to water. However, some substrates including many organohalide and nitro compounds present little or no opportunity for oxidation. Under hypoxic conditions P450s can perform reductive reactions, contributing electrons to drive reductive elimination reactions. P450s can catalyse dehalogenation and denitration of a range of environmentally persistent pollutants including halogenated hydrocarbons and nitroamine explosives. P450-mediated reductive dehalogenations were first discovered in the context of human pharmacology but have since been observed in a variety of organisms. Additionally, P450-mediated reductive denitration of synthetic explosives has been discovered in bacteria that inhabit contaminated soils. This review will examine the distribution of P450-mediated reductive dehalogenations and denitrations in nature and discuss synthetic biology approaches to developing P450-based reagents for bioremediation.
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HIGHLIGHTS


- Complete bioremediation of many organohalide and nitro compounds requires a combination of reductive and oxidative reactions, but many reductive dehalogenases are highly oxygen sensitive. This makes their use in bioremediation more challenging.

- Cytochrome P450 enzymes are aerotolerant enzymes renowned for their oxidative monooxygenation reactions, but they can also perform reductive elimination reactions under certain conditions.

- Reduction of pollutants by cytochrome P450 enzymes can drive dehalogenation and denitration reactions that could be useful for bioremediation.





INTRODUCTION

The late nineteenth and twentieth centuries saw explosive growth in the production and dissemination of halogenated and nitrated abiotic chemicals such as solvents, pesticides, and fire suppressants. Many of these chemicals are highly toxic and some persist in the environment due to the presence of halogen groups that do not spontaneously oxidise at meaningful rates. These include poly- and perfluoroalkyl substance (PFAS) “forever chemicals” that accumulate and persist in environments and food chains, but also other halogenated and nitrated compounds the degrade extremely slowly. For example, abiotic hydrolysis of carbon tetrachloride in groundwater is so slow that the compound is estimated to have a half-life of 630 years (Amonette et al., 2012).

Oxidative or hydrolytic enzymes that dehalogenate organic compounds (organohalides) have been identified in a variety of organisms either as components of respiratory processes or in catabolic pathways, but some organohalides such as highly halogenated alkanes are highly resistant to oxidation (Fetzner, 1998).

Organohalide-respiring bacteria can metabolise some perhalogenated alkanes by coupling the reductive elimination of a carbon-halide bond to energy conservation, ultimately using the change in Gibb’s free energy from reductive dehalogenation to drive ATP synthesis (Fincker and Spormann, 2017). But these organisms are slow-growing and their dehalogenase enzymes are highly oxygen sensitive, which limits their ecological distribution. Also in many cases these organisms only catalyse partial metabolism of anthropogenic organohalides. These factors limit their utility for interventionist bioremediation efforts.

A further challenge is that contaminated environments usually contain a mixture of related pollutant compounds. Effective bioremediation of halogenated compounds will likely require a combination of reductive and oxidative reactions, and a diversity of enzymes that can handle mixtures of compounds. Rather than relying solely on native biological systems, scientists are increasingly turning to synthetic biology to combine and adapt the most useful biological parts from nature into bespoke organisms for bioremediation (Rylott and Bruce, 2020).

Cytochrome P450 enzymes (P450s) are extremely versatile redox enzymes that may play important roles in future synthetic bioremediation agents. P450s are a family of haem-thiolate enzymes renowned for their general monooxygenase function where they insert one atom from molecular oxygen into a substrate, usually increasing the solubility of relatively hydrophobic compounds, while reducing the other oxygen atom to water. P450 ligand access channels can accept poorly soluble substrates (Urban et al., 2018), and the volume and malleability of P450 active sites varies widely with substrates ranging in molecular weight from methane (Zilly et al., 2011) (16 g/mol) to erythromycin (Kalsotra et al., 2004) (734 g/mol). Their ability to oxygenate an extraordinary range of compounds including unactivated carbon centres via high-valent iron redox chemistry has earned P450s the nickname “nature’s blowtorch”(Guengerich, 2009). They have attracted interest for their potential use in bioremediation, where many substrates are recalcitrant due to their high hydrophobicity and the presence of difficult-to-metabolise nitro or halogen groups (Kellner et al., 1997; Behrendorff and Gillam, 2016).

Many P450s have been identified that catalyse the initial oxidation step in the catabolism of persistent organic pollutants such as polycyclic aromatic hydrocarbons (PAHs). Native (England et al., 1998; Syed et al., 2010) and engineered (Sideri et al., 2013; Syed et al., 2013) P450s have been identified that can hydroxylate hydrophobic high-molecular weight PAHs such as naphthalene (C10H8), phenanthrene (C14H10), pyrene (C16H10), and chrysene (C18H12). Beyond oxidation of hydrocarbons, several P450s can perform oxidative dehalogenations. For example, P450CAM, a camphor-oxidising P450 from Pseudomonas putida, can oxidise 1,2-dichloropropane to chloroacetone (Lefever and Wackett, 1994) and engineered mutants of this enzyme can hydroxylate polychlorinated benzenes (Jones et al., 2001).

In addition to oxidative metabolism of organohalides (extensively reviewed elsewhere; Isin and Guengerich, 2007; Guengerich, 2009; Guengerich and Munro, 2013), P450s can also catalyse reductive halide elimination reactions when their usual cosubstrate, molecular oxygen, is absent. As of 2018, over 300,000 cytochrome P450 sequences had been identified in sequence databases (Nelson, 2018) and although there are few comprehensive studies of reductive P450 reactions it seems likely that known P450-mediated reductive dehalogenation reactions are only a small fraction of what is possible.

Cytochrome P450 enzymes may be a useful resource for developing biocatalysts that perform reductive elimination reactions for bioremediation of pollutants. Because P450s are naturally aerotolerant they can be deployed with greater flexibility than other reductive dehalogenases that are usually highly sensitive to oxygen. Furthermore there is a strong track record of engineering P450s to enhance functional properties like reaction selectivity (Hunter et al., 2011; Jung et al., 2011), expression yield in heterologous hosts (Barnes et al., 1991; Behrendorff et al., 2012), and thermostability and solvent tolerance (Salazar et al., 2003; Gumulya et al., 2018)—all important factors for developing efficient synthetic biocatalysts.

This review specifically focuses on known P450-mediated reductive dehalogenation and denitration reactions and discusses the potential for exploiting reductive P450 reactions in bioremediation.



THE CYTOCHROME P450 CATALYTIC CYCLE

Cytochrome P450 enzymes (P450s) are found in organisms across the tree of life, and as such they occupy myriad biological niches. Bacterial P450s are often involved in oxidation of environmental chemicals to facilitate their catabolism, whereas many plant P450s catalyse key steps in biosynthesis of secondary metabolites or oxidation of xenobiotics such as herbicides (Siminszky, 2006; Mizutani and Ohta, 2010). Mammalian P450s from liver microsomes have exceptional substrate promiscuity and are among the best studied P450s due to their importance in drug metabolism. The structure and malleability of the active site can vary dramatically between different P450 enzymes, and many mammalian P450s can accept a wide range of substrates and differ in their product spectra (Isin and Guengerich, 2007). Collectively P450s can perform carbon or heteroatom hydroxylations, epoxidations and dealkylations on a staggering array of substrates (Isin and Guengerich, 2007). P450s have also been discovered that perform less common reactions including nitrations (Guengerich and Munro, 2013) and C-C bond formation or cleavage (Guengerich and Yoshimoto, 2018).

The conventional P450 catalytic cycle (Figure 1) begins with the enzyme in a “resting state” where a water ligand occupies the active site and the haem iron is in the ferric (Fe3+) state. Substrate binding displaces the water molecule and is followed by a one-electron reduction of the haem iron from Fe3+ to Fe2+, creating the opportunity for molecular oxygen to bind the ferrous haem. Some P450s have been observed in the one-electron-reduced state prior to substrate binding (Johnston et al., 2011). A second one-electron reduction creates a ferric-peroxo intermediate that is quickly protonated to a ferric-hydroperoxo species and then protonated again resulting in the release of water and formation of the highly reactive ferryl-oxo porphyrin radical known as “compound I.” Compound I abstracts a hydrogen atom from the substrate, briefly forming a ferryl hydroxide that recombines with the highly reactive substrate radical that resulted from the proton abstraction. The net result of this cascade is insertion of oxygen to form the reaction product and returning the haem iron to the ferric state (Rittle and Green, 2010).
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FIGURE 1. The conventional cytochrome P450 catalytic cycle. Key steps are labelled with grey text. The substrate is marked in a blue oval, and oxygen atoms originating from molecular oxygen are shown in orange. The conventional cycle is shown with solid arrows, and uncoupling routes with dashed arrows. The cycle begins with the enzyme in the “resting state” where a water ligand occupies the active site and the haem iron is in the ferric state. Substrate binding displaces the water molecule and is followed by a one-electron reduction of the haem iron from Fe3+ to Fe2+, creating the opportunity for molecular oxygen to bind the ferrous haem. A second one-electron reduction creates a ferric-peroxo intermediate that is quickly protonated to a ferric-hydroperoxo species. A second protonation results in the release of water and formation of the highly reactive ferryl-oxo porphyrin radical known as “compound I.” Compound I abstracts a hydrogen atom from the substrate, briefly forming a ferryl hydroxide that recombines with the highly reactive substrate radical that resulted from the proton abstraction. The net result of this reaction cascade is monooxygenation of the substrate to form the product and return the haem iron to the ferric state. The P450 catalytic cycle can uncouple (dashed arrows) after either of the one-electron reduction steps, resulting in the release of reduced oxygen as superoxide or hydrogen peroxide. The ferryl hydroxide can also be protonated to cause uncoupling and the release of water without metabolism of the substrate.


