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Abstract 

Cytochromes P450 is a group of heme-containing enzymes with diverse catalytic activity 

that can be used for the biodegradation of environmental chemicals. Cytochrome P450cam 

(CYP101A1) from the soil bacterium Pseudomonas putida is known for hydroxylating 

camphor. Here, I have investigated the dehalogenation ability of two P450cam mutants, ES6 

(G120S) and ES7 (V247F/D297N/K314E), in comparison to the wild-type (WT) enzyme. 

Six hexachlorinated persistent organic pollutants (POP), namely endosulfan (ES), ES diol, 

ES lactone, ES ether, ES sulfate and heptachlor, were tested since they are similarly 

structured to the native substrate. The mutated enzymes were capable of converting the 

selected substrates to phenols and o-quinones, which were detected using a colorimetric 

assay with 4-aminoantipyrine (4-AAP). Kinetic studies and statistical analysis were carried 

out and it was found that both ES6 and ES7 are significantly more active than the WT, with 

the highest activity noticed against ES ether and heptachlor. 

The western honey bee, Apis mellifera, is a vital pollinator of the ecosystem, however, its 

being threatened by the ectoparasitic mite, Varroa destructor. This pest is becoming 

immune towards commercially available pesticides, thus, new control agents have been 

previously synthesized that showed miticidal effects. Fortunately, insect cytochromes P450 

are known to be responsible for the metabolism of such xenobiotics. Here, I have tested 

the ability of three potent dialkoxybenzene compounds, namely 1-allyloxy-4-

propoxybenzene (3c{3,6}), 1,4-dipropoxybenzene (3c{3,3}) and 1,4-diallyloxybenzene 

(3c{6,6}), to get degraded by honey bee cytochromes P450. The formation of the 

dealkylated products was detected in abdomen extracts using a colorimetric assay with 4-

aminoantipyrine (4-AAP). Kinetic studies and statistical analysis showed a downregulation 

of detectable P450 activity in the treated vs. the untreated extracts. Gas chromatography-

mass spectrometry (GC-MS) quantitative assays were carried out and three dealkylated 

products were found, hydroquinone (HQ), 1-hydroxy-4-propoxybenzene (2c{3}) and 1-

hydroxy-4-allyloxybenzene (2c{6}). 

Keywords: Cytochrome P450; biodegradation; persistent organic pollutant; enzyme 

kinetics; Apis mellifera; Varroa destructor 
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Chapter 1.  

 

Introduction 

1.1. Introduction to Cytochromes P450 

Cytochromes P450 (CYP450s) are hemoproteins responsible for catalyzing a 

diverse range of reactions. They belong to the large superfamily of oxidoreductases and 

are part of the subclass of oxygenases, specifically, the sub-category of monooxygenases. 

All CYP450s have as a prosthetic group an iron porphyrin (heme) located in their active 

site (distal side) and a conserved cysteine thiolate ligand (proximal side). Cytochromes 

P450 are versatile enzymes with enormous biocatalytic potential and can accept a broad 

range of substrates. They usually act as terminal monooxygenases in various reactions and 

are known for transferring an oxygen atom into the substrate in the presence of molecular 

dioxygen, forming a hydroxylated product and resulting in the concomitant reduction and 

release of the other oxygen as water (Montellano, 2005). The earliest reference on these 

enzymes dates back to the 1940s, where R. T. Williams described through in vivo studies 

on animals that they were responsible for the metabolism of xenobiotics (Williams, 1947). 

Their name was coined in the 1960s when T. Omura and R. Sato reported that the 

reduced form of the hemoprotein which absorbs at 420 nm, exhibits a 450 nm peak when 

it is saturated with carbon monoxide (Omura & Sato, 1964). In their abbreviation (P450), 

P stands for pigment since they have a heme, and 450 relates to their aforementioned 

characteristic so-called Soret peak at 450 nm. 

1.1.1. Cytochrome P450 classification systems 

Cytochromes P450 catalyze multiple reactions, thus, a systematic nomenclature is 

being used based on their structural homology instead of the reactions they catalyze. The 

genes of this family are abbreviated as CYP, a number is then added which designates the 

particular family that involves proteins with > 40% sequence identity (e.g CYP101). Then, 

a letter is used to indicate the subfamily based on a > 55% sequence identity (e.g 
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CYP101A), and finally, a number is added to the end designating the particular 

gene/protein (e.g. CYP101A1) (McDonnell & Dang, 2013; Nelson, 2009). According to 

the Cytochrome P450 Engineering Database (CYPED), as of 2021, there are 317 CYP 

superfamilies, 1701 homologous subfamilies, and 52675 sequences, and the number of 

sequences keeps growing every year (IBTB, 2021). 

The various families of these proteins are known to have < 20% sequence 

conservation with their general fold and topography, as well as the monooxygenase 

reaction, being conserved in all of them. However, their substrate recognition regions 

(SRS) are highly flexible, enabling them to have great catalytic potential (Gotoh, 1992). 

To perform those various chemical reactions, the majority needs a redox partner source for 

transferring the redox equivalents. Thus, another way to classify P450s is through their 

Electron Transport (ET) system (Degtyarenko & Kulikova, 2001; McLean et al., 2005). 

According to the bibliography, different classification systems categorize P450s from three 

up to ten types. There are at least five major classes, thus, only these will be discussed here 

along with their “subclasses” (Hannemann et al., 2007; Li et al., 2020; Munro et al., 2007; 

Roberts et al., 2002; Sakaki, 2012; Urlacher & Girhard, 2012; L.-H. Xu & Du, 2018). 

Class I contains most bacterial and mitochondrial P450 systems (Figure 1.1, Ia, Ib). 

It is composed of three common elements: 1) a FAD-containing reductase (FdR) which is 

responsible for transferring electrons from NAD(P)H to 2) an iron-sulfur ferredoxin (FdX) 

and finally to 3) cytochrome P450. The most notable example of a bacterial system is 

cytochrome P450cam (CYP101A1) from Pseudomonas putida (Tyson et al., 1972), and of 

a mitochondrial system is cytochrome P450scc (CYP11A1) (Hannemann et al., 2007). 

Class II contains microsomal P450s from eukaryotic organisms (Figure 1.1, II). It 

consists of two common elements: 1) a NAD(P)H cytochrome P450 reductase (CRP) 

containing FMN and FAD and 2) cytochrome P450. Examples involve mammalian, plant, 

fungal, and insect P450s such as CYP2C5 (rabbit) (Munro et al., 2007). However, there is 

an exemption of a prokaryotic cytochrome P450sca (CYP105A3) found in the bacterium 

Streptomyces carbophilus (Hannemann et al., 2007). 
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The Class III systems do not depend on redox partners; they are self-sufficient and 

contains two elements that are fused, 1) a CPR and 2) a cytochrome P450 which is linked 

to it through its C-terminus domain (Figure 1.1, III). This class is represented by 

cytochrome P450BM3 (CYP102A1) from Bacillus megaterium (Whitehouse et al., 2012). 

Class IV is also self-sufficient and contains fusion systems that consist of “two” 

components, 1) an FMN-Fe2S2 flavin-ferredoxin reductase which is linked to 2) 

cytochrome P450 (Figure 1.1, IV). One of the first reported systems here is the bacterial 

cytochrome P450rhf (CYP116B2) from Rhodococcus sp. (Roberts et al., 2002). 

Class V involves a special case of P450s that are self-sufficient and consist of a 

single component, cytochrome P450 (Figure 1.1, Va, Vb). These can be cytosolic soluble 

P450s such as cytochrome P450nor (CYP55A1) from Fusarium oxysporum where the 

electrons are transferred directly to the heme domain from NADH (Daiber et al., 2008), or 

membrane-bound, such as cytochrome P450TxA (Hsu et al., 1999). 
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Figure 1.1. Ia) Class I bacterial P450 with the whole system being soluble; Ib) Class 

I mitochondrial P450 where only FdX is soluble, and the other 

components are membrane-bound; II) Class II membrane-bound 

microsomal P450s; III) Class III self-sufficient soluble CPR-P450 

fusion system; IV) Class IV self-sufficient soluble FMN/Fe2S2-P450 

fusion system; Va) Class V self-sufficient singular P450s with soluble, 

NADH-dependant system; Vb) Class V self-sufficient singular P450s, 

membrane-bound. 

1.1.2. The catalytic cycle of cytochrome P450 

The catalytic cycle of cytochrome P450 consists of multiple steps (Figure 1.2), 

starting from the resting state of the enzyme in its ferric form (Fe3+) 1 which is coordinated 

by an axially bound water molecule (distal side) as its sixth ligand, the thiol of a conserved 

cysteine residue. This state is characterized as low spin since the iron d-orbital splitting 

energy is high, the five electrons of the ferric 3d-shell pair up in the lower orbitals instead 

of going into the higher ones. So, in the final complex, there will be one unpaired electron, 

thus, the spin will be S=1/2 (Schaller, 2006). In that state, the heme is known for having a 

trough between 390 to 410 nm in the UV/visible spectrum, and a peak between 425-435 
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nm (Jefcoate, 1978). The water molecule is then displaced by the substrate (R-H), resulting 

in a penta-coordinated ferric species (Fe3+) 2. This causes an electron reorganization as the 

system shifts to a high spin state where the iron d-orbital splitting energy is low, causing 

the electrons to go into the higher orbitals this time. As a result, the system ends up with 

five unpaired electrons and a spin of S=5/2 (Schaller, 2006). This ligand-induced shift from 

the low spin state to the high is known as the Type I spectral shift, with the heme showing 

a trough at approximately 420 nm and a peak around 385 nm (Jefcoate, 1978). A single 

electron is then delivered by the redox partner proteins, reducing the ferric iron (Fe3+) to a 

ferrous state (Fe2+) 3, which in turn binds to molecular dioxygen (O2) and forms a ferric-

superoxo intermediate 4. Another electron is delivered again by the redox partners, helping 

the reduction of the dioxygen to give a ferric-peroxo intermediate 5 which is consecutively 

protonated, leading to a ferric-hydroperoxo complex 6 that is referred as Compound 0 (Cpd 

0) (Davydov et al., 2001). A second protonation results in the cleavage of the oxygen-

oxygen bond of 6 and release of water, forming the ferryl-oxo species 7 that is referred as 

Compound I (Cpd I) (Montellano, 2005). Cpd I is basically a radical cation that is 

considered the most reactive intermediate in the catalytic cycle (Rittle & Green, 2010) and 

is identified by its characteristic Soret peak at around 370 nm and a porphyrin π-cation 

band at 690 nm (Luthra et al., 2011). An oxygen rebound mechanism follows (Groves et 

al., 1978; Groves & McClusky, 1976) that involves radical recombination by abstraction 

of a hydrogen from the substrate to form 8 which shows a Soret peak at around 415-425 

nm (Groves et al., 1978). The substrate is then oxidized leading to the release of the 

hydroxylated product (R-OH) 9. Finally, as the product dissociates, the enzyme reverts to 

its initial resting state 1 as a water molecule binds to it, and the catalytic cycle goes on 

again. 

Nevertheless, the catalytic cycle is not a linear process and can be hindered by three 

uncoupling pathways which are unproductive in terms of substrate turnover (Denisov et 

al., 2005). These are: a) oxidase pathway, where during the radical reaction, 7 can utilize 

two reducing equivalents from NAD(P)H and FdR forming two water molecules instead 

of oxygenating the substrate, b) peroxidase pathway, during which the hydroperoxide anion 

of 6 is released forming H2O2, and c) autoxidation pathway, which results in the production 

of a superoxide anion from 4. All these pathways lead back to the high spin state 2 but 
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synthesized oxidants such as meta-chloroperoxybenzoic acid (m-CPBA), can be used to 

prevent this by generating Cpd I without the need of NAD(P)H or redox partners (Jung, 

2011). 

 

Figure 1.2. Cytochrome P450 catalytic cycle. The different species depicted are 1-

9. RH is the substrate (ROH oxidized) and the Fe atom with the bold 

horizontal lines is the heme moiety. The electrons (e-) are supplied from 

the redox partners. Cpd refers to Compound 0 and I. The uncoupling 

reactions are shown as a) oxidase, b) peroxidase and c) autooxidation 

pathway. CO is the carbon monooxide. 

1.1.3. Reactions catalyzed by cytochromes P450 

There are numerous reports of reactions catalyzed by cytochrome P450 

monooxygenases, and as mentioned earlier, they are known for their special ability to 

oxygenate carbon-hydrogen bonds (Montellano, 2005). Table 1.1 below illustrates some 

common and uncommon reactions catalyzed by these wild-type enzymes to show their 
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broad substrate specificity. The focus of this study, however, lies on the O-dealkylation 

and reductive dehalogenation reactions. 

Table 1.1. Various reactions of cytochromes P450. 

Type of reaction Ref. 

C-Hydroxylation 

 

Aliphatic 

 

 

Aromatic 

 

 

(Kim & Oh, 

2013; 

Pikuleva, 

2006) 

Dehydrogenation/Desaturation 

 

 

(Argikar & 

Remmel, 

2009) 

Oxidative Deamination 

 

 

(Axelrod, 

1955) 
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Type of reaction Ref. 

Oxidative C-C cleavage 

 

 

(Guengerich 

& 

Yoshimoto, 

2018) 

Epoxidation 

 

Alkene 

 

 

Arene 

 

 

(Meesters et 

al., 2007; 

Snyder et al., 

1993) 

Baeyer-Villiger Oxidation 

 

 

(Nomura et 

al., 2005) 
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Type of reaction Ref. 

O-Dealkylation 

 

 

(von 

Grafenstein 

et al., 2014) 

Reductive dehalogenation 

 

 

(Walsh et al., 

2000) 

1.1.4. Topography of cytochromes P450 

In 1985, CYP101A1 from Pseudomonas putida was the first P450 enzyme whose 

3D crystal structure was successfully determined and served as a paradigm in elucidating 

other P450s (Poulos et al., 1985). In general, these enzymes consist of 400-500 amino acids 

and have a size of 44-47 kDa (Figure 1.3). Typically, they are built up of ~13 α-helices (A 

– L), and ~5 β-sheets or beta-domains (Figure 1.4). The protein itself has a triangular shape 

with heme as a prosthetic group in its center, placed in a parallel position to the triangle 

plane. The heme iron of the proximal side is bound to a cysteine residue, Cys357, while on 

the distal side of the heme is where the active site is located (Peterson & Graham, 1998). 

The most conserved features of P450s surround the heme and the active site. These include 

the α-helices D, L, I, E, residue Cys357, and of course the heme itself (Denisov et al., 

2005). Despite cytochromes P450 having a fair amount of conserved features, there is still 

enough diversity in their structure for different substrates to bind. 
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Figure 1.3. Cytochrome P450cam amino acid sequence starting from the N-

terminus until the C-terminus (EC: 1.14.15.1). Each helix is highlighted 

while each β-sheet is underlined with a different color (UniProtKB - 

P00183). 
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Figure 1.4. Crystal structure of cytochrome P450cam. Both figures are views from 

the side to showcase the location of the different helices surrounding 

heme and camphor. They are colored from blue (Helix A) to red (Helix 

L) according to their sequence ID. The structures were generated from 

the RCSB PDB, entry 2CPP. 
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The binding of the substrate, and therefore its recognition by the enzyme, happens 

at specific regions called substrate recognition sites (SRS), that were firstly mapped onto 

mammalian CYP2 proteins before being aligned to correspond to P450cam (Figure 1.5) 

(Gotoh, 1992). Six of them have been observed at a radius of 10 Å surrounding camphor: 

1) SRS-1: the small B’ helix in between the BC loop, 2) SRS-2: the C-terminus of F helix, 

3) SRS-3: the N-terminus of G helix, 4) SRS-4: the central part of I helix, 5) SRS-5: the C-

terminus of K helix and part of the beta-domain between K and K’ helices, and 6) SRS-6: 

the central part of the β-sheet after L helix. These sequences are highly flexible and capable 

of altering their 3D arrangement, hence, increasing the substrate selectivity. 

 

Figure 1.5. The six substrate recognition sites (SRS) of cytochrome P450cam. The 

structure was generated from the RCSB PDB, entry 2CPP. 
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Over the heme, the residues at closer proximity in P450cam include: D297, G248, 

L244, T101, T252, and V295, followed by F87, F98, I395, V247, V396, and Y96, and 

finally T185 (Figure 1.6) (Poulos et al., 1985). Since the majority of the P450 substrates 

are lipophilic, they mostly bind to the hydrophobic active site, which is lined with non-

polar residues. These hydrophobic residues are F87, F98, V247, V295, and V396, and 

modulate the substrate stability and specificity through Van der Waals interactions (Poulos 

et al., 1987). There are also some polar residues such as D251, T101, T185, T252, and Y96 

which are responsible for the enzyme’s functionality, with Y96 H-bonding with the 

substrate (Montellano, 2005) and D251 being essential for proton delivery (Schlichting, 

2000). As the substrate is positioned to the binding pocket, important hydrophobic 

interactions take place within the heme’s surface, between residue L244, the isopropyl 

chain of residue V295, and camphor’s C-8 and C-9 methyl groups (Sono et al., 1996). 

 

Figure 1.6. Camphor-bound active site of cytochrome P450cam. Both figures are 

views from the side to show the location of the different amino acid 

residues surrounding camphor at a distance of 5 Å. The residues are 

colored according to their sequence ID. The structures were generated 

from RCSB PDB, entry 2CPP. 

It is generally believed that the proximal ligand of heme, Cys357, controls the 

reactivity of the enzyme. This ligand is surrounded by a H-bonding network called the 

“Cys pocket”, and is lined with the residues G359, L358, and Q360 (Poulos et al., 1987). 

These residues are responsible for the stability of Cys357 by forming three H-bonds 
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between their amide groups (-NH) and the sulfur, and another one between Q360’s side 

chain to the carbonyl group of Cys357 (Galinato et al., 2011). The observed characteristic 

450 nm peak of P450s in the reduced ferrous-carbon monoxide complex results from the 

thiolate-cysteine ligand at the fifth position of heme-iron (Omura & Sato, 1964). This axial 

ligand is of great importance for the function of the enzyme as it pushes electron density 

through to bound dioxygen, assisting with the scission of O-O bond and leading to a pull 

from the ferryl oxygen, resulting in the activation of the monooxygenase reaction by C-H 

bond cleavage(Dawson & Sono, 1987; Groves, 2014). 

The small B’ helix opens and closes the entry channel of P450cam, coordinating the 

orientation and binding of the substrate around the heme (OuYang et al., 2006). In this 

region, there are some significant active site residues such as Y96, located at the C-

terminus (Atkins & Sligar, 1990; Y.-T. Lee et al., 2010). A unique feature of P450cam is 

that this residue H-bonds with tyrosine’s hydroxyl group to the C-2 carbonyl group of 

camphor and coordinates a potassium ion, K+, resulting in a strong binding of camphor 

(Primo et al., 1990). Studies have shown that around 50 mM of K+ is necessary to convert 

the enzyme to its high spin state and stabilize it upon camphor binding (Hoa & Marden, 

1982; Peterson, 1971). The binding between camphor and K+ is maintained by the 

backbone carbonyl oxygens of G93, E94, and Y96 of B’ helix, E84, and two water 

molecules (OuYang et al., 2006; Poulos et al., 1987). As the entry channel closes upon K+ 

binding and substrate entry, B’ helix remains oriented, but during P450cam’s open form it 

has been revealed that the helix appears perturbed (OuYang et al., 2006; Tripathi et al., 

2013). 

The diversity in substrate specificity of cytochromes P450 is due to variations of its 

structure around the binding pocket which consists of the B’ helix, BC loop, FG loop, F 

and G helices. Upon camphor binding, regions near B’ helix slide over the heme and I 

helix, resulting in a closed conformation (Hays et al., 2004; Y.-T. Lee et al., 2011; Stoll et 

al., 2012). The entry channel surface of the enzyme includes the residues T192 and S190 

of the FG loop which are 20 Å from the binding site. T192 is responsible for directing the 

substrate into the entry channel and consequently, to the active site, while S190 which is 

on the opposite side, does not have a major role in substrate recognition (Behera & 
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Mazumdar, 2008). Additional studies showed that the F and G helices and FG loop are 

retracted by 5-6 Å and 9 Å respectively from their position when camphor is absent, and 

in low concentration of monovalent cations, the B’ helix and K+ become disordered, 

resulting in an open conformation (Hays et al., 2004; Y.-T. Lee et al., 2010; Stoll et al., 

2012). 

Movements of F and G helices, C helix and B’ helix of P450cam are associated with 

binding to the enzyme’s ferredoxin, putidaredoxin (PdX) (S. S. Pochapsky et al., 2003; Rui 

et al., 2006; Sevrioukova & Poulos, 2011; Tripathi et al., 2013). Not only does PdX 

participate in electron delivery to P450cam, but it is also considered to have an effector role 

during catalysis by enforcing the correct orientation of the substrate before the second 

electron transfer (Y.-T. Lee et al., 2010; OuYang et al., 2006). More recent studies have 

compared the open and closed forms of the enzyme, suggesting that there are some 

significant changes happening to the proximal region near the binding site of PdX (Y.-T. 

Lee et al., 2010). An NMR study focusing on the distal side groups of P450cam showed that 

T252 and the cysteine ligand are perturbed when PdX is present, indicating once again that 

when PdX binds, it results in changes to the environment of the binding pocket (Tosha et 

al., 2003). To illustrate the effector role of PdX, L358P substitution mimic models have 

been used for the P450cam-PdX complex. PdX basically pushes the heme (proximal side), 

resulting in changes to the active site’s structure that ultimately lead to the catalytic 

activation of dioxygen. In this scenario, residues D38 and W106, are the key to the PdX-

induced perturbation, while the C-terminal W106 is critical for electron delivery to P450cam 

(Sevrioukova & Poulos, 2011; Sligar et al., 1974). Also, it is important to mention that 

modelling studies and spectroscopic methods indicate that PdX binds to the opposite site 

of the heme (proximal side of P450cam), resulting in changes to the other side, where the 

binding pocket is located (S. S. Pochapsky et al., 2003; T. Pochapsky, 1996; Zhang et al., 

2008). 

The I helix has a central conserved region near the heme that is involved in 

dioxygen activation, and specifically, residues D251, G248 and T252 which are located 

near the dioxygen’s binding site. In the ferrous state of the enzyme, D251 cannot H-bond 

as it is perpendicular to the helical axis, but the ferrous enzyme-dioxygen state allows the 
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peptide to rotate and create a helical H-bond. Upon oxygen binding to this enzyme-

substrate complex, these movements of D251 cause the adjacent G248-T252 H-bond to 

weaken. G248 then positions itself closer to dioxygen which opens the I helix groove, so 

that catalytic waters can enter the active site and create a proton relay network with the 

distal oxygen atom which is necessary for the scission of the O-O bond (Nagano & Poulos, 

2005; Schlichting, 2000). Moreover, residues D251 and T252 are known as the “alcohol-

acid pair” in P450cam and are critical for the oxygen activation and proton transfer (Gerber 

& Sligar, 1994; Martinis et al., 1989). Other residues important for proton delivery and H-

bonding interactions are T101, T185 and T252, as their alcoholic and methyl side chains 

can interact with the surrounding residues (Manna & Mazumdar, 2006). 

1.2. Bacterial cytochrome P450 - CYP101A1 

The large superfamily of cytochrome P450 monooxygenases has been investigated 

a lot, but this study focuses specifically on cytochrome P450cam (CYP101A1) from the soil 

bacterium P. putida, as this system is soluble and can be purified quickly in large quantities 

in Escherichia coli cells (Montellano, 2005). P450cam is known to catalyse the bicyclic 

monoterpene camphor 10 regio- and stereo-selectively to the hydroxylated products 5-exo-

hydroxycamphor 11 and concomitantly to 5-ketocamphor 12 (Figure 1.7) (Auclair et al., 

2001; Davydov et al., 2001). 

 

Figure 1.7. Camphor hydroxylation to 5-exo-hydroxycamphor and 5-keto-

camphor by cytochrome P450cam. 

Cytochrome P450cam belongs to the Class I electron transport system which 

contains three elements as mentioned earlier (Figure 1.1, Ia). More specifically, 1) a FAD-

containing reductase, putidaredoxin reductase (PdR) which transfers the electrons from 
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NADH to 2) an Fe2S2 ferredoxin, putidaredoxin (PdX), which in turn receives them and 

directly donates them to 3) the terminal oxidase, cytochrome P450cam (Sevrioukova & 

Poulos, 2011; Sibbesen et al., 1996). 

1.2.1. Active site mutations of cytochrome P450cam 

The wild-type cytochrome P450cam has been engineered through mutagenesis 

studies around its active site and cysteine pocket to change the specificity from its natural 

substrate, camphor, and concomitantly increase the substrate acceptance.  

Cytochrome P450cam catalyzes conversion of the bicyclic monoterpene (+)-

camphor to 5-exo-hydroxycamphor, thus, mutations in its active site have been generated 

to accept other terpenes (Table 1.2). Since monoterpenes (+)-α-pinene and (S)-limonene 

are structurally similar to camphor, Bell et al. assumed that they could bind in a similar 

orientation to the active site (Bell, Chen, et al., 2003; Bell et al., 2001). To improve the 

enzyme-substrate fit and promote successful oxidation by P450cam, they generated variants 

of residues F87, Y96, and V247. Initially, the triple mutant F87W/Y96F/V247L was the 

most selective for (+)-α-pinene, giving 85% (+)-cis-verbenol, but due to steric hindrance, 

it showed weak binding and low activity. Double mutant F87W/Y96F and triple mutant 

F87W/Y96F/V247L were the most selective for (S)-limonene, giving 82% (‒)-trans-

isopiperitenol, but again not very active, while (‒)-perillyl alcohol (anti-cancer properties) 

was not reported (Bell et al., 2001). Later on, studies of the crystal structure revealed that 

the L244A mutation was beneficial, increasing the selectivity of pinene oxidation. Mutant 

F87W/Y96F/L244A gave 86% (+)-cis-verbenol, while Y96F/L244A/V247L gave 32% 

(+)-verbenone, showcasing that it is possible to create variants that directly oxidize (+)-α-

pinene to (+)-verbenone (useful for applications in synthesis) (Bell, Chen, et al., 2003). 

The same variants were used along with the WT enzyme for the sesquiterpene (+)-

valencene. Although the variants were not so active, the most selective were 

F87A/Y96F/L244A/V247L giving 86% (+)-trans-nootkatol, and F87V/Y96F/L244A 

giving 47% (+)-nootkatone as main monooxygenation products out of the 17 possible that 

can be formed from valencene (Sowden et al., 2005). 
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Table 1.2. P450cam mutants with terpenes as substrates. 

Substrate Active mutants Ref. 

 

Y96F/V247L: most active giving 70% (+)-

cis-verbenol and 91% NADH coupling 

efficiency in comparison to WT 23%. 

 

F87W/Y96F/L244A: most selective 

giving 86% (+)-cis-verbenol and 95% 

NADH coupling efficiency in comparison 

to WT 23%. 

 

Y96F/L244A/V247L: most selective 

giving 32% (+)-verbenone. 

(Bell, Chen, et 

al., 2003; Bell 

et al., 2001) 

 

Y96F/V247L: most active giving 70% (‒)-

trans-isopiperitenol and 62% NADH 

coupling efficiency in comparison to WT 

5.1%. 

 

F87W/Y96F and F87W/Y96F/V247L: 

most selective giving 82% (‒)-trans-

isopiperitenol. 

(Bell et al., 

2001) 

 

F87V/Y96F/L244A: most selective giving 

47% nootkatone. 

 

F87A/Y96F/L244A/V247L: most 

selective giving 86% (+)-trans-nootkatol. 

(Sowden et al., 

2005) 

 

The active site topology of P450cam has also been engineered to accept 

hydrocarbons, such as linear and branched alkanes, by adding more bulk (Table 1.3). The 

EB mutant (F87W/Y96F/T101L/L1244M/V247L) has been reported by Bell et al. for 

propane oxidation (Bell, Orton, et al., 2003), but additional mutations were introduced to 

further decrease the binding pocket to accept the smaller alkane, ethane (F. Xu et al., 2005). 

Mutant EB/L294M/T185M/L1358P/G248A oxidized ethane to ethanol (no ethanal) at a 

rate of 78.2 nmol (nmol P450cam)-1(min)-1 and NADH oxidation activity of 741 min-1 (F. 

Xu et al., 2005). Studies from the same group also targeted the gaseous alkanes propane 

and butane that successfully turned over to propan-2-ol and butan-2-ol respectively, by 
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being exclusively oxidized at the secondary CH bonds (Bell et al., 2002). At first, mutant 

F87W/Y96F/T101L/V247L had the highest activity, turning over propane at a rate of 110 

min-1 in comparison to WT 0.08 min-1, and butane, at a rate of 750 min-1 versus WT 0.4 

min-1. Then, residues such as F87, Y96, V247 and V396 we focused, which are farther 

away from the heme, while the resultant variant F87W/Y96F/V247L was used as a 

template for the addition of more mutations to increase the activity towards propane. The 

quintuple mutant F87W/Y96F/T101L/L244M/V247L oxidized propane at a rate of 176 

min-1 and NADH oxidation rate of 266 min-1, compared to WT with camphor. The 

quadruple mutant F87W/Y96F/T101L/V247L oxidized butane at a rate of 755 min-1 and 

NADH oxidation rate of 795 min-1. Variant F87W/Y96F/V247L oxidized pentane to 2-

pentanol and 3-pentanol (2:1) (no 1-pentanol or pentanal) at a rate of 237 min-1 and 46.5% 

coupling (Bell, Orton, et al., 2003). 

So far, studies have shown that Y96A and Y96F variants oxidize linear alkanes up 

to 19 times more than the WT due to increased hydrophobicity of the active site (Stevenson 

et al., 1996). Mutations of residue V247 to accommodate branched alkanes have resulted 

in improved product rates. Examples of such compounds include 2-methylpentane, 3-

methylpentane, 2-methylhexane, hexane and heptane, while the best mutants were found 

to be Y96F/V247L for hexane, Y96F for 2-methylpentane, and Y96A/V247A for 3-

methylpentane (Stevenson et al., 1996, 1998).  
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Table 1.3. P450cam mutants with alkanes as substrates. 

Substrate Active mutants Ref. 

 

EB/L294M/T185M/L1358P/G248A: reduces 

active site volume, oxidizing ethane to ethanol.  

(F. Xu et 

al., 2005) 

 

 

 

F87W/Y96F/T101L/L244M/V247L: most 

active for propane at a rate of 176 min-1 and 

66% coupling. 

 

F87W/Y96F/T101L/V247L: most active for 

butane at a rate of 755 min-1 and 95% coupling. 

 

F87W/Y96F/V247L: 46.5% coupling 

compared to WT 1.1% 

(Bell et al., 

2002; Bell, 

Orton, et 

al., 2003) 

 

 

 

Y96F/V247L: most active for hexane with 

product rate of 176.1 min-1 and 66.8% 

coupling. 

 

Y96F: most active for 2-methylpentane with 

product rate of 97 min-1 and 43,7% coupling. 