The electrons required to drive the P450 catalytic cycle can come from a variety of sources. The redox midpoint potentials of ferrous P450 enzymes in the presence or absence of substrate are generally reported to be in the range of −300 to −225 mV, and in eukaryotic systems the first electron usually comes from oxidation of NAD(P)H by a diflavin reductase partner protein (cytochrome P450 reductase, CPR) which then transfers the electron to the P450. Similar systems have been identified in bacteria where the P450 is reduced either directly by a diflavin reductase, or by a flavodoxin or ferredoxin protein that serves as an intermediary between the P450 and a flavodoxin/ferredoxin reductase (Li et al., 2020). The ultimate source of reducing power does not have to be NAD(P)H, so long as a mechanism exists to transfer electrons to the P450 haem iron. This flexibility has facilitated development of synthetic biological systems where P450s can be reduced by the photosynthetic electron transport chain via various ferredoxin or flavodoxin intermediates (Jensen et al., 2011; Mellor et al., 2019). P450 activity can also be supported by a number of artificial mechanisms including direct provision of electrons via an electrode (Fleming et al., 2003; Fantuzzi et al., 2004), chemical reductants including sodium dithionite, titanium (III) citrate (Li and Wackett, 1993), reactive oxygen surrogates that bypass the first reductive steps of the reaction cycle (Strohmaier et al., 2020), or even from electron donors such as EDTA or triethanolamine in the presence of light and photosensitisers (such as proflavin or the fluorescein dye Eosin Y) (Park et al., 2015).

Although the net result of a typical P450 catalytic cycle is monooxygenation of a substrate, the haem iron itself is an oxygen reductase. The P450 catalytic cycle can uncouple after either of the one-electron reduction steps to release reduced oxygen in the form of superoxide or hydrogen peroxide. In the absence of oxygen, other compounds can be reduced by the catalytic haem including halogenated and nitrated pollutants.



UNDERSTANDING REDUCTIVE CYTOCHROME P450 REACTIONS

Shortly after the discovery of cytochrome P450 enzymes (Omura and Sato, 1962) there were hints that they could perform reductive reactions such as reduction of p-nitrobenzoate to p-aminobenzoate (Gillette et al., 1968). P450-mediated reductive dehalogenation reactions were also identified soon afterward. Metabolism of halothane, a halogenated anaesthetic drug, provided an early case study. Halothane was first synthesised in 1951 (Huang et al., 2017), meaning that its reductive dehalogenation is not an evolutionary adaptation of P450s but rather an illustrative example of their general catalytic capabilities. P450s metabolise halothane (CF3CHClBr) either in the presence or absence of oxygen (Van Dyke and Gandolf, 1976) and the mixture of reduced and oxidised dehalogenated products depends on the oxygen concentration (Nastainczyk et al., 1978). These initial studies of halothane metabolism predated recombinant expression of P450s in heterologous hosts, and it was not until the 1990s that reductive and oxidative metabolism of halothane was assigned to specific enzyme isoforms.

Reductive dehalogenation of halothane requires oxygen concentrations of less than 5% (Nastainczyk et al., 1978), which is within range of the conditions in the centrilobular regions of the liver (Lind et al., 1986). In oxidative conditions halothane is primarily metabolised to trifluoroacetic acid by P450 2E1. In oxygen-limited conditions P450s 2A6 and 3A4 produce the reduced products chloro-difluoroethylene and chloro-trifluoroethane (Spracklin et al., 1996) (Figure 2A). P450 2A6 also releases a radical intermediate that can initiate lipid peroxidation (Minoda and Kharasch, 2001). Although P450 2E1 appears to primarily metabolise halothane via the oxidative route, it can reduce other substrates at low oxygen tension including carbon tetrachloride (Koop, 1992). Collectively, these data indicate reductive metabolism is a general feature of P450s but that active site conformation and the orientation and redox properties of the substrate relative to the haem are important factors in determining whether reductive dehalogenation will occur.
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FIGURE 2. Aerobic oxidative dehalogenation and anaerobic reductive dehalogenation by P450 enzymes. (A) In human liver microsomes, halothane is metabolised to difluoro-chloroethylene by P450 2A6 in hypoxic conditions or trifluoroacetic acid by P450 2E1 in aerobic conditions (Spracklin et al., 1996). (B) P450CAM differentially metabolises 1,1,1,2-tetrachloroethane to either dichloroethylene in anaerobic conditions or trichloroacetaldehyde in aerobic conditions (Logan et al., 1993).


Reductive dehalogenation and denitration reactions are initiated when an electron is transferred from the ferrous haem directly to the substrate, resulting in a substrate radical. After this point there are several possible outcomes, with the product distribution probably depending on the active site dynamics of the P450 and substrate involved. In the example of reductive halothane metabolism, the substrate is first reduced by a single electron from the ferrous haem. This results in bromide elimination and the formation of a [CF3CHCl]• radical that can be protonated to form chlorotrifluoroethane or further reduced to yield chlorodifluoroethylene and inorganic fluoride (Minoda and Kharasch, 2001). In sum, reductive P450 reactions depend on a supply of reducing equivalents, reduction of the haem iron, and active site dynamics that position the substrate sufficiently close to the reduced haem.



DISTRIBUTION OF KNOWN REDUCTIVE P450 REACTIONS IN NATURE

Relatively few reductive P450 reactions have been discovered to date but those reactions that have been identified can often be performed by more than one P450 isoform and some common features have begun to emerge. The structure and malleability of the active site likely play important roles in determining whether collisions between the reduced haem and different substrates are possible. Examples of known P450-catalyzed reductive dehalogenation and denitration reactions are discussed below and summarised in Table 1.


TABLE 1. Summary of known P450-mediated reductive dehalogenation and denitration reactions.
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Reductive Dechlorination of Halomethanes and Haloethanes

P450CAM is a soluble P450 from Pseudomonas putida. The physiological role of P450CAM is to hydroxylate camphor in the first step of camphor catabolism. P450CAM is reduced by a soluble 2Fe-2S ferredoxin protein (“putidaredoxin”) which in turn is reduced by NADH via the putidaredoxin reductase. Structure-function relationships in P450CAM have been studied extensively. P450CAM was the first P450 structure solved through X-ray crystallography (Poulos et al., 1987) and over 100 structures have been deposited in the RCSB Protein Data Bank1 showing P450CAM and engineered mutants in complex with various substrates, inhibitors, and redox partner proteins. As such, P450CAM is one of the best-studied non-human P450 enzymes and it was the first bacterial P450 enzyme where reductive dehalogenation reactions were conclusively identified (Castro et al., 1985).

P450CAM catalyses two-electron reductions of a variety of halomethanes and haloethanes to yield dehalogenated products. That is, two sequential one-electron reductions occur to complete a reductive elimination reaction without releasing observable quantities of a one-electron-reduced radical intermediate. The extent to which perhalogenated compounds are dehalogenated depends on the physico-chemical properties of the substrate. For example, complete dehalogenation of trichloronitromethane (Cl3CNO2) to nitromethane via di- and mono-chloronitromethane intermediates (Castro et al., 1985) is likely aided by the electron-withdrawing properties of the nitro group. In contrast, tetrachloroethanes can only be partially dehalogenated by reductive reactions, possibly because of their reduced polarisation: P450CAM can dechlorinate 1,1,1,2-tetrachloroethane to dichloroethylene, but 1,1,2,2-tetrachloroethane is unreactive (Logan et al., 1993) (Figure 3). In aerobic conditions 1,1,1,2-tetrachloroethane is metabolised to 1,1,1-trichloroacetaldehyhde (Figure 2B).
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FIGURE 3. Physicochemical properties such as bond polarisation affect reductive dehalogenation. P450CAM can fully dechlorinate trichloronitromethane through reductive reactions (A), but only partially dechlorinates 1,1,1,2-tetrachloroethane to 1,1-dichloroethylene (B). 1,1,2,2-tetrachloroethane cannot be metabolised by P450CAM in reductive conditions (C) (Logan et al., 1993).


Several active site mutants of P450CAM have been characterised. Using hexachloroethane and pentachloroethane as model substrates, in vitro studies (Walsh et al., 2000) and molecular dynamics simulations (Manchester and Ornstein, 1995) showed that a smaller active site pocket promotes faster dehalogenation by increasing the likelihood of collisions between the halogen and the haem group. Substrate binding can be enhanced by increasing the hydrophobicity of the active site cavity or weakened by increasing its polarity (Walsh et al., 2000). However, making the active site more hydrophobic to enhance substrate binding also decreased the reaction rate. It is not clear whether this is due to increased retention of the hydrophobic product, sub-optimal substrate binding conformations, or decreased polarisation of the substrate. Increasing the hydrophilicity of the active site to weaken substrate binding did not substantially affect the reaction rate.

Rat P450 1A2 can also partially dechlorinate hexachloroethane to penta-, tetra-, and tri-chloro alkanes and alkenes (Yanagita et al., 1997), and studies of P450 1A2 mutants have yielded some important insights into reductive P450 metabolism. Most P450 enzymes have a conserved Asp/Glu-Thr motif on the distal side of the active site, where a single acidic residue is followed by a cluster of threonine residues. Experiments with mutants of rat P450 1A2 revealed that these threonine residues are important for oxygen binding and activation (Ishigooka et al., 1992). Some mutations decreased the rate of oxygen consumption to less than a third of the wild-type without disrupting the overall fold of the enzyme (Ishigooka et al., 1992). A Thr319Ala mutant of P450 1A2 can reduce hexachloroethane to tetrachloroethylene under aerobic conditions and perform reductive dechlorinations 2–10 times faster than the wild type under both aerobic and anaerobic conditions (Yanagita et al., 1997, 1998).