 

Y96A/V247A: most active for 3-methylpentane 

with product rate of 199 min-1 and 63.6% 

coupling. 

(Stevenson 

et al., 

1996, 

1998) 

 

Aromatic compounds can also be engineered to fit cytochrome’s P450cam pocket 

(Table 1.4). In fact, Loida and Sligar were the first ones to try fitting a non-natural substrate 

by varying the active site volume, and for their experiments they used ethylbenzene (Loida 

& Sligar, 1993). To achieve tight coupling, it was found that the key factor was the 

substrate positioning to the heme. At first, variant T101M blocked ethylbenzene from 

accessing the heme, but additional bulk overcame that effect. The triple mutant 

T101M/T185F/V247M hydroxylated ethylbenzene to R:S 1-phenylethanol (87:13 ratio) 

and had 13% NADH coupling compared to WT 5%. Fowler et al. were the first to report a 

rational redesign of P450cam by mutating only Y96 to Y96A (Fowler et al., 1994). This 
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resulted in the tight binding of the bi-aryl compound diphenylmethane, which was oxidized 

to p-hydroxydiphenylmethane at a NADH turnover rate of 6 s-1. Speight et al. generated a 

randomized library where only Y96 and F98 were mutated and screened for 

diphenylmethane hydroxylation too (Speight et al., 2004). In the case of Y96A, they 

achieved up to 92% conversion to the para-hydroxy product. Later on, Hoffmann et al. 

composed a library of ~300,000 variants and screened them for activity on 

diphenylmethane (Hoffmann et al., 2011). One of the best variants, 6h1h10 

(F87I/Y96M/T101I/L244N/D297I/I395N), had 75% activity over WT towards camphor, 

thus, it was subjected to further mutagenesis and revealed that positions F87, Y96, and 

L244 were important for selectivity. Moreover, size reduction at 396 position with variants 

5a6b3-I396A and -I396G (F87I/Y96M/L244N/D297T/I395M/V396I-), switched the main 

product to diphenylmethanol. England et al. showed that mutants Y96A and Y96F can 

hydroxylate another aromatic compound, phenylcyclohexane, at C3 and C4 positions 

(which are closest to the iron center), forming cis-3-phenylcyclohexanol, cis-4-

phenylcyclohexanol and trans-4-phenylcyclohexanol. More specifically, mutant Y96F had 

the highest selectivity for cis-3-phenylcyclohexanol, giving 81%, while Y96A for cis-4-

phenylcyclohexanol, giving 45% (England et al., 1996). 

Studies by Mayhew et al. were conducted on four benzocycloarene compounds 

(benzocyclobutene, benzocyclopentene, benzocyclohexene, and benzocycloheptene) using 

mutant Y96F to understand how the product distribution and the catalytic rate are affected 

(Mayhew et al., 2002). All the products were hydroxylated at C1 of the alicyclic ring, 

except benzocyclohentene that gave hydroxylated products at both C1 and C3 positions. 

NADH coupling ranged from 35-70% with the highest being for benzocycloheptene, in 

comparison to WT 10-12%. This observation along with molecular dynamic calculations 

of the steric constraints showed that removing the hydroxyl group of Y96 results in better 

oxidation of these benzocycloarene compounds (Mayhew et al., 2002). For larger 

polycyclic compounds such as pyrene, benzo[α]pyrene, phenanthrene and fluoranthene, 

the oxidation was enhanced over WT by mutating F87 and Y96. Mutant F87A/Y96F had 

the highest NADH oxidation rate for phenanthrene at 374 min-1 (31% of WT rate), followed 

by F87L/Y96F with a NADH oxidation rate of 144 min-1 for fluoranthene. In regard to the 
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coupling efficiency, pyrene had the highest at 23%, however, the turnover rate of NADH 

was slow (Harford-Cross et al., 2000). 

Heterocyclic compounds have also been engineered for their ability to get oxidized 

by cytochrome P450cam mutants. Çelik et al. used high-throughput screening to create a 

library using residues F98 and Y96, which were randomized and screened in a 96-well 

microplate for indole hydroxylation (Çelik et al., 2005). Good activity was noticed when 

F98 was maintained while Y96 was mutated to A/C/Q/G/M/S/T, with an activity order of 

M > A > C > T = Q = S > G. Manna and Mazumdar mutated residues F87, Y96, T101 and 

L244 to change the substrate specificity of P450cam (Manna & Mazumdar, 2010). As a 

result, single mutant Y96F was found to be best for catalyzing indole to indigo with a 5-

fold NADH consumption rate than WT. However, variant Y96F/L244A had a 6-fold 

NADH consumption rate than WT and a higher yield of indigo (but less indirubin) which 

was enhanced by the presence of H2O2. This group also tested the same mutants for their 

ability to catalyze coumarin, finding out that the double mutant hydroxylated the compound 

at positions C3, C4, C6, C7 to hydroxycoumarin, with a NADH consumption rate of 35 

min-1 compared to WT 3 min-1 (Manna & Mazumdar, 2010). 

  



23 

Table 1.4. P450cam mutants with aromatic systems as substrates. 

Substrate Active mutants Ref. 

 

T101M/T185F/V247M: most effective 

resulting to R:S 1-phenylethanol (87:13 

ratio) and 13% NADH coupling compared 

to WT 5%. 

(Loida & 

Sligar, 

1993) 

 

Y96A: most active achieving 92% 

conversion to p-hydroxydiphenylmethane. 

 

F87I/Y96M/T101I/L244N/D297I/I395N:   

75% activity over WT towards camphor. 

 

F87I/Y96M/L244N/D297T/I395M/V396I 

-I396G and -I396A: switched main product 

to diphenylmethanol. 

(Fowler et 

al., 1994; 

Hoffmann 

et al., 

2011; 

Speight et 

al., 2004) 

 

Y96F: highest selectivity for cis-3-

phenylcyclohexanol, giving 81%. 

 

Y96A: highest selectivity for cis-4-

phenylcyclohexanol, giving 45%. 

(England 

et al., 

1996) 

 

Benzocycloarenes 

Y96F: 35-70% NADH coupling compared 

to WT 10-12%, with the highest being for 

benzocycloheptene. 

(Mayhew 

et al., 

2002) 
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Substrate Active mutants Ref. 

 

 

Polycyclics 

F87A/Y96F: highest NADH oxidation rate 

for phenanthrene at 374 min-1 (31% of WT 

rate). 

 

F87L/Y96F: NADH oxidation rate of 144 

min-1 for fluoranthene.  

(Harford-

Cross et 

al., 2000) 

 

Y96M: best activity. 

 

Y96F/L244A: 6-fold NADH consumption 

rate than WT and a higher indigo yield. 

(Çelik et 

al., 2005; 

Manna & 

Mazumdar

, 2010) 

 

Y96F/L244A: NADH consumption rate of 

35 min-1 compared to WT 3 min-1 and 5/8-

hydroxycoumarin were favored. 

(Manna & 

Mazumdar

, 2010) 

 

Another type of compound that is of great importance is polychlorinated pollutants. 

They are persistent and difficult to degrade due to their lipophilic nature and bioaccumulate 

in the environment causing adverse health effects on humans. Oxidation of low molecular 

weight chloroalkanes dates back to the 1980s. In 1994, Lefever and Wackett did a study 

on multiple compounds including 1,2-dichloropropane, 1,1,1-trichloroethane, 1,1,2-

trichloroethane, 1,1,1,2-tetrachloroethane, 1,1,2,2-tetrachloroethane, pentachloroethane 

and hexachloroethane (Table 1.5) (Lefever & Wackett, 1994). These were all oxidized 

poorly by P450cam, but they believed that random or site-directed mutagenesis protocols 

could improve their rates and coupling efficiencies. Cytochrome P450cam can turn over the 
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chlorinated compounds hexachloroethane and pentachloroethane through reductive 

dehalogenation, thus, this activity was investigated through active-site mutagenesis studies. 

Walsh et al. found that mutants Y96A and Y96F increased the active-site hydrophobicity 

and enhanced the binding of hexachloroethane, but the reaction rate was weakened (Walsh 

et al., 2000). Mutant F87Y did not affect the rate of dehalogenation but it decreased the 

substrate binding. Mutant Y96H increased the reaction rate by 40% at pH 6.5 but again, it 

decreased the binding of hexachloroethane. Bulkier mutations on residues F87, T101, 

V247 increased the rate but affected again the binding. At pH 7.4, variant F87W/V247L 

was found to be the best for reducing hexachloroethane to tetrachloroethene with 2.5 times 

the activity of the WT. Sen et al. compared camphor with hexachlorocyclohexane, which 

led them to engineer site-specific mutations of P450cam that increased the binding affinity 

(Sen et al., 2011). T101V was found to increase hydrophobicity while F87W reduced the 

active-site space. High affinity was noticed with mutants Y96F/T101V (Kd = 0.7 μM-1) and 

Y96F/L244A (Kd = 0.8 μM-1). However, single mutant Y96F showed the best affinity (Kd 

= 0.5 μM-1) and coupling efficiency (15%). 

Polychlorinated aromatic compounds have also been studied. Jones et al. 

discovered that for most of these substrates, the point mutation F87W increases the activity 

up to 10-fold because it reduces the volume on top of the binding site, bringing the substrate 

closer to the heme (Jones et al., 2000). Introducing F98W decreased the NADH turnover 

but increased the coupling efficiency for less chlorinated compounds. Triple mutant 

F87W/Y96F/F98W resulted in a 92% coupling for 1,3-dichlorobenzene and 97% for 1,3,5-

trichlorobenzene. Single mutant Y96F caused a 100-fold increase in activity for heavily 

chlorinated compounds such as pentachlorobenzene and hexachlorobenzene. Introducing 

V247L increased the NADH turnover and more specifically, variant F87W/Y96F/V247L 

resulted in a NADH turnover of 107 min-1 for 1,2,4,5-tetrachlorobenzene and 229 min-1 for 

pentachlorobenzene. The same group reported that variant F87W/Y96F/L244A/V247L 

could oxidize pentachlorobenzene to pentachlorophenol (Jones et al., 2000). Then, through 

crystal structure studies they were able to further understand the structure-activity 

correlations in pentachlorobenzene oxidation. They noticed that a chlorine atom could 

position itself in a cavity created by L244A, allowing bulkier chlorinated compounds to 

bind. Moreover, L244A broke the hydrogen bond between the OH of T252 and the 
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carbonyl oxygen of G248, forming an open oxygen-binding groove that allowed the mutant 

to deviate from its conformation without causing a loss in activity. Binding interaction 

analysis introduced T101A, a mutation that reorients the substrate while preserving other 

van der Waals contacts and resulting in more efficient oxidation. The quintuple variant 

F87W/Y96F/T101A/ L244A/V247L was 3-fold more active than the quadruple one, with 

a NADH rate of 481.2 min-1, product rate of 214.4 min-1, and coupling of 45.9%. 

Table 1.5. P450cam mutants with halogenated systems as substrates. 

Substrate Active mutants Ref. 

 

F87W/V247L: most active with 

reaction rate of 80 min-1 compared to 

WT 32 min-1. 

(Walsh et 

al., 2000) 

 

Y96F: highest affinity (Kd = 0.5 μM-1) 

and best coupling efficiency (15%). 

 

Y96F/T101V and Y96F/L244A: good 

affinity (Kd = 0.7 and 0.8 μM-1, 

respectively). 

(Sen et al., 

2011) 

 

 

F98W: decreased the NADH turnover 

but increased the coupling efficiency. 

 

F87W/Y96F/F98W: 92% coupling for 

1,3-dichlorobenzene. 

 

F87W/Y96F/F98W: 97% coupling for 

1,3,5-trichlorobenzene. 

(Jones et 

al., 2000) 
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Substrate Active mutants Ref. 

 

F87W/Y96F/V247L: NADH turnover 

of 107 min-1 for 1,2,4,5-

tetrachlorobenzene. 

(Jones et 

al., 2000) 

 

Y96F: 100-fold increase in activity. 

F87W/Y96F/V247L: NADH turnover 

of 229 min-1 for pentachlorobenzene. 

 

F87W/Y96F/T101A/L244A/V247L: 

NADH rate of 481.2 min-1, 

pentachlorophenol rate of 214.4 min-1 

and coupling of 45.9%. 

(Jones et 

al., 2000; 

F. Xu et 

al., 2007) 

1.3. Honey bees: exposure to Varroa and pesticides 

The western honey bee species, Apis mellifera L., are frequent floral visitors and 

vital pollinators for a variety of agricultural crops (Calderone, 2012). They pollinate 90% 

of the most prevalent food crops (vegetables, fruits, legumes, etc.), which are essential for 

a balanced human diet that would impoverish if they were to disappear (Klein et al., 2007). 

Over the years, A. mellifera have been domesticated and transported to every continent 

except Antarctica, making them the most frequent single species pollinator worldwide (E. 

Weber, 2012). 

In recent years, the honey bee population has been going through perturbations that 

result from several factors including climatic conditions (temperature, humidity, latitude), 

different species, pathogens (viruses, microorganisms, mites), food resources, etc. The 

most significant reason for its decline is Varroa destructor, an ectoparasitic mite that is 

causing problems such as colony collapse disorder, acute bee paralysis, and deformed 

wings (Bowen-Walker et al., 1999; Bowen-Walker & Gunn, 2001). Varroa mites parasitize 

nurse bees as they are responsible for feeding and caring for the larvae, having a negative 

influence on the bee’s reproductive success. Hence, they depend entirely on their host for 
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survival, while their life cycle is constituted by two phases: the non-reproductive and the 

reproductive phase. During the first stage, they parasitize the bodies of the nurse bees and 

feed on their fat body. Afterward, the mites move into brood cells before they are capped 

over. Then, they enter the second stage where they feed on the late-stage larva or 

developing pupa, lay eggs and reproduce. As the adult bees emerge out of the brood cell, 

the mites ride on them, and a new cycle begins (Mondet et al., 2018; Ramsey et al., 2019). 

Varroa infestation on the bees is also causing varroosis, a disease that impairs the colony 

and leads to brood damage. Infested colonies usually collapse within 1-2 years if they do 

not get any treatment. Studies have found that the loss of fat body during the development 

of the larvae reduces the adult bee’s size and weight, causing decreased flight performance 

and sperm production (Genersch, 2010; Ramsey et al., 2019). Parasitized bees have a 

reduced orientation and homing ability, resulting in difficulties returning to the colony or 

getting lost during the flight. Their immune system also gets weaker, making them 

susceptible to other secondary pathogens. Soon after the mite’s adverse effect on the bees, 

most of them are born with atrophied/deformed wings and have a smaller size (Bowen-

Walker & Gunn, 2001). 

Besides varroa, another factor that impacts the bees’ wellbeing, are pesticides 

applied to agricultural and horticultural landscapes to treat the mite and other pests that 

affect the plants (Table 1.6). Residues have been found in beehive matrices such as 

beeswax, bee bread, bee brood, honey, propolis, pollen, and on honey bees per se (Al 

Naggar et al., 2015; Bogdanov, 2015; Morales et al., 2020; Mullin et al., 2010; Orantes-

Bermejo et al., 2010). A large-scale study conducted by Mullin et al. in North America, 

discovered 121 different insecticides, acaricides, herbicides, fungicides, and their 

metabolites within 887 samples of different hive matrices (Mullin et al., 2010). Out of 259 

wax and 350 pollen samples, one systemic pesticide was detected in at least 60% of them, 

while half the samples had always chlorothalonil (fungicide), coumaphos, and fluvalinate 

(acaricides used in the hives to treat against varroa). The most encountered pesticides in 

wax were coumaphos (98.1%), fluvalinate (98.1%), and coumaphos oxon (coumaphos 

metabolite, 89.9%). In pollen, the most detected were fluvalinate (88.3%), coumaphos 

(75.1%), and chlorothalonil (52.9%). Out of 140 bee samples, there were much fewer 

detections, with the highest being for fluvalinate (83.6%) and coumaphos (60%). On the 



29 

comb wax, they also found near ppm levels of chlorpyrifos, aldicarb, deltamethrin 

(insecticides), iprodione (fungicide and nematicide), and methoxyfenozide (insecticide).  

The most frequently encountered pesticides besides the aforementioned were amitraz 

(acaricide, used widely to treat bees against varroa), pendimethalin (herbicide), endosulfan 

(insecticide and acaricide), fenpropathrin (insecticide), esfenvalerate (insecticide), and 

atrazine (herbicide) (Mullin et al., 2010). 

A more recent study has evaluated the migration and persistence of environmental 

contaminants, such as plant protection chemicals and veterinary products, towards the hive 

(Morales et al., 2020). Amitraz was used on 2 beehive groups, and samples of bee bread, 

bee brood, and beeswax were tested for 5 months. This resulted in 31 residues of different 

pesticides, with the highest being in beeswax. As expected, amitraz had the highest 

concentration of 16.9 mg/kg, followed by coumaphos at 7.1 mg/kg and fluvalinate at 1.8 

mg/kg. Veterinary treatment chemicals were found to have migrated from the wax to the 

bee brood and bread, while plant products were found mostly in the bee bread. In the bee 

brood, the highest concentration was of amitraz, followed by coumaphos, fluvalinate, 

acrinathrin (insecticide and acaricide), and cypermethrin (insecticide). Although no 

pesticide was applied on the hive except amitraz, this proves that the bee brood can be 

affected from contaminated beeswax and bee bread. These positive findings correspond 

with previous studies, suggesting that such chemicals have been accumulating from 

recycled wax of previous seasons (Lozano et al., 2019; Morales et al., 2020). 

Pesticides can also get transferred into the hive through contaminated pollen and 

nectar by bees or beekeepers. Tomé et al. used in vitro rearing to characterize the effect of 

7 frequently encountered pesticides in developing honey bees (Tomé et al., 2020). These 

included amitraz, coumaphos, fluvalinate, chlorpyrifos, imidacloprid (insecticide), 

chlorothalonil, and glyphosate (herbicide). The pesticides were fed to larvae for 6 days, 

and their impact on the development, morphology, and physiology of the newly emerged 

adult bees was assessed. Even though this scenario is not representative of the real world, 

their findings suggested that the bee survival and health are affected from pesticide 

exposure, emphasizing the importance of proper hive management for contamination 

control (Tomé et al., 2020). 
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Table 1.6. Structure of various pesticides 
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1.3.1. Honey bee detoxification systems 

The A. mellifera complete genome was obtained in 2006, and it contains 236 Mb 

and 10157 predicted genes. Compared to Drosophila melanogaster (fruit fly), it has more 

protein-coding genes for pollen and nectar utilization as well as for odorant receptors, and 

a paucity of genes responsible for gustatory receptors, innate immunity, and detoxification 

enzymes (Weinstock et al., 2006). The honey bee’s detoxification mechanisms have been 

investigated through toxicity assays, transcript gene expression, protein expression towards 

xenobiotics, and functional characterization. These types of mechanisms involve several 

genes and pathways, with cytochrome P450 being the key enzyme for xenobiotic resistance 

(Gong & Diao, 2017). In general, detoxification of natural and synthetic xenobiotics 

involves the conversion of lipid to water-soluble substances such as pesticides, natural 

products, chemical carcinogens and mutagens, plant toxins, drugs, etc. Insects have a 

deficit of detoxification genes belonging to the 3 main pathways of metabolic resistance: 

Phase I (functionalization), Phase II (conjugation), and Phase III (excretion) (Figure 1.8) 

(Berenbaum & Johnson, 2015; Gilbert, 2012).  
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Figure 1.8. Pathways of metabolic resistance. COE is carboxylesterases, GST is 

glutathione-S-transferases, UGT is uridine 5′-diphospho-

glucuronosyltransferases and ABC: ATP-binding cassette 

transporters. 

In Phase I, the structure of xenobiotics is altered enzymatically mainly by 

cytochrome P450s and carboxylesterases (COE), and even through flavin-dependent 

monooxygenases and cyclooxygenases, making them less potent for interaction with target 

lipophilic sites (Sehlmeyer et al., 2010; J. Xu et al., 2013). A. mellifera utilizes 48 P450 

genes for detoxification of honey and pollen flavonoids, pesticides, and mycotoxins 

(Claudianos et al., 2006; Iwasa et al., 2004; Mao et al., 2009). Specifically, CYP4, CYP6, 

CYP9, CYP301, CYP302, CYP303, CYP305, CYP306, CYP307, CYP314, CYP315, and 

CYP343 families are the most potent for the metabolism of xenobiotics. 

CYP4AA1 and CYP4G11 have been sequenced independently by polymerase 

chain reaction (PCR), however, there is not much information about them as they were not 

on contiguous pieces of assembled DNA, thus, they are an educated guess (Claudianos et 

al., 2006). Genes of the CYP6 family are known to be overexpressed the most in honey 

bees, contributing considerably to insecticide resistance. CYP6BC1 is also an informed 

guess through PCR (Claudianos et al., 2006), while CYP6BD1, CYP6AS2, and CYP6AS5 

are upregulated in worker bees by p-coumaric acid (main pollen cell wall constituent) and 

CYP6AR1 by imidacloprid (insecticide) (Derecka et al., 2013; Mao et al., 2013). Honey 

bees have also been treated with a sublethal dose of thiacloprid (neonicotinoid insecticide) 

and undergone transcriptome profiling, as a result, CYP6BE1 and CYP6AS5 were 

confirmed to be upregulated by quantitative PCR (qPCR) (Alptekin et al., 2016). Genes 

CYP6AS1, CYP6AS3, CYP6AS4, and CYP6AS10 are upregulated in pollen, honey, and 

propolis and can metabolize quercetin, a flavonoid that is abundant in the bee diet and is 
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known for upregulating detoxification genes (Ardalani et al., 2021; Johnson et al., 2012; 

Mao et al., 2009). CYP6S14 is upregulated by thymol, a monoterpene that is used as an 

acaricide against Varroa (Boncristiani et al., 2012). Another P450 family that contributes 

to the detoxification of xenobiotics is CYP9. The impact of coumaphos and fluvalinate 

(insecticides) has been explored through genome-wide expression patterns of worker bees, 

as they are the most frequently encountered pesticides in the beehive. Despite the different 

modes of action of these pesticides, it was discovered that CYP9S1 and CYP9Q3 are 

induced by a pollen-based diet, contributing to the reduced sensitivity of the bees towards 

the pesticide chlorpyrifos (Schmehl et al., 2014). The midgut P450s of A. mellifera have 

been expressed and it was demonstrated that CYP9Q1, CYP9Q2, and CYP9Q3 can 

metabolize fluvalinate to a metabolite suitable for cleavage by COEs. Also, real-time PCR 

assays have shown that CYP9Q1 and CYP9Q2 transcripts were enhanced by bifenthrin 

(insecticide), while CYP9Q3 were repressed (Mao et al., 2011). 

A number of genes encoding the detoxification enzymes CYP301A1, CYP305D1, 

and CYP315A1 have also been identified and overexpressed against thiacloprid (Alptekin 

et al., 2016). Honey bee exposure to coumaphos led to an increase in the expression of 

CYP305D1 (Schmehl et al., 2014). Additionally, several honey bee sequences have close 

similarities and even precise orthologs with D. melanogaster enzymes, and is likely that 

their roles are similar in A. mellifera. Genes that are believed to be involved in ecdysone 

(steroidal pheromone) regulation during the adult cuticle formation are CYP18A1, 

CYP301A1, CYP302A1, CYP306A1, CYP307A1, CYP314A1, and CYP315A1. More 

educated guesses of other detoxification enzymes include CYP303A1 and CYP343A1, 

while there are mentions about CYP15A1, CYP18A1, CYP334, CYP336, and CYP342 

families since they have similar orthologs with D. melanogaster (Claudianos et al., 2006). 

Phase I has also COEs that participate in exogenous and endogenous functions and 

detoxify xenobiotics. In A. mellifera, the COE activity is induced by different classes of 

pesticides (Carvalho et al., 2013). The honey bee genome has 24 functional genes 

belonging to 10 out of 14 COE clades named from A to N, but only 8 of these genes belong 

to the intracellular catalytic class that is involved in xenobiotic detoxification (Yu et al., 

2009). 
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In Phase II, there are reactions for solubilization and transport of conjugation 

products from the previous phase. The core enzymes are glutathione-S-transferases (GST), 

while other enzymes include aminotransferases, phosphotransferases, sulfotransferases, 

glycosyltransferases, and glycosidases (J. Xu et al., 2013). GSTs detoxify electrophilic 

xenobiotics through conjugation with glutathione (plant antioxidant) and consist of 6 

subclasses: delta, epsilon, theta, zeta, omega, and sigma. Specifically, delta and epsilon are 

responsible for detoxification in insects, and out of these classes, A. mellifera has 10 

functional genes discovered so far. The honey bee genome also has 12 Uridine 5'-

diphospho- glucuronosyltransferases (UGT) that are responsible for rendering nucleophilic 

substrates hydrophilic, however, there are no known UGT natural substrates for 

herbivorous insects such as bees (Ahn et al., 2012). 

In Phase III, conjugates of Phase II are transported out of the cells for excretion, 

whereas the principal proteins are ATP-binding cassette (ABC) transporters 

(transmembrane proteins) which are known for their multidrug resistance (Dermauw & 

Van Leeuwen, 2014). These proteins hydrolyze ATP and transfer conjugated or polar 

products across the lipid membranes to the extracellular space and excrete them. There are 

approximately 8 subfamilies of ABC proteins in insects from ABCA to ABCH, but 

additional ones exist in other taxa (Gott et al., 2017). There are not many of them known 

in insects, and A. mellifera has a small inventory of 41, with 15 of them belonging to the 

ABCG subfamily. The ABC subfamilies that are implicated in xenobiotic metabolism are 

ABCB FT (full transporter) composed of P-glycoproteins (multidrug resistance), followed 

by ABCC and ACBGs that consist of other drug resistance proteins (Dermauw & Van 

Leeuwen, 2014). ABC transporters are associated with the transport and/or resistance of 

27 different pesticides from various classes, including organophosphates, pyrethroids, 

carbamates, neonicotinoids, macrocyclic lactones, cyclodienes, benzoylureas, 

phenylpyrazoles, and dichlorodiphenyltrichloroethane (DDT) (Buss & Callaghan, 2008; 

Dermauw & Van Leeuwen, 2014). 
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1.4. Thesis overview and objectives 

The focus of my thesis was to study the degradation of pesticides by cytochromes 

P450. To address this objective, my research involves two projects: the dehalogenation of 

polychlorinated compounds by mutants of cytochrome P450cam (CYP101A1) from the soil 

bacterium P. putida, and the dealkylation of dialkoxybenzene compounds by honey bee 

(A. mellifera) cytochromes P450. 

Cytochrome P450cam’s substrate is camphor, thus, my objective was to degrade the 

similarly structured polychlorinated pollutants namely endosulfan (ES), ES diol, ES 

lactone, ES ether, ES sulfate and heptachlor, using the P450cam mutants ES6 and ES7. 

Unlike the wild-type enzyme, the mutants can accommodate and turnover these larger 

compounds. In an attempt to confirm that the mutants can dehalogenate the desired 

substrates, colorimetric assays utilizing 4-aminoantipyrine, hydrogen peroxide and 

horseradish peroxidase were carried and monitored through UV-Vis spectroscopy. These 

assays were successful since there was color forming, which is indicative of the production 

of phenols and/or o-quinones. Steady-state kinetic studies were also conducted to 

determine the rate of product formation (Vmax), the binding affinity (KM) of the substrate, 

and subsequently, the turnover number (kcat) and catalytic efficiency (kcat/KM). The rate of 

the product formation at low substrate concentrations was then compared to determine 

which of the two mutants is more active and towards which substrate, in comparison to the 

wild-type enzyme. Finally, molecular docking studies were performed in silico on the 

MOE software to visualize the orientation of each substrate to the active site of the mutants 

and the wild-type. 

Cytochromes P450 can be found in different body parts of honey bees (e.g. head, 

thorax, abdomen), and different tissues (e.g. hypopharyngeal gland, fat body, midgut, 

malpighian tubules) that are responsible for the metabolism and detoxification of 

pesticides. My objective here was to investigate whether the honey bee P450’s can degrade 

the dialkoxybenzene compounds namely 1-allyloxy-4-propoxybenzene, 1,4-

dipropoxybenzene and 1,4-diallyloxybenzene, which have been tested against Varroa 

destructor, a parasite that infests the bees. In order to verify the dealkylation of these 
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compounds, 3c{3,6} treated and untreated honey bees were tested in colorimetric assays 

using again the same method with 4-AAP, but this time including a NADPH regeneration 

system containing NADPH, glucose-6-phosphate (G6P) and glucose-6-phosphate 

dehydrogenase (G6PDH). The assays were successful since there was color forming, which 

is indicative of the production of phenols. Steady-state kinetic studies were also conducted 

to determine the rate of product formation (Vmax) and calculate the specific activity 

(nmol/min/μg) of the enzymes. Finally, the formation of the single and/or double 

dealkylated products of the dialkoxybenzenes was determined and quantified through GC-

MS analysis. 
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Chapter 2.  

 

Bacterial cytochromes P450 in degradation of 

polychlorinated pesticides 

2.1. Past mutagenesis studies 

Mutagenesis is a process that alters the DNA sequence to induce mutations and 

produce desired modified organisms and biomolecules, including mutated proteins. Since 

P450cam’s substrate is camphor, it was first mutated in order to expand its substrate 

acceptance. To create variants of this enzyme, two approaches have been used by our 

group: Sequence Saturation Mutagenesis (SeSaM) and Site-Directed Mutagenesis. 

SeSaM was performed by a previous PhD, Dr. Brinda Prasad (Prasad, 2013). This 

is a method developed by Schwaneberg et al. in 2004 that results in random mutations 

which aim for the directed evolution of enzymes. It can generate a mutant library in 4 steps: 

1) generation of DNA fragments with random length, 2) addition of universal bases at the 

3’ termini of these fragments, 3) elongation to the full-length genes with PCR, and 4) 

replacement of the universal bases using the standard nucleotides (Wong et al., 2004). A 

SeSaM-mutated library of P450cam was selected against endosulfan (ES) as a substrate with 

m-CPBA as a shunt, and seven mutants (ES1-ES7) survived that were able to metabolise 

the compound (Table 2.1) (Prasad, 2013). 
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Table 2.1. SeSaM P450cam mutants. 