Reductive Dechlorination of Carbon Tetrachloride

In the twentieth century, carbon tetrachloride (CCl4) was a common industrial chemical used in dry cleaning solvents, fire suppressants and refrigerants (Doherty, 2000), among other chemical products. Its reductive dehalogenation was first identified in mammalian liver microsomes where its partial metabolism is associated with organ damage (McGregor, 1996). The first step in P450-mediated metabolism of carbon tetrachloride is a one-electron reduction by P450 2E1 (Zangar et al., 2000), resulting in a carbon trichloride radical and the release of a chloride ion. There are multiple potential fates for the radical depending on the reaction environment. Lipid peroxidation and inactivation of the P450 by radical products are possible outcomes, as is oxidation by molecular oxygen to form carbon dichloride and ultimately carbon dioxide. Further one-electron reductions of carbon trichloride result in a carbonyl dichloride radical that can also inactivate the P450 directly or be hydrolysed to carbon monoxide (a P450 inhibitor) (Li et al., 2014) (Figure 4A). This reaction cascade makes mammalian P450-mediated catabolism of carbon tetrachloride an interesting case study: by using reductive metabolism in hypoxic conditions the P450 can metabolise a toxic compound that cannot be metabolised via conventional oxidative P450 metabolism, but the products of reductive metabolism in this case pose a high risk of enzyme inactivation. Most mammalian carbon tetrachloride metabolism studies have focused on the release of radical intermediates due to their potential role in organ damage. By comparison, P450CAM catalyses a two-electron reduction of carbon tetrachloride to yield chloroform (CHCl3) without the release of identifiable quantities of radical intermediates, but P450CAM does not further reduce the chloroform product (Castro et al., 1985; Li and Wackett, 1993) (Figure 4B).
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FIGURE 4. Reductive dechlorination of carbon tetrachloride. (A) P450 2E1 catalyses a one-electron reduction of carbon tetrachloride that results in release of chloride and formation of a carbon trichloride radical. The reaction cycle may uncouple with release of the carbon trichloride radical. A second one-electron reduction without protonation has also been reported, resulting in a carbon dichloride radical. Uncoupling events with release of radicals are indicated with dashed lines. (B) P450CAM catalyses a two-electron reduction of carbon tetrachloride to yield carbon trichloride.


Complete reductive dehalogenation of carbon tetrachloride was achieved using electrobiocatalysis mediated by an immobilised thermostable enzyme, P450 119 from Sulfolobus solfataricus (Blair et al., 2004). Electrocatalysis using immobilised P450 enzymes is an established technology where the catalytic haem iron is reduced directly by an electrode (Sadeghi et al., 2011), forgoing the need for proteinaceous redox mediators and creating the opportunity to regulate the supply of electrons in strongly electronegative conditions that cannot be matched by fully biological systems. Thermostable enzymes are generally preferred in bioelectrochemistry for their longevity and the opportunity for high temperature catalysis.

Immobilised on a graphite electrode, the haem of P450 119 was reduced to Fe(I) which then catalysed a two-electron reduction of carbon tetrachloride, resulting in reductive dechlorination without the release of radical intermediates (Blair et al., 2004). This system was able to repeatedly dechlorinate the resulting products, ultimately releasing methane. The non-biological reduction potentials attainable with ex vivo electrobiocatalysis may present a route to complete dehalogenation of other substrates.



Partial Dechlorination of Dichlorodiphenyltrichloroethane (DDT)

DDT is a potent insecticide that was used around the world in the mid-twentieth century before gaining notoriety for environmental harm. Its use was eventually banned in most countries. DDT accumulates in the food chain by concentrating in lipids and it has a wide range of adverse health effects on animals (Vieira et al., 2001). Under anaerobic conditions several P450 enzymes can catalyse a singular reductive dechlorination of DDT to produce dichlorodiphenyldichloroethane (DDD). This reaction has been identified with rat liver microsomes, several recombinant human P450s (primarily P450s 3A4, 2B6, 2E1, and 2C9) (Kitamura et al., 2002), and P450 6G1 from Drosophila melanogaster (Joußen et al., 2008).

However, this single dechlorination of the trichloromethane group does not appear to be a particularly challenging biochemical reaction. In anaerobic conditions DDT can also be reduced to DDD by incubation with NADH, FMN, and haemoglobin (Kitamura et al., 1999). The reaction is not enzymatic as such, because haem proteins retain this catalytic ability after denaturation by boiling. The product, DDD, is also highly toxic and recalcitrant in the environment (Mansouri et al., 2017) with limited evidence of further biotic dechlorination of this compound.



Denitration and Bioremediation of Royal Demolition Explosive (RDX)

Reductive denitration reactions have also been identified in the P450 catalytic repertoire. As with reductive dehalogenations, these reactions were first observed in mammalian liver microsomes under anaerobic conditions. For example, human liver P450s from the CYP3A subfamily can denitrate glyceryl trinitrate (nitroglycerin), releasing nitric oxide and a mixture of di- and mono-nitrated products (Servent et al., 1989; Delaforge et al., 1993). The reaction cycle is similar to reductive dehalogenations as it proceeds via a P450 Fe(II)-NO intermediate, requires NADPH, and this reaction is competitively inhibited by oxygen.

P450-mediated reductive denitrations have become an important resource for bioremediation of nitrated explosives. RDX (or Royal Demolition Explosive) is the common name for 1,3,5-trinitro-1,3,5-triazinane, an explosive compound developed in the late nineteenth century. RDX has been used pervasively in military explosives and in civilian applications (such as demolition) up to the present day. Consequently, soil contamination with RDX is widespread (Jenkins et al., 2006) and of concern due to its toxicological profile (Burdette et al., 1988).

Rhodococcus rhodochrous strain 11Y, a bacterium isolated from explosive-contaminated soil, can utilise RDX as its sole nitrogen source. This strain harbours a P450 enzyme (XplA) that denitrates RDX and its intermediates and a reductase partner protein (XplB) (Seth-Smith et al., 2002). XplA catalyses the reductive denitration of RDX, and the reaction is likely the result of sequential one-electron reductions of the substrate and its subsequent products (Bhushan et al., 2003; Sabbadin et al., 2009). The enzyme is unusual in that it performs reductive denitrations under anaerobic or aerobic conditions, producing either methylenedinitramine plus one mole of nitrite and two moles of formaldehyde per mole of substrate (anaerobically), or 4-nitro-2,4-diazabutanal plus two moles of nitrite and one of formaldehyde (aerobically) (Sabbadin et al., 2009).

XplA isoforms have subsequently been discovered in soil microbes across the globe (Rylott et al., 2006; Halasz et al., 2012; Sabir et al., 2017) and its structural arrangement is unusual among characterised P450s. It has a flavodoxin domain fused to its N-terminus and it appears to have lost the conserved Asp/Glu-Thr motif from the active site cavity (Sabbadin et al., 2009). The Asp/Glu-Thr motif is important for oxygen binding and activation (Vidakovic et al., 1998; Nagano and Poulos, 2005) and this mutation appears to be essential for denitration in aerobic conditions. This is the same Asp/Glu-Thr motif that was mutated in P450 1A2 to enable reductive reactions in aerobic conditions (Yanagita et al., 1998) (described above in Reductive dechlorination of halomethanes and haloethanes). Reductive denitration of RDX is also catalysed by P450 2B4 from rabbit liver but the reaction is approximately three times faster in anaerobic conditions, suggesting that oxygen limits binding of RDX to the active site haem in P450 2B4 (Bhushan et al., 2003).

The opportunity to develop XplA for explosive bioremediation was recognised early. Expression of XplA in Arabidopsis thaliana enabled phytoremediation of contaminated soil. XplA decreased the concentration of RDX in aerial tissues and enhanced plant growth in soil containing what would ordinarily be inhibitory concentrations of RDX (Rylott et al., 2006). RDX removal from soil was up to 30 times faster when XplB, the cognate flavodoxin reductase, was coexpressed with XplA (Jackson et al., 2007).

Subsequent studies have worked toward RDX bioremediation solutions that could be deployed at contaminated sites. XplA overexpression was engineered in Pseudomonas fluorescens, resulting in a bacterium that can colonise plant roots and degrade RDX in the rhizosphere (Lorenz et al., 2013). However, experimental data indicated that haem biosynthesis in this bacterial strain limits P450 activity. Supplementation with aminolevulinic acid (a haem precursor) was necessary to enhance degradation of RDX in soil samples.

Several grass species overexpressing XplA and XplB have been engineered for bioremediation of former munitions ranges (Zhang et al., 2017, 2019). Grasses are desirable species for soil remediation due to their dense root systems and year-round ground cover (Zhang et al., 2017). Because of the prevalence of mixed explosive residues at actual contaminated sites, these plants were also engineered to coexpress a bacterial nitroreductase (NfsI) that can detoxify 2,4,6-trinitrotoluene (TNT) when overexpressed in plants (Bryant and DeLuca, 1991; Rylott et al., 2011). Engineered Western wheatgrass (Zhang et al., 2019), creeping bentgrass and switchgrass (Zhang et al., 2017) all metabolised RDX in liquid culture, and the engineered switchgrass also eliminated 15 mg of RDX from a 1.5 L column of gravel and sand.



CONCEPTS AND OPPORTUNITIES FOR REDUCTIVE BIOREMEDIATION WITH P450s

Reductive chemistry is initially important for dehalogenating compounds that cannot be enzymatically oxidised, but as halides are progressively eliminated and electron pairs become available for forming carbon-carbon double bonds, the products can become inert to further reduction. An example of this is the reductive metabolism of hexa- and penta-chloroethane described earlier in this review. Reaction sequences that result in 1,1,2,2-tetrachloroethane cannot be further dechlorinated via reductive reactions. 1,1,1,2-tetrachloroethane can be reductively dechlorinated to dichloroethylene but not further. Complete bioremediation of perhalogenated alkanes usually requires a combination of reductive and oxidative reactions. Compounds with fewer halide groups can often be oxidatively dehalogenated by a range of mono- and dioxygenases, and many perhalogenated alkanes could potentially be fully dehalogenated by a sequential cascade of reductive and then oxidative reactions.