Clone Mutation 

ES1 T56A/N116H/D297N 

ES2 F292S/A296V/K314E/P321T 

ES3 Q108R/R290Q/I138N 

ES4 S221R/I281N 

ES5 A296P 

ES6 G120S 

ES7 V247F/D297N/K314E 

 

 To facilitate the production of the P450cam mutants, site-directed mutagenesis was 

performed by a current PhD, Dr. Abdul Rehman (Rehman, 2021). This method was 

patented by Stratagene in 1998 and it can introduce desired mutations into a genome in a 

controlled way. It helps with studying the impact that an amino acid has to the protein’s 

function, structure and interactions with other proteins. It consists of 3 steps: 1) Synthesis 

of the mutant strand, which includes the performance of thermal cycling to denature the 

DNA template, anneal of mutagenic primers and extension with a DNA polymerase 

template, 2) digestion of the parental methylated DNA with the restriction enzyme Dpn I, 

and 3) transformation of the mutated molecule into competent cells for nick repair (Agilent 

Technologies, 2015). To facilitate the expression and purification of the P450cam mutants, 

the WT P450cam plasmid was placed in a ligation-independent cloning (LIC) vector with a 

purification His-tag (6 residues) at the N-terminus which can be cleaved by Factor Xa 

protease. Finally, the isolated plasmid was transformed into BL21 (DE3) competent E. coli 

cells (Rehman, 2021). Moreover, a bicistronic recombinant expression vector was used, 

containing both the electron transfer partners of P450cam, putidaredoxin (PdX) and 

putidaredoxin reductase (PdR) that was constructed by a current PhD student, Priyadarshini 

Balaraman. Both genes in this vector also have a His-tag for easier purification. This 

construct was finally transformed into BL21 (DE3) competent E. coli cells for expression 

(Kammoonah et al., 2018). 
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2.2. Polychlorinated substrates 

Endosulfan is an organic hexachlorinated pesticide that was used against insects 

and mites, resulting in its spread across a variety of food crops (Campbell et al., 1991; 

Grout & Richards, 1992; Hough-Goldstein & Keil, 1991; Weiss et al., 1991). The 

Stockholm Convention has classified endosulfan as a Persistent Organic Pollutant (POP), 

and in 2011, it was banned by most European countries, Brazil and Australia (Hogue, 2011; 

Stockholm Convention, 2001). In 2016, its use was phased out in the US (US EPA, 2010) 

and banned in Canada (PMRA, 2011). 

Endosulfan exists as a set of two diastereomers: α and β endosulfan, while technical 

grade endosulfan is usually a ratio of 7:3 (α:β) (Schmidt et al., 1997; Scippo et al., 2004). 

It is very persistent in the environment as it has a long half-life in soil (35-37 days for α ES 

and 104-265 days for β ES) (Jiménez Torres et al., 2016) and can accumulate in marine 

environments due to its hydrophobicity (log Kowα 4.74 and log Kowβ 4.78) (Shen et al., 2005; 

Shen & Wania, 2005), causing toxicity to the sea life (Teklu et al., 2016; Wessel et al., 

2007). Endosulfan is also neurotoxic towards adult humans (Enhui et al., 2016), and can 

cause adverse effects to human fetuses and newborns (Cappiello et al., 2014; Cerrillo et 

al., 2005). Moreover, it can be transported atmospherically over large distances, reaching 

remote regions such as Antarctica (Kelly & Gobas, 2003; Luek et al., 2017; Pozo et al., 

2006; J. Weber et al., 2006). 

Endosulfan 13 is degraded through oxidation of its sulfite ester to a sulfate moiety 

14. It can then be mono hydrolyzed to endosulfan diol monosulfate or doubly hydrolyzed 

to endosulfan diol 15 under alkaline conditions (Kullman & Matsumura, 1996). Endosulfan 

sulfate and diol are the major metabolites, while other metabolites include endosulfan ether 

16, hydroxyether and lactone 17 (Figure 2.1) (Lehotay et al., 1998; Wan et al., 2006). 

Biodegradation of endosulfan and its metabolites has been studied with fungal strains such 

as Chaetosartorya stromatoides, Aspergillus terricola, (Hussain, Arshad, Saleem, & Zahir, 

2007), Mortierella sp. (Kataoka et al., 2010), Cladosporium oxysporum and Aspergillus 

terreus (Mukherjee & Mittal, 2005), and with bacterial strains such as Mycobacterium sp. 
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(Sutherland et al., 2002), Pseudomonas aeruginosa, Pseudomonas spinosa and 

Burkholderia cepacian (Hussain, Arshad, Saleem, & Khalid, 2007). 

 

Figure 2.1. Endosulfan and its known metabolites. 

Heptachlor is a chlorinated dicyclopentadiene compound that was isolated in 1946 

from technical chlordane and was mostly used during the 1960s and 1970s by farmers and 

exterminators against termites (ASTDR, 1989). Most of its applications were banned 

during the 1980s in many countries and its use was restricted by the Stockholm treaty in 

2001 (Stockholm Convention, 2001). 

Heptachlor (technical grade) contains ~72% heptachlor with the rest being other 

related compounds such as trans-chlordane (~20%) and trans-nonachlor (~8%) (NCI, 

1977). Due to its hydrophobicity (log Kow 3.87-5.44) it has a long half-life in soil (up to 2 

years under certain conditions), so it accumulates in the food chain and is persistent to the 

environment (ATSDR, 2007; WHO, 2004). It is toxic towards aquatic life (ECETOC, 

2003; USEPA, 1980) and causes neurotoxicological effects to rats (Moser, 2001). In 

humans, it accumulates in adipose tissues increasing the likelihood of breast cancer (Høyer 

et al., 1998; Ward et al., 2000; Zheng et al., 2000), while it has also been found in breast 

milk (Alawi, 2002; Stuetz et al., 2001). 
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Heptachlor 18 can be transformed by abiotic processes and may undergo significant 

photolysis, oxidation and volatilization (Mabey et al., 1982; Mill et al., 1982). It can get 

dechlorinated to chlordene and then hydroxylated to 1-hydroxychlordene. Its chloro-

cyclopentene moiety can also be epoxidized to heptachlor epoxide (major metabolite), 

which is more persistent and toxic than heptachlor (Huber, 1993; Wauchope et al., 1992). 

In aquatic environments, hydrolysis of the epoxide moiety results in heptachlor diol (Figure 

2.2). Heptachlor degradation includes conversion to heptachlor epoxide in animals (Harris 

et al., 1956), plants (Gannon & Decker, 1958), and soil (Gannon & Bigger, 1958; 

Lichtenstein & Schulz, 1960). Heptachlor and heptachlor epoxide can be degraded by 

white rot fungi such as Pleurotus ostreatus (Purnomo et al., 2014) and several from the 

genus Phlebia (Xiao et al., 2011), as well as by soil bacteria such as Bacillus subtilis, 

Bacillus cereus, Pseudomonas putida (Pokethitiyook & Poolpak, 2012), Pseudomonas 

fluorescens, Micrococcus flavus, Bacillus polymyxa and Flavobacterium sp. 

(Doolotkeldieva et al., 2021). 

 

Figure 2.2. Heptachlor and its known metabolites. 
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2.3. Introduction 

Cytochrome P450cam (CYP101A1) was isolated from the soil bacterium P. putida 

and shows promise in degrading polychlorinated organic pollutants similarly structured to 

its natural substrate, camphor. This enzyme was used as a template to create a series of 

mutants through SeSaM and site-directed mutagenesis, named ES1-ES7. The activity of 

these mutants has been previously tested by a current PhD, Dr. Abdul Rehman, using ES 

diol 15 as a substrate. It was found that ES2 and ES7 are the most active ones, while ES5 

and ES6, even though they have only one mutation, show significant activity. ES1 and ES3 

are less active and less stable so are hard to purify. Thus, my objective was to use the two 

most active mutants, ES6 (G120S) and ES7 (V247F, D287N, K314E), and find out whether 

the mutations of the WT enzyme have changed the activity of the protein to accept the 

desired substrates: ES α:β 13, ES sulfate 14, ES diol 15, ES ether 16, ES lactone 17, and 

heptachlor 18. Their activity was monitored through a colorimetric phenol detection assay 

as they are expected to produce phenols or o-quinones which can be easily detected via 

UV-Vis spectroscopy. Finally, kinetic studies followed by molecular docking simulations 

were performed to assess the effect the different mutations have on the activity towards 

various substrates in comparison to the WT enzyme. 

2.4. Materials, equipment, and methods 

All the chemicals used were of analytical grade and were purchased from Sigma-

Aldrich (Oakville - Canada), Fisher Scientific (Ottawa - Canada) or Roche Diagnostics 

(Mannheim - Germany). Ultrapure water was used that was purified by a Synergy® UV 

Water Purification System from Millipore (Oakville - Canada). All the chemical structures 

were created with the latest version of the software ChemDraw Pro by PerkinElmer. 

Bio-tryptone, Yeast extract, Sodium chloride (NaCl), Potassium chloride (KCl), 

Magnesium chloride (MgCl2), Glucose, Kanamycin, Ampicillin, Isopropyl β- d-1-

thiogalactopyranoside (IPTG), Ferrous chloride (FeCl2), δ-Aminolevulinic acid (δ-ALA), 

Vitamin B1 (thiamine), Riboflavin, Dipotassium hydrogen phosphate (K2HPO4), 

Potassium dihydrogen phosphate (KH2PO4), camphor, Ethylenediaminetetraacetic acid 
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(EDTA), Magnesium sulfate (MgSO4), Phenylmethanesulfonyl fluoride (PMSF), DNase, 

RNase, Lysozyme, 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), Potassium 

hydroxide (KOH), Sodium hydroxide (NaOH), Hydrogen chloride (HCl), Tris 

hydrochloride  (Tris HCl), Calcium chloride (CaCl2), Sodium dithionite (Na2S2O4), 

Imidazole (C3N2H4), 4-Aminoantipyrine (4-AAP), Horseradish Peroxidase (Type VI, 

HRP), Hydrogen peroxide (H2O2), Nicotinamide adenine dinucleotide, reduced (NADH), 

Endosulfan (α:β, 7:3), ES sulfate, ES ether, ES diol, ES lactone and heptachlor. 

All the buffers used had a pH of 7.4, which was recorded by an Orion 410A pH 

meter by ThermoFisher Scientific. Centrifugations were done on an Avanti J-26 XPI 

centrifuge by Beckman Coulter Inc. (Mississauga - Canada), equipped with either a JA-

25.50 or a JLA-8.1000 rotor. Sonications were carried out at a 50% duty cycle using the 

Sonifier 450 by Branson Ultrasonics Corp. (Danbury - USA). The absorbance was 

monitored by Ultraviolet Visible spectroscopy using a UV-6300PC Double Beam 

Spectrophotometer by VWR® (Radnor - USA), with a photometric accuracy of ± 0,002 A 

at 1 A and ≤ 0,3% T. 

Electrophoresis was performed using polyacrylamide gels (10%, 12%, 16%) with 

10% sodium dodecyl sulfate (SDS-PAGE). The gels were made using a 29:1 ratio of 

acrylamide and N, N'-Methylenebisacrylamide, sodium dodecyl sulfate (SDS), ammonium 

persulfate (APS), N,N,N′,N′-Tetramethylethylenediamine (TEMED), resolving buffer was 

18% Tris(hydroxymethyl)aminomethane (Tris(OH)), pH 8.8, and stacking buffer was 

6.06% Tris(OH), pH 6.8. The running buffer contained Tris(OH), glycine and SDS. The 

loading buffer was made using 50% sucrose, Tris(OH), bromophenol blue, EDTA and the 

pH was adjusted at 8. The marker used was BLUelf Prestained Protein Ladder by 

FroggaBio. The gels were run on a Bio-Rad Mini-PROTEAN® Tetra System for vertical 

electrophoresis, powered by a Bio-Rad PowerPac 1000 at 120V. The gels were dried on a 

GD2A Gel Dryer by Labnet International. 

Protein purification was done using a glass Bio-Rad Econo-Column® 0.7 × 50 cm 

for low-pressure, gravity chromatography that had a porous polymer bed support at its 

bottom to retain fine particles and filled with reusable His•Bind® Resin by Novagen. This 
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resin is used on proteins with a His-tag, resulting to a quick one-step purification by metal 

chelation chromatography, and can purify up to 20 mg of target protein on a single 2.5 mL 

column. 

The His-tag was removed using Restriction Grade Factor Xa isolated from Bovine 

Plasma by MilliporeSigma™. This protease cleaves the protein at the C-terminal side of 

the recognition sequence Ile-Glu-Gly-Arg (after arginine), while the leftover tag is moved 

using Amicon® Ultra-15 Centrifugal Filter Units of 30k NMWL by MilliporeSigma™. 

Kinetics studies were carried out using the latest version of Graphpad Prism. 

PyMOL by Schrödinger Inc. (New York - USA) is a visualization system that was used to 

verify the WT enzyme’s structure taken from RCSB PDB (entry 2L8M) and generate the 

mutants ES6 and ES7. The enzyme-substrate complexes were simulated using Molecular 

Operating Environment (MOE) by Chemical Computing Group (Montreal - Canada). 

2.4.1. Expression, lysis and dialysis of His-tagged proteins 

Competent E. coli BL21 (DE3) cell strain containing the appropriate plasmid (WT 

P450cam, PdX/PdR, PdX, ES6 and ES7) was inoculated into 50 mL of kanamycin-rich (30 

mg/L) Super Optimal broth with glucose (SOC) (3.6 g/L) and incubated overnight at 37 

ºC, 200 rpm. The resulting culture was subsequently inoculated into 1L of kanamycin-rich 

(30 mg/L) Luria-Bertani (LB) broth and incubated at 37 ºC, 200 rpm, until the optical 

density (OD) at 600 nm was around 1. Then, IPTG (20 mM) and the trace additives FeCl2 

(0.1 μM), δ-ALA (1 mM) and Vitamin B1 (10 μM) were added, including Riboflavin (1 

μM) for PdX/PdR only, and the culture was grown overnight at 27 ºC, 200 rpm. The cells 

were harvested by centrifugation at 4 ºC, 6000 rpm for 30 mins and the collected cell pellets 

were suspended into 50 mL of lysis buffer (50 mM phosphate buffer, 200 mM KCl, pH 

7.4). Lysis took place on ice (4 ºC), and at that point, EDTA (0.1 mM) was added and 

stirred for 15 mins while the pH was adjusted to 7.4 using concentrated KOH. Then, a 

protease inhibitor cocktail of PMSF (100 μL of 40 mg/mL stock in EtOH), AEBSF (100 

μL of 1 mg/mL stock) and lysozyme (100 μL of 100 mg/mL stock), including camphor (50 

μL of 152 mg/mL stock in EtOH) for the WT only, was added and stirring continued for 

40 min. Sonication was carried out at a 50% duty cycle for 10 mins, following that, MgSO4 



45 

(10 mM) was added and the pH was readjusted to 7.4. DNase (100 μL of 100 mg/mL stock) 

and RNase (100 μL of 10 mg/mL stock) were added and stirring was carried on for 30 

mins, followed by another sonication for 5 mins. The lysate was homogenized using a 

Tissue Grinder Potter-Elvehjem chamber and pestle, and harvested by centrifugation at 4 

ºC, 6000 rpm for 30 min.  The supernatant was collected and dialyzed using a Fisherbrand 

dialysis tube of 6-8k MWCO in lysis buffer (50 mM phosphate buffer, 200 mM KCl, pH 

7.4) overnight. 

2.4.2. Nickel (Ni2+) affinity chromatography and His-tag cleavage 

All the enzymes (WT P450cam, ES6, ES7, PdX/PdR, PdX) were purified but only 

the WT and the mutants had their His-tag cleaved. The dialysate was purified through 

His•Bind® Resin, where the His-tag sequence of the protein binds to Ni2+ cations that are 

immobilized on the resin using nickel sulfate (NiSO4) as a charge buffer, allowing rapid 

purification under native conditions. The unbound proteins were washed away while the 

target protein was recovered by elution with increasing imidazole concentrations (3 mM, 

10 mM, 60 mM and 250 mM) in phosphate buffer (50 mM potassium phosphate, 200 mM 

KCl, pH 7.4). The collected fractions were analyzed by UV-Vis spectroscopy (275-279 nm 

PdX, 280 nm total protein, 418 nm WT and mutants, 454 nm PdR) and SDS-PAGE. The 

pure protein fractions were then dialyzed against Tris buffer (20 mM Tris HCl, 50 mM 

KCl, 1 mM CaCl2, pH 7.4) to remove the imidazole present as it can interfere with the 

protein’s activity prior to conducting an assay, and were concentrated through 

ultracentrifugation using a millipore filter of 30k NMWL. The absorbance was checked 

again through UV-Vis spectroscopy and the His-tag was cleaved using Factor Xa protease 

by adding 10 µL per 2 mg of protein and incubating at room temperature for 36-48 hours. 

The successful cleavage of the protein was confirmed through SDS-PAGE, while the 

remaining Factor Xa enzyme and the leftover Hig-tag was removed using Ni2+ affinity 

chromatography with the His•Bind® Resin. The final purified protein was confirmed 

through UV-Vis spectroscopy and SDS-PAGE and concentrated through 

ultracentrifugation. 
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2.4.3. Silver staining of SDS-polyacrylamide gels 

Silver staining is a sensitive protein visualization method that uses silver in the form 

of silver nitrate (AgNO3) to stain the gel by interacting with certain protein functional 

groups, revealing the location of the protein bands. The gel was processed on a Rocker II 

260350 (Boekel Scientific). It was first fixed in a fixing solution (10% MeOH, 5% AcOH) 

for 30 min and then washed with 95% EtOH for approximately 30 min until it shrank. It 

was subsequently treated with fresh formaldehyde solution (40% MeOH, 0.5 μL/mL 37% 

CH2O) for 15-30 min until it swelled and was rinsed thrice with water. It was sensitized 

with 0.02% Na2S2O3 and rinsed again thrice with water. A solution of 0.2% of AgNO3 was 

used for 10 min to deposit the metallic silver on the gel and then rinsed thrice with water. 

The development of the bands was done using fresh developing solution (30 mg/mL 

sodium carbonate, 2 μL/mL 37% CH2O, 0.4 μL/mL 1% Na2S2O3) and quenched quickly 

with quenching solution (50% MeOH, 12% AcOH) to avoid overstaining. It was finally 

washed with 50% MeOH for 30 min to prevent bleaching over time and was then dried for 

3 hours at 40 °C (Figures A.1 and A.2, Appendix A). 

2.4.4. Carbon monoxide spectrum for WT P450cam and mutants 

The absorbance of the oxidized protein (low spin, resting state) in phosphate buffer 

(50 mM potassium phosphate, 200 mM KCl, pH 7.4) was determined through UV-Vis 

spectroscopy (250-500 nm). A sample was taken and a small amount of camphor was added 

and equilibrated for 30 min to ensure a trough at < 400 nm (high spin, type I spectra). CO 

gas was then bubbled for a few seconds, followed by the addition of anaerobic Tris(OH) 

buffer that was saturated with Na2S2O3 in order to reduce the P450 iron heme. This was 

repeated a few times and the absorbance was recorded each time to achieve the 

characteristic FeII-CO peak (reduced form) at 450 nm and determine the active protein 

concentration (Figures A.3, Appendix A). 
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2.4.5. In vitro colorimetric phenol detection assay with 4-AAP, HRP and 

H2O2 

To investigate the products of the substrate oxidation and HCl elimination, a 

colorimetric system involving 4-AAP in the presence of HRP and H2O2, was used to detect 

phenols and/or o-quinones through UV-Vis spectroscopy at approximately 500 nm (Figure 

2.3) (Varadaraju et al., 2018). 4-AAP is a metabolite of antipyrine that has been broadly 

used as an analytical reagent for estimating phenols and it was firstly used by Emerson in 

1943 (Emerson, 1943). HRP is a heme-containing enzyme, and as the name suggests, it is 

found in the roots of horseradish. It utilizes H2O2 to oxidize a variety of phenols and 

aromatic amines (substrate/oxygen donor), resulting in color products that are quantifiable 

spectrophotometrically (Klibanov et al., 1980). During catalysis, an enzyme-intermediate 

is formed by a single two-electron transfer and is then reduced by two single-electron 

transfers from the substrate (Morawski et al., 2001; Morishima et al., 1986). 4-AAP acts 

as a hydrogen donor increasing the absorbance, which results from the decomposition of 

H2O2 from HRP. As a result, the quantitative speed can be measured and then compared to 

the oxidation of the substrate, allowing faster and easier detection of phenols and quinones 

and determination of reaction rates. 

This method was previously optimized by a current PhD, Dr. Abdul Rehman, using 

crude lysate of ES7 to obtain the right conditions, and was tested against ES and ES diol at 

100 mM and 200 mM. The absorbance was maximum at 506 nm, while three controls were 

run to exclude random activity and these were: 1) no substrate, 2) no ES7 and 3) no HRP. 

The results revealed that the formation of a colored 4-AAP adduct requires both the 

substrate and the P450 enzyme to be present, but not HRP. HRP is generally added to create 

ortho or para quinones which react with 4-AAP to form an adduct, but since colored 

products were formed despite omitting HRP, this suggested that the mutant formed a 

quinone (Rehman, 2021). However, HRP was kept in the assay to ensure that the product 

was a result of the action between the mutant and the substrate, and not caused by other 

reagents in the mixture. 
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Figure 2.3. Expected dehalogenation products of the colorimetric assay. 

2.4.6. Kinetics and statistical analysis 

The colorimetric phenol detection assay produces orange-colored products which 

are analyzed through UV-Vis spectroscopy. The more intense the color is, the higher the 

observed absorbance is, reflecting the concentration of the product that was formed. This 

colorimetric reaction was calibrated using one of the major expected products, 5,6-

dihydroxy-2-benzofuran-1(3H)-one. The standard curve that was generated was then used 

to convert the absorbance to product concentration, and subsequently get the rate of the 

product formation. 

 

Kinetic studies were carried and plotted on GraphPad Prism, and the data were 

expressed using the allosteric sigmoidal model. The kinetic parameters Vmax, KM, kcat and 

kcat/KM were subsequently calculated. Vmax is the maximum velocity of the reaction at 

saturating substrate concentrations. KM (Michaelis-Menten constant) is related to Khalf (for 

allosteric sigmoidal kinetics) and represents the binding affinity of the substrate towards 

the enzyme and the lower it is, the more efficient the enzyme is. The kcat is known as the 

turnover number, which reflects the number of substrate molecules that are being 

transformed to product per enzyme molecule (active site) per unit of time, the higher it is, 
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the more active the enzyme is. Finally, kcat/KM is used to measure and compare the catalytic 

efficiency of different enzymes, the higher it is, the better the enzymatic efficiency/reaction 

is (Price & Stevens, 1999).  

Dixon’s Q test was carried out to test whether there was any value that differed 

from the majority of the population and if there were any outliers that needed to be rejected 

(Dean & Dixon, 1951). This test had the following steps: 1) all the values were arranged 

in ascending order, 2) the experimental Q-value (Qexp) was calculated (population size, 

N=3) (Dixon, 1953), 3) the Qexp was compared to the critical Q-value (Qcrit) which 

corresponds to different confidence levels (CL) (Table A.1, Appendix A) (Rorabacher, 

1991), and 4) the Qexp and Qcrit were compared, where if Qexp>Qcrit, the value in question 

can be characterized as an outlier and rejected (CL was set at 99%). 

Unpaired student t-test was applied for pairwise comparison between the different 

enzymes of the same substrate and concentration to check for significant difference 

between the different means (Student, 1908). Kruskal-Wallis test, followed by original 

false discovery (FDR) method of Benjamini and Hochberg, was carried out on GraphPad 

Prism to determine whether there was a significant difference across the different substrates 

withing the same enzyme and concentration. Kruskal-Wallis test, also known as one-way 

ANOVA on ranks, is a non-parametric method (does not assume a normal distribution) that 

is used on three or more groups to assess the differences against the average ranks and test 

if the samples originate from the same population (Kruskal & Wallis, 1952). The Benjamini 

and Hochberg method with FDR, is a multiple-comparison correction used to test the 

multiple hypotheses and avoid Type I and Type II errors (wrongful rejection or false 

positive) (Benjamini & Hochberg, 1995). 

2.4.7. Molecular docking simulations 

The amino acid sequence and crystal structure information of the P450cam 

(CYP101A1) were obtained from the RCSB Protein Data Bank (PDB) database. The 

reduced CO-bond protein in the presence of camphor with PDB code 2L8M was used as a 

template for the docking studies (Asciutto et al., 2011). The .pdb file was loaded into 

PyMOL and the natural substrate was removed along with the CO moiety. The enzyme 
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was then mutated to obtain ES6 (G120S) and ES7 (V247F/D297N/K314E). This was done 

by clicking Display → Sequence, to view the amino acid sequence. By going to Wizard → 

Mutagenesis → Protein, the respective residue can be selected. “No mutation” option was 

then changed to the desired residue (mutation). The rotamer picked was the one with the 

highest mutation chance (%). Prior to docking, the polychlorinated substrates were 

constructed in MOE using “Builder” by clicking Edit → Build → Molecule. The 2D 

structure was first copied from ChemDraw, pasted into the Builder and converted into 3D 

through energy minimization (Compute → Energy minimize). The file of the substrates 

was then converted to .mdb so that it could get imported into the MOE database and used 

for docking.  

The .pdb file of the protein was imported into MOE. Each residue was protonated 

at pH 7.4, temperature of 300 K and salt concentration (KCl) of 0.2 M, while the charge 

was assigned using the default settings through Compute → Prepare → Protonate 3D 

(Labute, 2009), followed by energy minimization of the structure using the 

“Amber10:EHT” forcefield (RHS → Minimize). The potential docking sites were 

identified through Compute → Site Finder, which is an algorithm that ranks the binding 

sites according to their size (Volkamer et al., 2010). “Site 1” was selected (highest-ranked 

site, protein + heme) and all the “Atoms” were isolated by a selection of “Dummies” that 

act as placeholders in this program. 

The ligands were docked by choosing all the atoms of the P450 polypeptide and the 

porphyrin moiety as the receptor. A placement methodology named “Triangle matcher” 

was used to generate poses through systematic alignment of ligand triplets of atoms on 

triplets of receptor site points (alpha spheres). These poses were then scored by the London 

dG function which can estimate the free energy of the binding of the ligand for a given 

pose. The final energy was scored by the GBVI/WSA dG (Generalized Born Volume 

Integral/ Weighted surface area) function (Labute, 2008), resulting in up to 30 poses. The 

distribution of poses was obtained from the docking results table on “Database viewer” 

that ranked them according to each structure’s conformational energy (Econf) in kcal/mol 

(Cornell et al., 1995). The pose with the lowest Econf was selected (Table A.5, Appendix 

A). 
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2.5. Results and conclusions 

2.5.1. Steady-state kinetic assays of WT P450cam, ES6 and ES7 with ES diol, 

ES lactone, ES ether, ES sulfate, ES α:β and heptachlor using 4-AAP 

coupled with H2O2 and HRP 

The reaction mixture was a freshly prepared solution of phosphate buffer (50 mM 

potassium phosphate, 200 mM KCl, pH 7.4) containing 1 mM H2O2 and 2 mM 4-AAP, 

along with 2.2 μg HRP (1 U/ml stock), 1.68 mM NADH, 1 μM of purified P450cam enzyme, 

2 μM PdX/PdR, 8 μM PdX, and the desired substrate (in EtOH) diluted in final 

concentrations of 50/100/200/300/400//500 μM. The total volume of the assay was 500 μL 

and the absorbance was monitored by UV-Vis spectroscopy at 506 nm for 3 minutes until 

a stable value was reached. The assay was performed by mixing all the materials together 

excluding the substrate, blanking the spectrophotometer, and then adding the substrate to 

record the absorbance. Three controls were run: 1) without the substrate, 2) without the 

enzyme, or 3) without NADH, to ensure there were not any other reactions resulting in 

colored products. All assays were done in triplicate (Figures 2.4, 2.5, 2.6). 
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Figure 2.4. Steady-state kinetic assay plots for WT P450cam and all the 

polychlorinated substrates. Rate refers to the rate of product 

formation. The bars represent means ± S. E (3 replicates). 
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Figure 2.5. Steady-state kinetic assay plots for mutant ES6 and all the 

polychlorinated substrates. Rate refers to the rate of product 

formation. The bars represent means ± S. E (3 replicates). 
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Figure 2.6. Steady-state kinetic assay plots for mutant ES7 and all the 

polychlorinated substrates. Rate refers to the rate of product 

formation. The bars represent means ± S. E (3 replicates). 
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No outliers were found using Dixon’s Q test (Tables A.2, A.3 and A.4, Appendix 

A). From the steady-state kinetic results, the enzymes display a sigmoidal curve on the plot 

of the rate of the product formation towards the substrate concentration instead of the 

hyperbola predicted using the typical Michaelis-Menten kinetics model. This could be due 

to various reasons such as the fact that the catalytic activity of the mutants affects the 

turnover of the enzyme during the formation of the colored product and that in general, not 

all substrate-enzyme complexes are very productive. Another reason could be that maybe 

there could be more than one active site, however, due to the hydrophobicity of these 

polychlorinated substrates, there are limitations when it comes to increasing the substrate 

concentration to test this hypothesis. In order for the substrate to be turned over, it needs 

to bind to the enzyme, something that is evident through the color formation of the assay. 

Moreover, the sigmoidal curve does not reach saturation, but if the substrate concentration 

were to be increased, this would result in its precipitation which would subsequently 

provide inaccurate readings. For that reason, the maximal velocity (Vmax) and hence the 

concentration needed to reach Vmax/2 (KM), is difficult to estimate, same for the dependent 

kcat and kcat/KM values. 

The rough estimates of the steady-state kinetic parameters (Vmax, KM, kcat, kcat/KM) 

from the dehalogenation of the polychlorinated substrates are shown in Tables 2.2, 2.3 and 

2.4. 
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Table 2.2. Steady-state kinetic parameters for the dehalogenation of ES diol, ES 

lactone, ES ether, ES sulfate, ES α:β and heptachlor by WT P450cam. 

N/D: not detected. 

WT P450cam 

Substrate Vmax (µM/s) KM (µM) kcat * (s-1) kcat/KM (µM-1٠s-1) 

ES diol 0E+00 N/D 0E+00 N/D 

ES lactone 2E+03 5E+03 2E+03 4E-01 

ES ether 2E+01 6E+02 2E+01 3E-02 

ES sulfate 5E+00 4E+02 5E+00 1E-02 

ES α:β 6E+00 4E+02 6E+00 2E-02 

Heptachlor 1E+01 5E+02 1E+01 2E-02 

*kcat=Vmax/[E] and since [E]=1 µM then kcat=Vmax in this case. 

Table 2.3. Steady-state kinetic parameters for the dehalogenation of ES diol, ES 

lactone, ES ether, ES sulfate, ES α:β and heptachlor by mutant ES6. 

ES6 (G120S) 

Substrate Vmax (µM/s) KM (µM) kcat * (s-1) kcat/KM (µM-1٠s-1) 

ES diol 2E+03 2E+10 2E+03 1E-07 

ES lactone 1E+01 4E+02 1E+01 3E-02 

ES ether 6E+03 2E+04 6E+03 3E-01 

ES sulfate 2E+10 3E+04 2E+10 7E+05 

ES α:β 5E+03 1E+04 5E+03 5E-01 

Heptachlor 2E+03 1E+04 2E+03 2E-01 

*kcat=Vmax/[E] and since [E]=1 µM then kcat=Vmax in this case. 
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Table 2.4. Steady-state kinetic parameters for the dehalogenation of ES diol, ES 

lactone, ES ether, ES sulfate, ES α:β and heptachlor by mutant ES7. 