Sequential reductive and oxidative reactions were used in one of the first synthetic biological pathways for complete catabolism of organohalides. In this example, P450CAM and a toluene dioxygenase (TOD) were co-expressed in Pseudomonas putida G786 (Wackett et al., 1994) to metabolise pentachloroethane. When the engineered strain is grown under anaerobic conditions, P450CAM reduces pentachloroethane to trichloroethylene. In the second stage of the fermentation, oxygen is introduced and TOD oxidises trichloroethylene to dihydroxytrichloroethylene. This product is unstable and decomposes to a mixture of glyoxylate and formate (Shuying and Wackett, 1992) (Figure 5).
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FIGURE 5. Two-stage fermentation for complete degradation of pentachloroethane. Pseudomonas putida was engineered to overexpress P450CAM and toluene dioxygenase. Anaerobic conditions were maintained during the first stage of the fermentation, enabling reductive dechlorination of pentachloroethane to 1,1,2-trichloroethylene by P450CAM. The gas feed was then switched from argon to oxygen, facilitating oxidative metabolism of 1,1,2-trichloroethylene by toluene dioxygenase (Wackett et al., 1994). Toluene dioxygenase oxidises 1,1,2-trichloroethylene to an unstable 1,2-dihydroxytrichloroethane intermediate that decomposes into a mixture of glyoxylate and formate (Shuying and Wackett, 1992), both of which can be incorporated into P. putida central carbon metabolism.


This paradigm of P450-mediated reductive dehalogenation followed by TOD-mediated oxidation has been repeated elsewhere: the same engineered P. putida was used to metabolise tetrabromoethane and several and chlorofluoroethanes (Hur et al., 1994), and the concept was also successfully transferred to another host microbe. A P450CAM mutant (F87W, which is predicted to have enhanced pentachloroethane turnover kinetics (Manchester and Ornstein, 1995)) was functionally expressed in Alcaligenes sp. KF711 along with the a TOD that was fused to a native Alcaligenes ferredoxin and ferredoxin reductase (Iwakiri et al., 2004).

There are several potential advantages to using P450s to catalyse initial reductive dehalogenation steps in an engineered microbe instead of using reductive dehalogenases from organohalide respiring bacteria. P450s are naturally aerotolerant, whereas reductive dehalogenases are highly oxygen sensitive. The use of aerotolerant enzymes simplifies bacterial strain maintenance and fermentation procedures, particularly when designing a process that needs to switch between anoxic and aerobic conditions.

Studies of P450 1A2 (Yanagita et al., 1997, 1998) and the RDX-denitrifying P450 XplA (Sabbadin et al., 2009) indicate that mutating the Asp/Glu-Thr active site motif can activate reductive metabolism even in aerobic conditions by impairing oxygen binding and activation. P450 mutants that perform reductive reactions in aerobic conditions would be beneficial for synthetic bioremediation because of the superior energy yield of bacterial growth during aerobic respiration, which supports protein overexpression, high growth rates, and NAD(P)H supply. It remains to be seen whether these mutations can be transposed to other P450s as a general strategy for enabling reductive biochemistry under aerobic conditions.

The exceptional substrate promiscuity of mammalian P450s makes them a good starting point for identifying useful reactions. Even though reductive P450-mediated denitrations and dehalogenations were first discovered in mammalian systems, mammalian P450s are yet to be applied in synthetic bioremediation. Part of the reason may be the high rate of uncoupling observed in mammalian P450s after the first one-electron reduction, where damaging radical intermediates are released. However, this may not be generally representative of mammalian P450s. In some cases it appears that reductive dehalogenations of pharmaceuticals were only identified because of radical-associated organ damage (Minoda and Kharasch, 2001), biasing observations toward reactions that frequently uncouple and release radical products. Coupling efficiency can also be improved through mutagenesis (Jung et al., 2011), and given the vast landscape of P450 sequences it is conceivable that useful enzymes may be found for a greater range of reductive reactions than has been explored to-date.

There are even examples of substituting the P450 axial cysteine haem ligand to enhance specific reductive reactions. The axial cysteine was exchanged for serine in an engineered mutant of P450BM3 to increase the rate of reductive carbene transfer reactions in E. coli (Coelho et al., 2013). In this example the primary reason for the mutation was to increase the redox potential of the resting state low-spin haem iron, enabling in vivo reduction of the low-spin iron by NAD(P)H. This mutant was dubbed “P411” in recognition of the shift in the peak absorbance of the CO-bound ferrous haem, and it was used to catalyse reductive carbene transfers from ethyl diazoacetate to styrene. Similar mutations of the axial haem ligand may be useful for tuning the range of in vivo reductive dehalogenation reactions.

Cysteine ligation of the haem is also important for formation of the ferryl-porphyrin cation radical that catalyses the final monooxygenation step in the conventional P450 catalytic cycle. As such, mutation of the axial cysteine almost eliminated the formation of styrene oxide by P411 in aerobic conditions. However, it is important to note this mutation does not prevent futile oxidation of NAD(P)H to hydrogen peroxide (Vatsis et al., 2002), and reductive reactions of the P411 mutant are most productive under anaerobic conditions.



NEW FRONTIERS AND FUTURE DIRECTIONS IN SYNTHETIC BIOLOGY FOR BIOREMEDIATION

A classic example of using biocatalysts to remediate chemical pollution is the direct application of enzymes to a contaminated sample or site. For example, free atrazine chlorohydrolase enzyme can dechlorinate the herbicide atrazine in contaminated water (Scott et al., 2010). This relatively stable enzyme can be produced in bulk and applied directly to a sample because it does not require additional cofactors. This approach is not possible with P450s due to their requirement for reducing equivalents. Therefore, most P450-based bioremediation efforts focus on engineering their expression in whole organisms like plants or bacteria.

Plants are attractive host organisms for open-field bioremediation where low concentrations of chemicals need to be extracted from soil, especially when the pollutant is spread over a large area. A key concern in this scenario is containment of genetically modified organisms and their removal at the end of the bioremediation campaign. Designing biocontainment strategies for plants is an active field of research in the synthetic biology era with several promising approaches in development. These include engineering synthetic auxotrophies to limit the spread of plants, the development of sterile plants, and inducible transgene removal techniques (reviewed elsewhere; Clark and Maselko, 2020).

In published examples of plants engineered to remediate RDX, strong constitutive promoters are used to drive systemic P450 overexpression throughout the plant (Zhang et al., 2017, 2019). Systemic transgene overexpression frequently leads to gene silencing in engineered plants, especially when non-native promoters are used (Weinhold et al., 2013; Matsunaga et al., 2019). Organ- or even organelle-specific expression of P450s can improve expression stability (Bandopadhyay et al., 2010; Gnanasekaran et al., 2016) and creates the opportunity to be more selective about the reaction environment (Gnanasekaran et al., 2016; Mellor et al., 2018). For example expression in chloroplasts can be used to couple P450 activity to electrons generated by photosynthesis (Gnanasekaran et al., 2016).

Some pollutants accumulate in different plant tissues based on their chemical properties. For example, perfluoroalkyl substances (PFAS) have differential accumulation in plant tissues, with larger more hydrophobic compounds likely to accumulate in roots (Navarro et al., 2017). So targeted organ-specific expression of enzymes could be more efficient on the basis that enzyme expression can be directed to the region of the plant with the highest local concentration of substrate. If transport proteins for specific pollutant compounds can be identified, it may be possible to also direct the accumulation of pollutants into specific tissues or organelles. For example, transmembrane transport proteins linked to RDX transport have been identified (Rao et al., 2009). It may be possible to engineer their overexpression or knockout in a tissue-specific manner to specifically direct pollutants into sink tissues. This approach would be best suited to compounds that are recognised by reasonably specific transporters, as overexpression or repression of transporters important for plant homeostasis could be deleterious.

PFAS compounds are suspected to be taken up by plants via aquaporins, which are non-specific neutral solute transport channels (Mudumbi et al., 2017). Although these are non-specific channels required for water transport it may still be possible to enhance catabolism of aquaporin-transported pollutants. Synthetic protein scaffolding refers to actively co-localising different proteins through engineered protein-protein interactions (Behrendorff et al., 2020) and studies have demonstrated that some P450 enzymes can be scaffolded to membrane proteins (Henriques de Jesus et al., 2017; Behrendorff et al., 2019). Scaffolding P450s to relevant transmembrane transport proteins may be another way to enhance metabolism of compounds that are otherwise present at low concentrations by increasing the likelihood that a substrate will interact with the P450 enzyme by merit of physical proximity between the P450 and the transport channel. The advantages of using scaffolding to co-localise enzymes and transport channels have been reviewed previously (Behrendorff et al., 2020).

Bioremediation of contained liquid samples is conceptually less complex than remediation of contaminated environments in the field. Remediation of contained liquids allows for a high degree of process control and engineered bacteria can be employed using established microbial fermentation technologies. These advantages can also be extended to field applications when dealing with contaminated liquids that can be diverted into a contained system, such as extractable groundwater (Janssen and Stucki, 2020). New genetic tools for engineering different bacteria are reported regularly, and as such there are increasing options to engineer reductive P450 metabolism into bacteria that can already perform downstream steps in a bioremediation metabolic pathway. There are also increasing options to work with microorganisms that have other desirable properties like solvent tolerance (Sardessai and Bhosle, 2004) or thermotolerance (Shaw et al., 2008).

Difficulties in optimising bacterial expression of non-native P450s has previously been a hurdle to the development of microbial biocatalysts based on plant or mammalian P450s but recent studies indicate that these problems can be largely overcome by engineering the enzymes for increased folding stability (Gumulya et al., 2018; Tavanti et al., 2018). The proliferation of reliable methods for increasing the thermostability of P450s will dramatically expand the suite of reactions available for creating synthetic bioremediation reagents in plants, microorganisms, and perhaps even ex vivo technologies like bioelectrocatalysis or other immobilised enzyme systems where auxiliary enzymes like phosphite dehydrogenase regenerate the required reducing cofactors (Tan et al., 2015). Protein-based water filtration devices based on aquaporins (Xie et al., 2013) have been developed to commercial availability2. Combining a bio-based filtration system with the synthetic biology tools described above could lead to the development of water filtration systems that can enzymatically remove halogenated pollutants from a flowing water supply.

The use of reductive P450 metabolism in bioremediation has barely begun to be explored. New P450 sequences can be identified from bioinformatic databases (Nelson, 2018), and although enzyme function cannot yet be inferred from sequence, there is sufficient evidence that in general the P450 catalytic haem can reduce some substrates in the absence of oxygen. With a rapidly growing track record of engineering P450s for efficiency, stability, and selectivity, it appears that the opportunities to improve and deploy P450s as reductive biocatalysts for bioremediation are vast in the synthetic biology era.



AUTHOR CONTRIBUTIONS

JB conceived of and composed this manuscript.



FUNDING

The author was supported by a CSIRO SynBioFSP postdoctoral fellowship co-funded by the CSIRO and the Queensland University of Technology.



ACKNOWLEDGMENTS

I gratefully acknowledge the support provided by the CSIRO SynBioFSP fellowship that I receive, co-funded by the Commonwealth Scientific and Industrial Research Organisation (CSIRO) and the Queensland University of Technology (QUT). I also extend my sincere thanks to Silas Mellor (University of Copenhagen), Mareike Bongers (Technical University of Denmark), and Robert Speight (Queensland University of Technology) for their constructive feedback.


FOOTNOTES

1http://rcsb.org

2http://aquaporin.com


REFERENCES

Amonette, J. E., Jeffers, P. M., Qafoku, O., Russell, C. K., Humphrys, D. R., Wietsma, T. W., et al. (2012). Abiotic Degradation Rates for Carbon Tetrachloride and Chloroform: Final Report. Available online at: https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-22062.pdf (accessed December 17, 2020).

Bandopadhyay, R., Haque, I., Singh, D., and Mukhopadhyay, K. (2010). Levels and stability of expression of transgenes. Transgenic Crop. Plants 1, 145–186. doi: 10.1007/978-3-642-04809-8_5

Barnes, H. J., Arlotto, M. P., and Waterman, M. R. (1991). Expression and enzymatic activity of recombinant cytochrome P450 17α-hydroxylase in Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 88, 5597–5601. doi: 10.1073/pnas.88.13.5597

Behrendorff, J. B. Y. H., and Gillam, E. M. J. (2016). Prospects for applying synthetic biology to toxicology: future opportunities and current limitations for the repurposing of cytochrome P450 systems. Chem. Res. Toxicol. 30, 453–468. doi: 10.1021/acs.chemrestox.6b00396

Behrendorff, J. B. Y. H., Borràs-Gas, G., and Pribil, M. (2020). Synthetic protein scaffolding at biological membranes. Trends Biotechnol. 38, 432–446. doi: 10.1016/j.tibtech.2019.10.009

Behrendorff, J. B. Y. H., Moore, C. D., Kim, K. H., Kim, D. H., Smith, C. A., Johnston, W. A., et al. (2012). Directed evolution reveals requisite sequence elements in the functional expression of P450 2F1 in Escherichia coli. Chem. Res. Toxicol. 25, 1964–1974. doi: 10.1021/tx300281g

Behrendorff, J. B. Y. H., Sandoval-Ibanþez, O. A., Sharma, A., and Pribil, M. (2019). Membrane-bound protein scaffolding in diverse hosts using thylakoid protein CURT1A. ACS Synth. Biol. 8, 611–620. doi: 10.1021/acssynbio.8b00418

Bhushan, B., Trott, S., Spain, J. C., Halasz, A., Paquet, L., and Hawari, J. (2003). Biotransformation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) by a rabbit liver cytochrome P450: Insight into the mechanism of RDX biodegradation by Rhodococcus sp. strain DN22. Appl. Environ. Microbiol. 69, 1347–1351. doi: 10.1128/aem.69.3.1347-1351.2003

Blair, E., Greaves, J., and Farmer, P. J. (2004). High-temperature electrocatalysis using thermophilic P450 CYP119: Dehalogenation of CCl4 to CH4. J. Am. Chem. Soc. 126, 8632–8633. doi: 10.1021/ja0488333

Bryant, C., and DeLuca, M. (1991). Purification and characterization of an oxygen-insensitive NAD(P)H nitroreductase from Enterobacter cloacae. J. Biol. Chem. 266, 4119–4125. doi: 10.1016/s0021-9258(20)64294-6

Burdette, L. J., Cook, L. L., and Dyer, R. S. (1988). Convulsant properties of cyclotrimethylenetrinitramine (RDX): spontaneous, audiogenic, and amygdaloid kindled seizure activity. Toxicol. Appl. Pharmacol. 92, 436–444. doi: 10.1016/0041-008x(88)90183-4

Castro, C. E., Wade, R. S., and Belser, N. O. (1985). Biodehalogenation: reactions of cytochrome P-450 with polyhalomethanes. Biochemistry 24, 204–210. doi: 10.1021/bi00322a029

Clark, M., and Maselko, M. (2020). Transgene biocontainment strategies for molecular farming. Front. Plant Sci. 11:210.

Coelho, P. S., Wang, Z. J., Ener, M. E., Baril, S. A., Kannan, A., Arnold, F. H., et al. (2013). serine-substituted P450 catalyzes highly efficient carbene transfer to olefins in vivo. Nat. Chem. Biol. 9, 485–487. doi: 10.1038/nchembio.1278

Delaforge, M., Servent, D., Wirsta, P., Ducrocq, C., Mansuy, D., and Lenfant, M. (1993). Particular ability of cytochrome P-450 CYP3A to reduce glyceryl trinitrate in rat liver microsomes: subsequent formation of nitric oxide. Chem. Biol. Interact. 86, 103–117. doi: 10.1016/0009-2797(93)90115-f

Doherty, R. E. A. (2000). history of the production and use of carbon tetrachloride, tetrachloroethylene, trichloroethylene and 1,1,1-trichloroethane in the United States: part 1 – historical background; carbon tetrachloride and tetrachloroethylene. Environ. Forensics 1, 69–81. doi: 10.1006/enfo.2000.0010

England, P. A., Harford-Cross, C. F., Stevenson, J. A., Rouch, D. A., and Wong, L. L. (1998). The oxidation of naphthalene and pyrene by cytochrome P450(cam). FEBS Lett. 424, 271–274.

Fantuzzi, A., Fairhead, M., and Gilardi, G. (2004). Direct electrochemistry of immobilized human cytochrome P450 2E1. J. Am. Chem. Soc. 126, 5040–5041. doi: 10.1021/ja049855s

Fetzner, S. (1998). Bacterial dehalogenation. Appl. Microbiol. Biotechnol. 50, 633–657. doi: 10.1007/s002530051346

Fincker, M., and Spormann, A. M. (2017). Biochemistry of catabolic reductive dehalogenation. Annu. Rev. Biochem. 86, 357–386. doi: 10.1146/annurev-biochem-061516-044829

Fleming, B. D., Tian, Y., Bell, S. G., Wong, L.-L., Urlacher, V., and Hill, H. A. O. (2003). Redox properties of cytochrome P450 BM3 measured by direct methods. Eur. J. Biochem. 270, 4082–4088.

Gillette, J. R., Kamm, J. J., and Sasame, H. A. (1968). Mechanism of p-nitrobenzoate reduction in liver: the possible role of cytochrome P-450 in liver microsomes. Mol. Pharmacol. 4, 541–548.

Gnanasekaran, T., Karcher, D., Nielsen, A. Z., Martens, H. J., Ruf, S., Kroop, X., et al. (2016). Transfer of the cytochrome P450-dependent dhurrin pathway from Sorghum bicolor into Nicotiana tabacum chloroplasts for light-driven synthesis. J. Exp. Bot. 67, 2495–2506. doi: 10.1093/jxb/erw067

Guengerich, F. P. (2009). Cataloging the repertoire of nature’s blowtorch, P450. Chem. Biol. 16, 1215–1216. doi: 10.1016/j.chembiol.2009.12.002

Guengerich, F. P., and Munro, A. W. (2013). Unusual cytochrome P450 enzymes and reactions. J. Biol. Chem. 288, 17065–17073. doi: 10.1074/jbc.r113.462275

Guengerich, F. P., and Yoshimoto, F. K. (2018). Formation and cleavage of C–C bonds by enzymatic oxidation–reduction reactions. Chem. Rev. 118, 6573–6655. doi: 10.1021/acs.chemrev.8b00031

Gumulya, Y., Baek, J. M., Wun, S. J., Thomson, R. E. S., Harris, K. L., Hunter, D. J. B., et al. (2018). Engineering highly functional thermostable proteins using ancestral sequence reconstruction. Nat. Catal. 1, 878–888. doi: 10.1038/s41929-018-0159-5

Halasz, A., Manno, D., Perreault, N. N., Sabbadin, F., Bruce, N. C., and Hawari, J. (2012). Biodegradation of RDX nitroso products MNX and TNX by cytochrome P450 XplA. Environ. Sci. Technol. 46, 7245–7251. doi: 10.1021/es3011964

Henriques de Jesus, M. P. R., Zygadlo Nielsen, A., Busck Mellor, S., Matthes, A., Burow, M., Robinson, C., et al. (2017). Tat proteins as novel thylakoid membrane anchors organize a biosynthetic pathway in chloroplasts and increase product yield 5-fold. Metab. Eng. 44, 108–116. doi: 10.1016/j.ymben.2017.09.014

Huang, L., Sang, C. N., and Desai, M. S. (2017). Beyond ether and chloroform—a major breakthrough with halothane. J. Anesth. Hist. 3, 87–102. doi: 10.1016/j.janh.2017.05.003

Hunter, D. J. B., Behrendorff, J. B. Y. H., Johnston, W. A., Hayes, P. Y., Huang, W., Bonn, B., et al. (2011). Facile production of minor metabolites for drug development using a CYP3A shuffled library. Metab. Eng. 13, 682–693. doi: 10.1016/j.ymben.2011.09.001