ES7 (V247F/D297N/K314E) 

Substrate Vmax (µM/s) KM (µM) kcat * (s-1) kcat/KM (µM-1٠s-1) 

ES diol 9E+02 3E+08 9E+02 3E-06 

ES lactone 2E+03 4E+03 2E+03 5E-01 

ES ether 3E+01 5E+02 3E+01 6E-02 

ES sulfate 4E+03 1E+04 4E+03 4E-01 

ES α:β 2E+10 1E+04 2E+10 2E+06 

Heptachlor 1E+03 2E+04 1E+03 5E-02 

*kcat=Vmax/[E] and since [E]=1 µM then kcat=Vmax in this case. 

From these KM values it is difficult to say whether the mutants exhibit more 

efficient binding than the WT enzyme, as in almost every case, the KM is bigger than the 

maximum substrate concentration. Both ES6 and ES7 have a higher KM than the WT, 

except ES6 with ES lactone 17, and ES7 with ES lactone 17 and ES ether 16. Vmax values 

are also quite inconsistent, with most of the times being much higher than the highest rate. 

Even though the activity of the mutants (kcat) and their catalytic efficiency (kcat/KM) is better 

than the WT, once again, both of these parameters depend on Vmax and KM respectively. 

Those inaccuracies are likely due to the fact that saturation is never reached. However, it 

was not possible to reach higher substrate levels, as they would precipitate. For these 

reasons, it was more appropriate to compare the enzymatic activities across the different 

enzymes.  

2.5.2. Comparison of enzymatic activities of WT P450cam, ES6 and ES7 with 

substrates ES diol, ES lactone, ES ether, ES sulfate, ES α:β and 

heptachlor  

To compare the catalytic activity between mutants ES6 and ES7 versus the WT-

P450cam, kinetic assays were performed using ES α:β 13, ES sulfate 14, ES diol 15, ES 

ether 16, ES lactone 17 and heptachlor 18. Since these substrates exist in nature at low 
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concentrations, it was important to investigate the effect the various mutations have in 

limited substrate concentrations. 

The reaction mixture was once again prepared in the same way as described earlier 

in the chapter. The generated bar graphs depict the rates of the product formation for each 

enzyme at the different substrate concentrations (Figure 2.7). 
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Figure 2.7. Kinetic comparison of WT P450cam and mutants ES6 and ES7 with ES 

diol, ES lactone, ES ether, ES sulfate, ES α:β and heptachlor at 

concentrations of 50 μM, 100 μM, 200 μM. The bars represent means ± 

S. E (3 replicates). The same letter indicates significant difference 

between the different enzymes for each substrate at different substrate 

concentration. These pairwise comparisons were done using student’s 

t-test (p<0.05). The asterisk indicates significant difference between all 

substrates within the same enzyme and substrate concentration. These 

multiple comparisons were done using Kruskal-Wallis test, followed by 

Benjamini and Hochberg FDR adjustment (p<0.05). 

  



60 

Student’s t-test was carried for a pairwise comparison between the different 

enzymes for each substrate across the different substrate concentrations. Kruskal-Wallis 

test, followed by Benjamini and Hochberg FDR adjustment were also done for a multiple 

comparison between the different substrates across the different substrate concentrations 

and different enzymes. 

The t-test showed no significant difference between ES6 and ES7 for any substrate 

at any concentration. There is however significant difference (p<0.05) between the WT 

compared to both ES6 and ES7 at 50 μM substrate concentration for ES ether 16, ES sulfate 

14, ES α:β 13 and heptachlor 18. Likewise for 100 μM substrate concentration, this time 

including ES diol 15. For 200 μM substrate concentration, there is significant difference 

(p<0.05) between WT and both mutants for ES diol 15, ES ether 16, ES sulfate 14 and ES 

α:β 13. 

Kruskal-Wallis, followed by the FDR Benjamini-Hochberg method showed no 

significant difference in the WT enzyme across the different substrates. For ES6, at 50 μΜ 

substrate concentration, there is significant difference (p<0.05) between ES diol 15 - ES 

α:β 13  and ES lactone – ES α:β 13. At 100 μΜ, there is significant difference (p<0.05) 

between ES lactone 17 – ES ether 16, and at 200 μΜ, between ES diol 15 – ES ether 16. 

For ES7, at 50 μΜ substrate concentration, there is significant difference (p<0.05) between 

ES diol 15 - ES α:β 13 and ES lactone – ES α:β 13, and at 100 μΜ, between ES lactone 17 

– ES ether 16 and ES lactone 17 – Heptachlor 18. No significant difference for the 200 μΜ 

substrate concentration. 

WT P450cam was conspicuously less active than ES6 and ES7. More specifically, 

at 50 μM substrate concentration the WT enzyme was inactive, whereas the mutants 

showed activity with the highest being for ES α:β 13 and heptachlor 18. ES diol 15 and ES 

lactone were 17 undetectable with both of them. Once more, the WT was inactive at 100 

μM substrate concentration. On the other hand, ES6 and ES7 were more active with ES 

ether 16 and heptachlor 18. The least activity was noticed with ES diol 15, while once 

again, no activity was detected with ES lactone 17. Lastly, at 200 μM substrate 

concentration some activity was evident for the WT, with the highest being with ES ether 
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16. The mutants were more active with ES ether 16, followed by heptachlor 18. The least 

activity was noticed with ES diol 15. This time, there was some activity with ES lactone 

17 that was interestingly higher than with ES diol 15.  

Overall, the WT P450cam was only active at 200 μM, but still approximately three 

times less active than ES6 and ES7. ES α:β 13 was the substrate best turned over by both 

mutants at the lowest concentration, and substrates ES ether 16 and heptachlor 18 at the 

highest concentrations. Intermediate activity was noticed against ES sulfate 14, while the 

least (if not at all) activity was with ES diol 15 and ES lactone 17. 

2.5.3. In silico molecular docking simulations of WT P450cam and mutants 

with the polychlorinated substrate 

Molecular docking simulations were necessary in order to understand the way these 

polychlorinated substrates position themselves into the active site of the enzymes (Figures 

2.8, 2.9 and 2.10). The ligand interactions can be seen in Figures A.5, A.6 and A.7, 

Appendix A. One of the challenges when it comes to engineering the active site of 

cytochrome P450cam, is that unnatural substrates tend to have poor affinity and binding for 

the enzyme, as they cannot properly position themselves above the porphyrin and get 

turned over efficiently. This is because they are either too small, resulting in gaps in the 

active site cavity, or too large, making them unable to fit in the right position (Jones et al., 

2000). 
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Figure 2.8. Results from docking all the substrates into WT P450cam, which was 

obtained from modifying PDB 2L8M. The iron-heme is grey, the 

oxygen atoms red, the nitrogen atoms ultramarine and the chloride 

atoms green. The carbon chain for each substrate has a different color, 

cyan for ES diol, faded blue for ES lactone, yellow for ES ether, purple 

for ES sulfate, salmon pink for ES α:β and orange for heptachlor. 
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Figure 2.9. Results from docking all the substrates into ES6, which was obtained 

from modifying PDB 2L8M. The iron-heme is grey, the oxygen atoms 

red, the nitrogen atoms ultramarine and the chloride atoms green. The 

carbon chain for each substrate has a different color, cyan for ES diol, 

faded blue for ES lactone, yellow for ES ether, purple for ES sulfate, 

salmon pink for ES α:β and orange for heptachlor. 
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Figure 2.10. Results from docking all the substrates into ES7, which was obtained 

from modifying PDB 2L8M. The iron-heme is grey, the oxygen atoms 

red, the nitrogen atoms ultramarine and the chloride atoms green. The 

carbon chain for each substrate has a different color, cyan for ES diol, 

faded blue for ES lactone, yellow for ES ether, purple for ES sulfate, 

salmon pink for ES α:β and orange for heptachlor. 
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The single mutant ES6 (G120S), has glycine replaced with serine, which is bulkier 

and has an uncharged polar side chain. Residue Gly120 is a component of the CD loop of 

the WT enzyme, which is located near the heme. There are no reported mutations of this 

residue in the literature, however, Colthart et al. did some NMR studies to investigate the 

conformational changes upon the binding and removal of the substrate (Colthart et al., 

2016). They discovered that chemical shift changes occurred by mutating L244A, which is 

on I helix that is located on top of the CD loop, causing subsequent perturbations on the 

loop and especially on Gly120.  

The triple mutant ES7 (V247F/D297N/K314E) has valine replaced with 

phenylalanine which also has a hydrophobic side chain but it is bulkier, aspartic acid 

(negatively charged side chain) replaced with the uncharged polar asparagine, and lysine 

(positively charged side chain) replaced with the negatively charged glutamic acid. Residue 

Val247 has been well studied since it modulates the substrate specificity and stability 

(Poulos et al., 1987). It is located on the upper part of the active site and specifically on I 

helix (Poulos et al., 1985). Mutation to V247F has been shown to play a part in the 

oxyfunctionalization of several monoterpenes (Hernandez-Ortega et al., 2018). 

Furthermore, this mutation was also identified in a study of the biodegradation of 3-

chloroindole by previous students of this group (Kammoonah et al., 2018; Prasad, 2013). 

However, another study showed that this mutation reduced the total turnover number and 

regioselectivity of α-isophorone oxidation (Tavanti et al., 2017). Studies on other mutations 

on this residue involve V247A and V247L, which participate in the oxidation of some 

alkanes (Bell et al., 2002; Bell, Orton, et al., 2003; Stevenson et al., 1996, 1998), while the 

second is also responsible for the oxidation of a few terpenes (Bell, Chen, et al., 2003; Bell 

et al., 2001; Sowden et al., 2005) and some chlorinated compounds (Jones et al., 2000; 

Walsh et al., 2000; F. Xu et al., 2007). Furthermore, mutation V247M has shown to be 

involved in the hydroxylation of ethylbenzene (Loida & Sligar, 1993). Residue Asp297 is 

at a closer proximity to the heme, specifically on the β-sheet between K and K’ helices, 

thus, closer to camphor. The amide side chain of this highly polar residue participates in 

H-bonding with the heme-7-propionate (Poulos et al., 1985, 1987). This creates a tetrad 

network that includes the heme-7-propionate, Asp297, Arg299 and Gln322, which is 

essential for blocking bulk water entrance to the active site (Hayashi et al., 2009). Mutation 
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to D297N has shown that this tetrad is still being formed (Sakurai, 2009). Moreover, 

D297N is a recurring mutation in the SeSaM library generated by the previous PhD student 

Dr. Prasad, and was shown to help by increasing the catalytic efficiency and rate of 

formation at low concentrations of 3-chloroindole (Prasad, 2013). Other mutations of this 

residue include D297I and D297T, which have been found to oxidize diphenylmethane 

(Fowler et al., 1994; Hoffmann et al., 2011; Speight et al., 2004), while D297M was shown 

to reduce the oxidation activity with propane and butane (Bell, Orton, et al., 2003). Finally, 

Lys314 is located on the same β-sheet, near Asp297, but it is positioned away from the 

active site cavity. Mutant K314E was surprisingly recurring in the SeSaM library, however, 

it has never been reported before.  

2.5.4. Proposed mechanism of dehalogenation 

Under oxidizing conditions and NADH as the electron donor, the P450cam mutants 

along with their redox partners PdX and PdR, initiate the degradation by epoxidation of 

the double bond of the hexachlorinated part of the substrates 13-18 to generate 19, which 

quickly gets protonated to 20. A nucleophilic attack of a water molecule to the carbon 

cation forms 21, which immediately releases 2HCl molecules, giving the strained species 

22. This species is unstable, thus it rearranges to 23 and is further hydrolyzed to 24, which 

releases 2HCl molecules, resulting in 25. Decarboxylation occurs to give 26, that releases 

the fifth HCl molecule and forms the quinone hydroxyl species 27. This tautomerizes to 

the di-keto species 28, and the last HCl molecule is also released to give 29. Finally, 

reduction of this ketone (quinone) to alcohol with NADH results in 30, which is the most 

likely final product of this dehalogenation reaction, along with quinone 29 itself (Prasad, 

2013). 
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Figure 2.11. Proposed dehalogenation mechanism of polychlorinated substrates. 

2.6. Conclusions 

4-AAP colorimetric assays were carried out followed by steady state kinetic assays 

using WT P450cam, ES6 and ES7 with ES α:β 13, ES sulfate 14, ES diol 15, ES ether 16, 

ES lactone 17 and heptachlor 18, at concentrations of 50/100/200//300/400/500 μM. The 

rate of product formation at low substrate concentrations was compared between the WT 

and the mutants in order to determine the effect the mutations have on the activity of the 

enzyme. There was no significant difference between the mutants, but there was significant 

difference between them and the WT enzyme. There was also significant difference across 
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some of the substrates. Mutant ES6 showed the highest rate of product formation with 

substrates ES α:β 13 at 50 μM and ES ether 16 at 100/200 μM, while the lowest detected 

rate was with ES ether 16  at 50 μM and ES diol 15 at 100/200 μM. Mutant ES7 showed 

the highest rate of product formation with substrates ES α:β 13 at 50 μM and heptachlor 

18 at 100/200 μM, while the lowest detected rate was with ES sulfate 14 at 50 μM and ES 

diol 15 at 100/200 μM. Overall, both mutants resulted in a 3-fold increase of the rate of 

product formation compared to the WT. 

Moreover, molecular docking studies were carried out in order to visualize the way 

the substrates are binding to the enzymes and determine how the different variants affect 

the size of the catalytic pocket and subsequently the turnover success. Both mutants had 

similar rates of product formation despite ES6 having only one mutation, while ES7 having 

three. It is evident that these substitutions caused changes in the WT P450cam, resulting in 

the increased activity and giving the enzyme the ability to accept unnatural substrates. 
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Chapter 3.  

 

Insect cytochromes P450 in degradation of 

dialkoxybenzene pesticides 

3.1. Past studies and production of dialkoxybenzene minilibraries 

Chemical signals (e.g., tastes, odors) from insects towards plants, parasites and vice 

versa, are important guides for the detection and selection of hosts for feeding, recognition 

of predators and discovery of mates (De Moraes et al., 1998; Isman, 2002). Antifeedants 

are compounds that are known to have insecticidal effects since they negatively influence 

the feeding habits of insects. These substances are found in plant secondary metabolites 

such as terpenoids, alkaloids and phenolics (Ahmed & Brattsten, 1986). Phenolics 

specifically, are essential as they participate in the plant defense, growth, reproduction etc. 

(Bhattacharya et al., 2010), and several of these are being used against fungi and bacteria 

(Bennett & Wallsgrove, 1994). 

We have been interested in creating analogues that mimic known odorants and can 

either enhance or inhibit behavioural traits of insects. Since chemical cues play an 

important role in multiple functions of insects, and especially their sense of smell, my 

group has worked on the development of low-molecular weight phenolic odorants that can 

be easily produced using common chemicals such as hydroquinone (Akhtar et al., 2007; 

Paduraru et al., 2008). Arthropods the group has been working on include the cabbage 

looper, Trichoplusia ni, and the honey bee parasite, Varroa destructor. Varroa is becoming 

resistant towards commercially available acaricides, so finding new compounds to treat 

beehives against this mite is essential to the beekeeping industry. The most active feeding 

deterrent against T. ni is also the most active acaricide against varroa mites, 1-allyloxky-4-

propoxybenzene, coded as compound 3c{3,6} in the original system (Figure 3.1). The first 

libraries of dialkoxybenzene compounds were prepared by Paduraru et al. and were tested 

against T. ni. (Akhtar et al., 2007; Paduraru et al., 2008). Later studies, described in Eliash 

et al., focused on the host choice of varroa mites (Eliash et al., 2014). From the various 

dialkoxybenzenes that were tested against varroa, compound 3c{3,6} was found to 
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paralyze and kill the mites. Structure-activity studies done by another MSc in the group, 

Soniya Dawdani, showed that 1,4-dipropoxybenzene (3c{3,3}) and 1,4-diallyloxybenzene 

(3c{6,6}) were both active, but less than 3c{3,6} (Figure 3.1) (Dawdani, 2021). Field trials 

with compound 3c{3,6}, done jointly between our lab and Dr. S. Pernal (Agriculture and 

AgriFood Canada) demonstrated that this compound is active and of potential use in the 

management of the varroa mite infestation of bee colonies (unpublished).  Tests in cages 

with bees fed 3c{3,6} showed that the compound is not toxic to them (Singh et al., 2020), 

which raises the question whether bees can metabolize this compound. 