Hur, H.-G., Sadowsky, M. J., and Wackett, L. P. (1994). Metabolism of chlorofluorocarbons and polybrominated compounds by Pseudomonas putida G786(pHG-2) via an engineered metabolic pathway. Appl. Environ. Microbiol. 60, 4148–4154. doi: 10.1128/aem.60.11.4148-4154.1994

Ishigooka, M., Shimizu, T., Hiroya, K., and Hatano, M. (1992). Role of Glu318 at the putative distal site in the catalytic function of cytochrome P450d. Biochemistry 31, 1528–1531. doi: 10.1021/bi00120a033

Isin, E. M., and Guengerich, F. P. (2007). Complex reactions catalyzed by cytochrome P450 enzymes. Biochim. Biophys. Acta Gen. Subj. 1770, 314–329. doi: 10.1016/j.bbagen.2006.07.003

Iwakiri, R., Yoshihira, K., Futagami, T., Goto, M., and Furukawa, K. (2004). Total degradation of pentachloroethane by an engineered Alcaligenes strain expressing a modified camphor monooxygenase and a hybrid dioxygenase. Biosci. Biotechnol. Biochem 68, 1353–1356. doi: 10.1271/bbb.68.1353

Jackson, R. G., Rylott, E. L., Fournier, D., Hawari, J., and Bruce, N. C. (2007). Exploring the biochemical properties and remediation applications of the unusual explosive-degrading P450 system XplA/B. Proc. Natl. Acad. Sci. U.S.A. 104, 16822–16827. doi: 10.1073/pnas.0705110104

Janssen, D. B., and Stucki, G. (2020). Perspectives of genetically engineered microbes for groundwater bioremediation. Environ. Sci. Process. Impacts 22, 487–499. doi: 10.1039/c9em00601j

Jenkins, T. F., Hewitt, A. D., Grant, C. L., Thiboutot, S., Ampleman, G., Walsh, M. E., et al. (2006). Identity and distribution of residues of energetic compounds at army live-fire training ranges. Chemosphere 63, 1280–1290. doi: 10.1016/j.chemosphere.2005.09.066

Jensen, K., Jensen, P. E., and Møller, B. L. (2011). Light-driven cytochrome P450 hydroxylations. ACS Chem. Biol. 6, 533–539. doi: 10.1021/cb100393j

Johnston, W. A., Hunter, D. J. B., Noble, C. J., Hanson, G. R., Stok, J. E., Hayes, M. A., et al. (2011). Cytochrome P450 is present in both ferrous and ferric forms in the resting state within intact Escherichia coli and hepatocytes. J. Biol. Chem. 286, 40750–40759. doi: 10.1074/jbc.m111.300871

Jones, J. P., O’Hare, E. J., and Wong, L. L. (2001). Oxidation of polychlorinated benzenes by genetically engineered CYP101 (cytochrome P450cam). Eur. J. Biochem. 268, 1460–1467. doi: 10.1046/j.1432-1327.2001.02018.x

Joußen, N., Heckel, D. G., Haas, M., Schuphan, I., and Schmidt, B. (2008). Metabolism of imidacloprid and DDT by P450 CYP6G1 expressed in cell cultures of Nicotiana tabacum suggests detoxification of these insecticides in Cyp6g1-overexpressing strains of Drosophila melanogaster, leading to resistance. Pest Manag. Sci. 64, 65–73. doi: 10.1002/ps.1472

Jung, S. T., Lauchli, R., and Arnold, F. H. (2011). Cytochrome P450: Taming a wild type enzyme. Curr. Opin. Biotechnol. 22, 809–817. doi: 10.1016/j.copbio.2011.02.008

Kalsotra, A., Turman, C. M., Kikuta, Y., and Strobel, H. W. (2004). Expression and characterization of human cytochrome P450 4F11: putative role in the metabolism of therapeutic drugs and eicosanoids. Toxicol. Appl. Pharmacol. 199, 295–304. doi: 10.1016/j.taap.2003.12.033

Kellner, D. G., Maves, S. A., and Sligar, S. G. (1997). Engineering cytochrome P450s for bioremediation. Curr. Opin. Biotechnol. 8, 274–278. doi: 10.1016/s0958-1669(97)80003-1

Kitamura, S., Shimizu, Y., Shiraga, Y., Yoshida, M., Sugihara, K., and Ohta, S. (2002). Reductive metabolism of p,p’-DDT and o,p’-DDT by rat liver cytochrome P450. Drug Metab. Dispos. 30, 113–118. doi: 10.1124/dmd.30.2.113

Kitamura, S., Yoshida, M., Sugihara, K., and Ohta, S. (1999). Reductive dechlorination of p, p’-DDT mediated by hemoproteins in the hepatopancreas and blood of goldfish, Carassius auratus. J. Heal. Sci. 45, 217–221. doi: 10.1248/jhs.45.217

Koop, D. R. (1992). Oxidative and reductive metabolism by cytochrome P450 2E1. FASEB J. 6, 724–730. doi: 10.1096/fasebj.6.2.1537462

Lefever, M. R., and Wackett, L. P. (1994). Oxidation of low molecular weight chloroalkanes by cytochrome P450CAM. Biochem. Biophys. Res. Commun. 201, 373–378. doi: 10.1006/bbrc.1994.1711

Li, S., and Wackett, L. P. (1993). Reductive dehalogenation by cytochrome P450CAM: substrate binding and catalysis. Biochemistry 32, 9355–9361. doi: 10.1021/bi00087a014

Li, S., Du, L., and Bernhardt, R. (2020). Redox partners: function modulators of bacterial P450 enzymes. Trends Microbiol.. 28, 445–454. doi: 10.1016/j.tim.2020.02.012

Li, X. X., Zheng, Q. C., Wang, Y., and Zhang, H. X. (2014). Theoretical insights into the reductive metabolism of CCl4 by cytochrome P450 enzymes and the CCl4-dependent suicidal inactivation of P450. J. Chem. Soc. Dalt. Trans. 43, 14833–14840. doi: 10.1039/c4dt02065k

Lind, R. C., Gandolfi, A. J., Sipes, I. G., Brown, B. R., and Waters, S. J. (1986). Oxygen concentrations required for reductive defluorination of halothane by rat hepatic microsomes. Anesth. Analg. 65, 835–839.

Logan, M. S. P., Newman, L. M., Schanke, C. A., and Wacket, L. P. (1993). Cosubstrate effects in reductive dehalogenation by Pseudomonas putida G786 expressing cytochrome P-450CAM. Biodegradation 4, 39–50. doi: 10.1007/bf00701453

Lorenz, A., Rylott, E. L., Strand, S. E., and Bruce, N. C. (2013). Towards engineering degradation of the explosive pollutant hexahydro-1,3,5-trinitro-1,3,5-triazine in the rhizosphere. FEMS Microbiol. Lett. 340, 49–54. doi: 10.1111/1574-6968.12072

Manchester, J. I., and Ornstein, R. L. (1995). Enzyme-catalyzed dehalogenation of pentachloroethane: why F87W-cytochrome P450cam is faster than wild type. Protein Eng. Des. Sel. 8, 801–807. doi: 10.1093/protein/8.8.801

Mansouri, A., Cregut, M., Abbes, C., Durand, M. J., Landoulsi, A., and Thouand, G. (2017). The environmental issues of DDT pollution and bioremediation: a multidisciplinary review. Appl. Biochem. Biotechnol. 181, 309–339. doi: 10.1007/s12010-016-2214-5

Matsunaga, W., Shimura, H., Shirakawa, S., Isoda, R., Inukai, T., Matsumura, T., et al. (2019). Transcriptional silencing of 35S driven-transgene is differentially determined depending on promoter methylation heterogeneity at specific cytosines in both plus- and minus-sense strands. BMC Plant Biol. 19:24.

McGregor, D. (1996). Carbon tetrachloride: Genetic effects and other modes of action. Mutat. Res. Mutat. Res. 366, 181–195. doi: 10.1016/s0165-1110(96)90027-5

Mellor, S. B., Behrendorff, J. B. Y. H., Nielsen, A. Z., Jensen, P. E., and Pribil, M. (2018). Non-photosynthetic plastids as hosts for metabolic engineering. Essays Biochem. 62, 41–50. doi: 10.1042/ebc20170047

Mellor, S. B., Vinde, M. H., Nielsen, A. Z., Hanke, G. T., Abdiaziz, K., Roessler, M. M., et al. (2019). Defining optimal electron transfer partners for light-driven cytochrome P450 reactions. Metab. Eng. 55, 33–43. doi: 10.1016/j.ymben.2019.05.003

Minoda, Y., and Kharasch, E. D. (2001). Halothane-dependent lipid peroxidation in human liver microsomes is catalyzed by cytochrome P4502A6 (CYP2A6). Anesthesiology 95, 509–514. doi: 10.1097/00000542-200108000-00037

Mizutani, M., and Ohta, D. (2010). Diversification of P450 genes during land plant evolution. Annu. Rev. Plant Biol. 61, 291–315. doi: 10.1146/annurev-arplant-042809-112305

Mudumbi, J. B. N., Ntwampe, S. K. O., Mekuto, L., Itoba-Tombo, E. F., and Matsha, T. E. (2017). Are aquaporins (AQPs) the gateway that conduits nutrients, persistent organic pollutants and perfluoroalkyl substances (PFASs) into plants? Springer Sci. Rev. 5, 31–48. doi: 10.1007/s40362-017-0045-6

Nagano, S., and Poulos, T. L. (2005). Crystallographic study on the dioxygen complex of wild-type and mutant cytochrome P450cam: implications for the dioxygen activation mechanism. J. Biol. Chem. 280, 31659–31663. doi: 10.1074/jbc.m505261200

Nastainczyk, W., Ullrich, V., and Sies, H. (1978). Effect of oxygen concentration on the reaction of halothane with cytochrome P450 in liver microsomes and isolated perfused rat liver. Biochem. Pharmacol. 27, 387–392. doi: 10.1016/0006-2952(78)90366-0

Navarro, I., de la Torre, A., Sanz, P., Porcel, M. Á, Pro, J., Carbonell, G., et al. (2017). Uptake of perfluoroalkyl substances and halogenated flame retardants by crop plants grown in biosolids-amended soils. Environ. Res. 152, 199–206. doi: 10.1016/j.envres.2016.10.018

Nelson, D. R. (2018). Cytochrome P450 diversity in the tree of life. Biochim. Biophys. Acta Proteins Proteomics 1866, 141–154. doi: 10.1016/j.bbapap.2017.05.003

Omura, T., and Sato, R. A. (1962). new cytochrome in liver microsomes. Comp. Biochem. 237, 1375–1376.

Park, J. H., Lee, S. H., Cha, G. S., Choi, D. S., Nam, D. H., Lee, J. H., et al. (2015). Cofactor-free light-driven whole-cell cytochrome P450 catalysis. Angew. Chemie Int. Ed. 54, 969–973. doi: 10.1002/anie.201410059

Poulos, T. L., Finzel, B. C., and Howard, A. J. (1987). High-resolution crystal structure of cytochrome P450cam. J. Mol. Biol. 195, 687–700. doi: 10.1016/0022-2836(87)90190-2

Rao, M. R., Halfhill, M. D., Abercrombie, L. G., Ranjan, P., Abercrombie, J. M., Gouffon, J. S., et al. (2009). Phytoremediation and phytosensing of chemical contaminants, RDX and TNT: identification of the required target genes. Funct. Integr. Genomics 9, 537–547.

Rittle, J., and Green, M. T. (2010). Cytochrome P450 compound I: capture, characterization, and C-H bond activation kinetics. Science 330, 933–937. doi: 10.1126/science.1193478

Rylott, E. L., and Bruce, N. C. (2020). How synthetic biology can help bioremediation. Curr. Opin. Chem. Biol. 58, 86–95. doi: 10.1016/j.cbpa.2020.07.004

Rylott, E. L., Budarina, M. V., Barker, A., Lorenz, A., Strand, S. E., and Bruce, N. C. (2011). Engineering plants for the phytoremediation of RDX in the presence of the co-contaminating explosive TNT. New Phytol. 192, 405–413. doi: 10.1111/j.1469-8137.2011.03807.x

Rylott, E. L., Jackson, R. G., Edwards, J., Womack, G. L., Seth-Smith, H. M. B., Rathbone, D. A., et al. (2006). An explosive-degrading cytochrome P450 activity and its targeted application for the phytoremediation of RDX. Nat. Biotechnol. 24, 216–219. doi: 10.1038/nbt1184

Sabbadin, F., Jackson, R., Haider, K., Tampi, G., Turkenburg, J. P., Hart, S., et al. (2009). The 1.5-Å structure of XplA-heme, an unusual cytochrome P450 heme domain that catalyzes reductive biotransformation of royal demolition explosive. J. Biol. Chem. 284, 28467–28475. doi: 10.1074/jbc.m109.031559

Sabir, D. K., Grosjean, N., Rylott, E. L., and Bruce, N. C. (2017). Investigating differences in the ability of XplA/B-containing bacteria to degrade the explosive hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). FEMS Microbiol. Lett. 364:144.

Sadeghi, S. J., Fantuzzi, A., and Gilardi, G. (2011). Breakthrough in P450 bioelectrochemistry and future perspectives. Biochim. Biophys. Acta Proteins Proteomics 1814, 237–248. doi: 10.1016/j.bbapap.2010.07.010

Salazar, O., Cirino, P. C., and Arnold, F. H. (2003). Thermostabilization of a cytochrome P450 peroxygenase. ChemBioChem 4, 891–893. doi: 10.1002/cbic.200300660

Sardessai, Y. N., and Bhosle, S. (2004). Industrial potential of organic solvent tolerant bacteria. Biotechnol. Prog. 20, 655–660. doi: 10.1021/bp0200595

Scott, C., Lewis, S. E., Milla, R., Taylor, M. C., Rodgers, A. J. W., Dumsday, G., et al. (2010). free-enzyme catalyst for the bioremediation of environmental atrazine contamination. J. Environ. Manage 91, 2075–2078. doi: 10.1016/j.jenvman.2010.05.007

Servent, D., Delaforge, M., Ducrocq, C., Mansuy, D., and Lenfant, M. (1989). Nitric oxide formation during microsomal hepatic denitration of glyceryl trinitrate: involvement of cytochrome P-450. Biochem. Biophys. Res. Commun. 163, 1210–1216. doi: 10.1016/0006-291x(89)91106-6

Seth-Smith, H. M. B., Rosser, S. J., Basran, A., Travis, E. R., Dabbs, E. R., Nicklin, S., et al. (2002). Cloning, sequencing, and characterization of the hexahydro-1,3,5-trinitro-1,3,5-triazine degradation gene cluster from Rhodococcus rhodochrous. Appl. Environ. Microbiol. 68, 4764–4771.

Shaw, A. J., Podkaminer, K. K., Desai, S. G., Bardsley, J. S., Rogers, S. R., Thorne, P. G., et al. (2008). Metabolic engineering of a thermophilic bacterium to produce ethanol at high yield. Proc. Natl. Acad. Sci. U.S.A. 105, 13769–13774. doi: 10.1073/pnas.0801266105

Shuying, L., and Wackett, L. P. (1992). Trichloroethylene oxidation by toluene dioxygenase. Biochem. Biophys. Res. Commun. 185, 443–451.

Sideri, A., Goyal, A., Di Nardo, G., Tsotsou, G. E., and Gilardi, G. (2013). Hydroxylation of non-substituted polycyclic aromatic hydrocarbons by cytochrome P450 BM3 engineered by directed evolution. J. Inorg. Biochem. 120, 1–7. doi: 10.1016/j.jinorgbio.2012.11.007

Siminszky, B. (2006). Plant cytochrome P450-mediated herbicide metabolism. Phytochem. Rev. 5, 445–458. doi: 10.1007/s11101-006-9011-7

Spracklin, D. K., Thummel, K. E., and Kharasch, E. D. (1996). Human reductive halothane metabolism in vitro is catalyzed by cytochrome P450 2A6 and 3A4. Drug Metab. Dispos. 24, 976–983.

Strohmaier, S. J., Baek, J. M., De Voss, J. J., Jurva, U., Andersson, S., and Gillam, E. M. J. (2020). An inexpensive, efficient alternative to NADPH to support catalysis by thermostable cytochrome P450 enzymes. ChemCatChem 12, 1750–1761. doi: 10.1002/cctc.201902235

Syed, K., Doddapaneni, H., Subramanian, V., Lam, Y. W., and Yadav, J. S. (2010). Genome-to-function characterization of novel fungal P450 monooxygenases oxidizing polycyclic aromatic hydrocarbons (PAHs). Biochem. Biophys. Res. Commun. 399, 492–497. doi: 10.1016/j.bbrc.2010.07.094

Syed, K., Porollo, A., Miller, D., and Yadav, J. S. (2013). Rational engineering of the fungal P450 monooxygenase CYP5136A3 to improve its oxidizing activity toward polycyclic aromatic hydrocarbons. Protein Eng. Des. Sel. 26, 553–557. doi: 10.1093/protein/gzt036

Tan, C. Y., Hirakawa, H., and Nagamune, T. (2015). Supramolecular protein assembly supports immobilization of a cytochrome P450 monooxygenase system as water-insoluble gel. Sci. Rep. 5, 1–8.

Tavanti, M., Porter, J. L., Sabatini, S., Turner, N. J., and Flitsch, S. L. (2018). Panel of new thermostable CYP116B self-sufficient cytochrome P450 monooxygenases that catalyze C–H activation with a diverse substrate scope. ChemCatChem 10, 1042–1051. doi: 10.1002/cctc.201701510

Urban, P., Lautier, T., Pompon, D., and Truan, G. (2018). Ligand access channels in cytochrome P450 enzymes: a review. Int. J. Mol. Sci. 19:1617.

Van Dyke, R. A., and Gandolf, A. J. (1976). Anaerobic release of fluoride from halothane. Relationship to the binding of halothane metabolites to hepatic cellular constituents. Drug Metab. Dispos. 4, 40–44.

Vatsis, K. P., Peng, H. M., and Coon, M. J. (2002). Replacement of active-site cysteine-436 by serine converts cytochrome P450 2B4 into an NADPH oxidase with negligible monooxygenase activity. J. Inorg. Biochem. 91, 542–553.

Vidakovic, M., Sligar, S. G., Li, H., and Poulos, T. L. (1998). Understanding the role of the essential Asp251 in cytochrome P450cam using site-directed mutagenesis, crystallography, and kinetic solvent isotope effect. Biochemistry 37, 9211–9219. doi: 10.1021/bi980189f

Vieira, E. D. R., Torres, J. P. M., and Malm, O. D. D. T. (2001). environmental persistence from its use in a vector control program: a case study. Environ. Res. 86, 174–182. doi: 10.1006/enrs.2001.4258

Wackett, L. P., Sadowsky, M. J., Newman, L. M., Hur, H.-G., and Li, S. (1994). Metabolism of polyhalogenated compounds by a genetically engineered bacterium. Nature 368, 627–629. doi: 10.1038/368627a0

Walsh, M. E., Kyritsis, P., Eady, N. A. J., Hill, H. A. O., and Wong, L.-L. (2000). Catalytic reductive dehalogenation of hexachloroethane by molecular variants of cytochrome P450cam (CYP101). Eur. J. Biochem. 267, 5815–5820. doi: 10.1046/j.1432-1327.2000.01666.x

Weinhold, A., Kallenbach, M., and Baldwin, I. T. (2013). Progressive 35S promoter methylation increases rapidly during vegetative development in transgenic Nicotiana attenuata plants. BMC Plant Biol. 13:1–18.

Xie, W., He, F., Wang, B., Chung, T. S., Jeyaseelan, K., Armugam, A., et al. (2013). An aquaporin-based vesicle-embedded polymeric membrane for low energy water filtration. J. Mater. Chem. A 1, 7592–7600. doi: 10.1039/c3ta10731k

Yanagita, K., Sagami, I., and Shimizu, T. (1997). Distal site and surface mutations of cytochrome P450 1A2 markedly enhance dehalogenation of chlorinated hydrocarbons. Arch. Biochem. Biophys. 346, 269–276.

Yanagita, K., Sagami, I., Daff, S., and Shimizu, T. (1998). Marked enhancement in the reductive dehalogenation of hexachloroethane by a Thr319Ala mutation of cytochrome P450 1A2. Biochem. Biophys. Res. Commun. 249, 678–682. doi: 10.1006/bbrc.1998.9084

Zangar, R. C., Benson, J. M., Burnett, V. L., and Springer, D. L. (2000). Cytochrome P450 2E1 is the primary enzyme responsible for low-dose carbon tetrachloride metabolism in human liver microsomes. Chem. Biol. Interact. 125, 233–243. doi: 10.1016/s0009-2797(00)00149-6

Zhang, L., Routsong, R., Nguyen, Q., Rylott, E. L., Bruce, N. C., and Strand, S. E. (2017). Expression in grasses of multiple transgenes for degradation of munitions compounds on live-fire training ranges. Plant Biotechnol. J. 15, 624–633. doi: 10.1111/pbi.12661

Zhang, L., Rylott, E. L., Bruce, N. C., and Strand, S. E. (2019). Genetic modification of western wheatgrass (Pascopyrum smithii) for the phytoremediation of RDX and TNT. Planta 249, 1007–1015. doi: 10.1007/s00425-018-3057-9

Zilly, F. E., Acevedo, J. P., Augustyniak, W., Deege, A., and Reetz, M. T. (2011). Tuning a P450 enzyme for methane oxidation. Angew. Chemie Int. Ed. 50, 2720–2724. doi: 10.1002/anie.201006587


Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Behrendorff. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-649273-g003.jpg
(@]





OPS/images/fmicb-12-649273-g004.jpg
[ ———

Redox Ecion souce,.,
Regoxpana I Eocton st ,

acey
I
Fo
o
Socond on-clecton s
oo o1t o El 89000,
o patnr A Bacion v,

Festno-lcton educicn
S gt mmxa«m ey
Rogox portar, s Boctonsouscn

aca

F

0y <o,

‘Socondcowcon ot

e quw..x(mmmm
Rpdoxpainer e Elcon 00,0





OPS/images/fmicb-12-649273-g001.jpg
H,0 @B Substrate binding
) &> i o
Oxidation and Fe

release of product Fe”
First one-electron reduction

OH 0 PR a Redox partner;, Electron source oy
- Fe3; x

Fet* e - s bl | Redox partner e, Electron Sourceeq
s /
L ’( H,0 P y
’

& ., 2H . )

.’ 7 ARG

Fatee e ) Fe2+
Compound | H;0, 1 Oxygen binding

\

A
‘\'f" ®/]

2
Reduction /0] Fes

Second one-electron reduction

of oxygen
to water Fe2+ Redox panner‘,w,x Electron sourceqy,
Redox partner Electron source g,





OPS/images/fmicb-12-649273-g002.jpg
Aerobic e =+ Anaerobic

Aerobic





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Reductive Cytochrome P450 Reactions and Their Potential Role in Bioremediation



		HIGHLIGHTS



		INTRODUCTION



		THE CYTOCHROME P450 CATALYTIC CYCLE



		UNDERSTANDING REDUCTIVE CYTOCHROME P450 REACTIONS



		DISTRIBUTION OF KNOWN REDUCTIVE P450 REACTIONS IN NATURE



		Reductive Dechlorination of Halomethanes and Haloethanes



		Reductive Dechlorination of Carbon Tetrachloride



		Partial Dechlorination of Dichlorodiphenyltrichloroethane (DDT)



		Denitration and Bioremediation of Royal Demolition Explosive (RDX)







		CONCEPTS AND OPPORTUNITIES FOR REDUCTIVE BIOREMEDIATION WITH P450s



		NEW FRONTIERS AND FUTURE DIRECTIONS IN SYNTHETIC BIOLOGY FOR BIOREMEDIATION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-12-649273-g005.jpg
Anaerobic phase

Argon—»—q Oxygen

( Ay

Toluene
dioxygenas

T e O
Q
)
Sy
Ul
o
(@)
>
<
v
o
II





OPS/images/cover.jpg
, frontiers
in Microbiology










OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-649273-t001.jpg
Substrate

Trichloronitromethane
CCIgNO2
Bromotrichloromethane
BrCCls
Dibromodichloromethane
BroCClp
Bromodichloromethane
BrHCCl,

Carbon tetrachloride CCly

Hexachloroethane C»Clg

Pentachloroethane CoHCls

1,1,1,2-tetrachloroethane

CoHyCly
Trifluorotrichloroethane
F3CoCls
Halothane F3C,HCIBr

Trichlorofluoromethane
FCCl3

1,3,5-trinitro-1,3,5-
triazinane (RDX, Royal
Demolition Explosive)
C3HgNgOg

Dichlorodiphenyl-
trichloroethane (DDT)
C1 4HQC|5

Product

Nitromethane CHzNO»
Chloroform CHCl3
Bromodichloromethane
BrHCCly
Dichloromethane H,CCl»

Chloroform CHCl3

Trichloromethyl radical
*CClg

Methane CH4

Tetrachloroethylene CoCly

Trichloroethylene CoHCI3

1,1-dichloroethylene CoHo Clo

Tri- and di-fluorodichloroethane
(F3C2HClo, F2CoClo)
Trifluorochloroethane F3CoHoCl

Tri- and di-fluorochloroethane
(F3C2HClz, F2CoCl2)
Carbon monoxide CO

Methylenedinitramine
CH4N4O4

Dichlorodiphenyl-
dichloroethane (DDD)
C14HgCly

Notes

P450¢c an (Pseudomonas putida), in vitro assays with dithionite as reductant (Castro et al., 1985).

P450¢c am (Pseudomonas putida), in vitro assays with dithionite (Castro et al., 1985) or titanium (lll)
citrate (Li and Wackett, 1993) as reductant.

P450¢c A (Pseudomonas putida), in vitro assays with titanium (Ill) citrate as reductant (Li and
Wackett, 1993).

P450¢c an (Pseudomonas putida), in vitro assays with titanium (Ill) citrate as reductant (Li and
Wackett, 1993).

P450¢c ans (Pseudomonas putida), in vitro assays dithionite (Castro et al., 1985) or titanium (lll) citrate
(Li and Wackett, 1993) as reductant.

P450 2E1 (Homo sapiens), in vitro assays of human liver microsomes and recombinant enzymes in
insect cell microsomes with NADPH as reductant (Zangar et al., 2000). The radical product has
multiple potential fates including enzyme inactivation.

P450 119 (Sulfolobus solfataricus), electrocatalysis using a thermostable enzyme immobilised on an
electrode (Blair et al., 2004).

P450¢c anm (Pseudomonas putida) (Li and Wackett, 1993; Logan et al., 1993; Walsh et al., 2000)

In vitro assays with titanium (lll) citrate (Li and Wackett, 1993) or the putidaredoxin/putidaredoxin
system and NADH as reductant (Walsh et al., 2000). In vivo assays in Pseudomonas putida (Logan
et al., 1993) or with P450 1A2 (Rattus norvegicus) (Yanagita et al., 1997) recombinant P450 1A2
expressed in S. cerevisiae.

P450¢can (Pseudomonas putida) (Li and Wackett, 1993; Logan et al., 1993) P450 1A2 (Rattus
norvegicus) (Yanagita et al., 1997) In vitro assays with titanium (Ill) citrate as reductant (Li and
Wackett, 1993) or in vivo assays in Pseudomonas putida (Logan et al., 1993) or with recombinant
P450 1A2 expressed in S. cerevisiae (Yanagita et al., 1997).

P450¢can (Pseudomonas putida) In vitro assays with titanium (lll) citrate as reductant (Li and
Wackett, 1993) or in vivo assays in Pseudomonas putida (Logan et al., 1993).

P450¢c an (Pseudomonas putida) In vitro assays with titanium (lll) citrate as reductant (Li and
Wackett, 1993).

P450¢can (Pseudomonas putida) In vitro assays with titanium (lll) citrate as reductant (Li and
Wackett, 1993).

P450s 2A6 and 3A4 (Homo sapiens) In vitro assays with human liver microsomes and NADPH as
reductant (Spracklin et al., 1996).

P450¢c an (Pseudomonas putida) In vitro assays with titanium (lll) citrate as reductant (Li and
Wackett, 1993). Carbon monoxide is proposed to form via dichlorofluoromethyl (FCClo) and
chlorofluorocarbene (FCCI) radical intermediates, where the chlorofluorocarbene radical is reduced
to CO by water.

P450 XplA [Rhodococcus rhodochrous 11Y (Seth-Smith et al., 2002) and various other soil bacteria
(Bhushan et al., 2003; Sabir et al., 2017)] P450 2B6 (Oryctolagus cuniculus) (Bhushan et al., 2003)
In vivo assays in native and heterologous expression hosts (Seth-Smith et al., 2002; Bhushan et al.,
2008). In vitro assays with XpIB reductases and NADH as reductant (Sabir et al., 2017). Rabbit P450
2B6 in vitro assays with NAPDH:P450 reductase and NADPH as reductant (Bhushan et al., 2003)
P450s 2B6, 2C9, 2E1, 3A4 (Rattus norvegicus) (Kitamura et al., 2002) P450 6G1 (Drosophila
melanogaster) (JouBen et al., 2008) In vitro assays using rat liver microsomes with NADPH as
reductant (Kitamura et al., 2002), and in vivo assays with P450 6G1 expressed in tobacco cell
culture (JouBen et al., 2008). The reaction can also proceed non-enzymatically [in the presence of
reductants and heat-denatured enzyme (Kitamura et al., 2002) or haemoglobin (Kitamura et al.,
1999)].