 

Figure 3.1. Dialkoxybenzene compounds. 

3.1.1. Feeding, olfaction, oviposition deterrence and physicochemical 

properties of the dialkoxybenzene compounds 

It has been previously found through studies of my group, that some of these 

dialkoxybenzene compounds possess feeding and oviposition deterrence towards the 

invasive pests, T. ni (Akhtar et al., 2007, 2010), and gypsy moth larvae, Lymantria dispar 

(Plettner & Gries, 2010). Laboratory leaf disc choice bioassays revealed that the para-

substitured dialkoxybenzenes were the most active, with 65% of them having an 

antifeeding effect in a range of 53-100% at concentrations of 50 μg/cm2. The overall best 

antifeeding and antioviposition effects were from compounds with medium-sized groups 

such as propyl, allyl etc., with the highest being for 3c{3,6} (Akhtar et al., 2007, 2010). 

Moreover, this compound also showed low toxicity towards cabbage looper larvae (Akhtar 

et al., 2010; Ebrahimi & Plettner, 2014), while it was more effective than the insect 

repellent N,N-Diethyl-3-methylbenzamide (DEET) (Akhtar et al., 2010). Other studies 

investigated the bacterial degradation of 3c{3,6} from cytochrome P450. In vitro assays 
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showed that the stains ATCC 17453 and ATCC 17484 from the soil bacterium P. putida, 

were responsible for the dealkylation of the compound. In comparison to the control, the 

concentration of 3c{3,6} was decreased (either metabolized or evaporated) by ~75% with 

ATCC 17453 and ~40% with ATCC 17484 (Ebrahimi & Plettner, 2014). Recently, 

electrophysiological and behavioral assays were conducted to assess the olfactory effects 

of 3c{3,6} towards varroa mites and honey bees. The results of the study were similar to a 

previous study (Singh et al., 2015), and demonstrated that the compound inhibits the mite’s 

ability to respond to the honey bee odor, in respect of host choice communication. 

Additionally, the response towards 3c{3,6} was a bit stronger than DEET, while further 

observations revealed that varroa becomes paralyzed (Dawdani, 2021; Singh et al., 2020), 

and around half the mites die during the assay (Singh et al., 2020). Paralytic activity, 

detachment from the bee abdomen and eventually death, was also caused by 3c{6,6} 

(Dawdani, 2021). 

These dialkoxybenzene compounds show potential as insect management agents, 

however, if they are meant to be used for pest control, it is important to know their 

physicochemical properties (i.e., water solubility, hydrophobicity/lipophilicity, volatility, 

interaction with soil) in order to predict their fate in the environment. Water solubility 

represents the capability of a compound to dissolve in water, however, it is not enough to 

determine the leaching out of soil since these pesticides tend to distribute in other phases 

too such as air, solids, and hydrophobic mediums. Hydrophobicity/lipophilicity is crucial 

for the sorption, partition, and uptake of pollutants, and can be determined using the 

octanol-water partition coefficient (Kow) (Leo et al., 1971). During partitioning, a 

compound is being distributed between two immiscible phases (1-octanol and water) until 

it reaches equilibrium. This system is used as the basis for this interaction between the 

aqueous and biological phase (Jaworska et al., 1995) thanks to the amphiphilic nature of 1-

octanol which makes it a great candidate for modeling the distribution of chemicals 

(Amellal et al., 2001). The larger the Kow is, the more hydrophobic the compound is, thus 

the less it will leach out of soil and organic matter (Streit, 1992). Previous studies by my 

group have calculated the Kow values of the dialkoxybenzene compounds through GC-MS 

and determined that they have acceptable physicochemical properties (Ebrahimi, 2012; 

Ebrahimi et al., 2013; Kammoonah, 2016). More specifically, the most hydrophobic one 
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was 3c{6,6} with a Kow of 3.5, followed by 3c{3,6} at 2.4 and then 3c{3,3} at 1.46 

(Ebrahimi, 2012). It was also determined that these compounds partition less in water and 

air and adsorb more onto soil and solid (Ebrahimi et al., 2013). Volatility is another 

important parameter used to determine the transport of chemicals through air (Dörfler et 

al., 1991), and their efficiency is linked to the evaporation process (Samsonov et al., 1998). 

This was measured using the liquid-gas partition coefficient (Kl/g) through GC-MS, and the 

larger it is, the less volatile the compound is. The least volatile was 3c{6,6} with a Kl/g of 

9.25, followed by 3c{3,6} at 4.33 and then 3c{3,3} at 3.22 (Ebrahimi et al., 2013). Finally, 

soil is another important factor in the fate and persistence of chemicals (Bollag et al., 1992; 

Walker et al., 1992). It mainly consists of inorganic matter and a small amount of organic 

material (Dube et al., 2001). The sorption of pollutants can either result in the accumulation 

to the solid components (inorganic) for more hydrophilic, polar molecules, or adsorption 

by organic matter of less polar molecules due to hydrophobic interactions (Delle Site, 2001; 

Wauchope et al., 2002). 

3.2. Introduction 

A library of dialkoxybenzene compounds was previously synthesized by our group 

(Paduraru et al., 2008), with some of them having acaricidal activity against Varroa 

destructor (Dawdani, 2021). Specifically, 1-allyloxy-4-propoxybenzene (3c{3,6}) was the 

most potent one, showing promise as a new control agent against the mites. The ability of 

three of these dialkoxybenzene compounds, namely 1-allyloxy-4-propoxy benzene 

(3c{3,6}), 1,4-dipropoxy benzene (3c{3,3}) and 1,4-diallyloxy benzene (3c{6,6}) to get 

metabolized by the honey bees was tested. Since varroa mites feed on the fat body, an organ 

encompassing the abdomen with multiple functions including pesticide detoxification, we 

suspected that the part of the degradation process occurs there. Thus, my objective was to 

use the abdomen of treated (1 mM 3c{3,6}) and untreated bees, to detect whether these 

compounds are being metabolized by cytochromes P450, and subsequently identify their 

dealkylation products. The formation of products was firstly confirmed through a 

colorimetric phenol detection assay as they are expected to produce phenols which can be 

easily detected via UV-Vis spectroscopy. Finally, GC-MS quantitative assays were 

performed to identify these products and support the initial hypothesis. 
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3.3. Materials, equipment, and methods 

All the chemicals used were of analytical grade and were purchased from Sigma-

Aldrich (Oakville - Canada), Fisher Scientific (Ottawa - Canada) or Roche Diagnostics 

(Mannheim - Germany). Ultrapure water was used that was purified by a Synergy® UV 

Water Purification System from Millipore (Oakville - Canada). Honey bees were collected 

from an apiary in Langley, BC (Canada) and placed in a bee-collection jar before being 

freshly frozen at -79 oC. The buffer used had a pH of 7.4, which was recorded by an Orion 

410A pH meter by ThermoFisher Scientific. All the chemical structures were created with 

the latest version of the software ChemDraw Pro by PerkinElmer, whilst the kinetics 

studies were carried out using the latest version of Graphpad Prism. 

Monosodium phosphate (NaH2PO4), Potassium chloride (KCl), Sodium hydroxide 

(NaOH), Styrene maleic acid (SMA), acidified Coomassie Brilliant Blue G-250 (Bradford 

reagent), Bovine serum albumin (BSA), 4-Aminoantipyrine (4-AAP), Horseradish 

Peroxidase (Type VI, HRP), Hydrogen peroxide (H2O2), Glucose-6-phosphate (G6P), 

Glucose-6-phosphate dehydrogenase (G6PDH), Nicotinamide adenine dinucleotide 

phosphate (NADPH), Methanol (MeOH), Hexane (Hex), Ethyl acetate (EtOAc), 1-

allyloxy-4-propoxy benzene (3c{3,6}), 1,4-dipropoxy benzene (3c{3,3}), 1,4-diallyloxy 

benzene (3c{6,6}), 1,4-dimethoxy benzene (3c{1,1}), 1-hydroxy-4-propoxy benzene 

(2c{3}), 1-hydroxy-4-allyloxy benzene (2c{6}), hydroquinone (HQ). 

Centrifugations were done on an IEC Micromax RF Refrigerated Microcentrifuge 

by Thermo Scientific. The absorbance was monitored by Ultraviolet Visible spectroscopy 

using a UV-6300PC Double Beam Spectrophotometer by VWR® (Radnor - USA), with a 

photometric accuracy of ± 0,002 A at 1 A and ≤ 0,3% T. The assay samples were analyzed 

by Gas Chromatography Mass Spectrometry (GC-MS) on a Varian Saturn 2000 MS that 

had a 30 m length Supelco SPB-5 Capillary GC Column of 0.25 mm inner diameter and 

0.25 μm film thickness. The method used was programmed as follows: 80 oC (5 min hold), 

10 oC per min until 250 oC (1 min hold), total run time of 23 min. The volume of the 

injected sample was always 1 μL. Calibration curves were obtained for 1-allyloxy-4-

propoxy benzene (3c{3,6}), 1,4-dipropoxy benzene (3c{3,3}), 1,4-diallyloxy benzene 
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(3c{6,6}), 1-hydroxy-4-propoxy benzene (2c{3}), 1-hydroxy-4-allyloxy benzene (2c{6}) 

and hydroquinone (HQ), at concentrations of 10/15/20/50/100/150 μg/μL. 

3.3.1. Bee protein extraction using SMA copolymer 

The styrene maleic acid (SMA) copolymer used was synthesized by a group 

member, Dr. Govardhana Pinnelli, with styrene and maleic anhydride, following a standard 

protocol (S. C. Lee et al., 2016). SMA is an amphiphilic molecule that allows membrane 

proteins to be extracted from the cells without the need of a detergent by creating water-

soluble nanodiscs which conserve a part of the protein’s native membrane (Dörr et al., 

2016; S. C. Lee et al., 2016; Smirnova et al., 2018). Honey bee abdomens were dissected, 

weighted and rinsed with phosphate buffer (100 mM NaH2PO4, 50 mM KCl, pH: 7.4 using 

concentrated NaOH). The membranes were extracted using 2.5% SMA in phosphate buffer 

(1g SMA per 10g of wet membrane) at room temperature through homogenization with a 

Tissue Grinder Potter-Elvehjem (PTFE) chamber and pestle. The extracted wet membranes 

were then separated from the bee’s exoskeleton and an equal amount of phosphate buffer 

was added to collect any leftover membranes, resulting in a 1.25% SMA extract. The 

membranes were firstly centrifuged at 10.000 ×g for 5 min and the supernatant was 

collected and kept in the fridge at 4 oC. Into the debris, 1:1 of 2.5% SMA buffer to 

phosphate buffer was added, mixed and centrifuged again at 10.000 ×g for 5 min to collect 

any protein trapped in there. The supernatant was once again collected and combined with 

the previous one before being centrifuged again at 10.000 ×g for 20 min. Finally, the 

extracted protein was filtered using a 0.45 μm syringe filter to remove particulate impurities 

and then stored at 4 oC. 

3.3.2. Bradford assay 

Bradford assay is a quantitation method that utilizes Coomassie Brilliant Blue G-

250 dye to bind to proteins and was developed by Bradford in 1976 for the determination 

of a solution’s protein concentration (Bradford, 1976). This dye shifts between 3 species: 

a red/brown-colored cationic with Amax at 470 nm, a green-colored neutral with Amax at 650 

nm, and a blue-colored anionic with Amax at 595 nm (Compton & Jones, 1985). It is more 
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commonly known as Bradford reagent, where the dye is acidified with phosphoric acid and 

exists in its red/brown form. Upon binding to the protein, it shifts to the blue form and can 

be detected spectrophotometrically at 595 nm (Sedmak & Grossberg, 1977). However, 

there can be interferences in the dye’s action such as detergents, basic buffers or basic and 

aromatic amino acids (Compton & Jones, 1985). Since SMA is an aromatic copolymer, it 

also binds to the dye, hence, SMA controls were used to remove the background from the 

bee samples. Bovine serum albumin (BSA) was used to create a calibration curve. A stock 

of 0.1 mg/mL BSA was diluted in water to final concentrations of 0/1/2.5/5/10/50 μg per 

1 mL assay volume, which also included 300 μL Bradford reagent. The color formation is 

rapid and the absorbance was recorded by UV-Vis spectroscopy at 595 nm. Through the 

standard BSA curve, the unknown samples were interpolated using the linear-regression 

model of Graphpad Prism, and the honey bee protein extract concentration was determined. 

This assay is quite sensitive and detects concentrations as low as 0.5 μg/mL (Ernst & Zor, 

2010; Spector, 1978). 

3.3.3. NADPH regeneration system 

Insect cytochrome P450s belong to Class II microsomal P450s (Munro et al., 2007), 

making them dependent on NADPH, a cofactor that is quite expensive, thus a recycling 

system was required for such a stoichiometric analysis. The system is based on the 

oxidative pentose phosphate pathway, which acts as a shunt for the catabolism of glucose, 

leading to the production of NADPH. It is an alternative pathway to glycolysis that utilizes 

the enzymes glucose-6-phosphate dehydrogenase (G6PDH), gluconolactonase and 6-

phosphogluconate dehydrogenase, for the conversion of glucose-6-phosphate (G6P) to 

ribulose-5-phosphate, a precursor of major biomolecules that are also a source of NADPH 

(Figure 3.2) (Spaans et al., 2015). The regeneration system involves G6P, G6PDH and 

NADPH, and was optimized according to Millipore Sigma’s Enzymatic Assay of Glucose-

6-Phosphate Dehydrogenase (EC 1.1.1.49) which was based on Noltmann’s method 

(Noltmann et al., 1961). 
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Figure 3.2. Oxidative pentose phosphate pathway. 

3.3.4. In vitro colorimetric phenol detection assay with 4-AAP, HRP and 

H2O2 

To investigate the products of the substrate dealkylation, a colorimetric system 

involving 4-AAP in the presence of HRP and H2O2 was used to detect phenols through 

UV-Vis spectroscopy at approximately 500 nm as described in Chapter 2 (Figure 3.3). 

This method was optimized by taking into account the conditions previously used 

in Chapter 2, the nature of SMA and the NADPH regeneration system that was used. The 

absorbance was measured at 506 nm, while in order to exclude random activity and confirm 

that the degradation is due to the presence of cytochrome P450s, three main controls were 

run: 1) no substrate, 2) no enzyme and 3) no NADPH. 

 

Figure 3.3. Expected dealkylation and oxidation products of the colorimetric 

assay. 

3.3.5. Extraction of GC-MS assay products 

The assay mixture was prepared without adding 4-AAP, HRP and H2O2 and 

equilibrated on ice for 45 min. The products were separated from the aqueous solution 

through liquid-liquid extraction using a mixture of Hex:EtOAc (4:1) that contained 40 
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μg/μL 1,4-dimethoxy benzene (3c{1,1}) (internal standard). The extract (organic phase) 

was then dried for 20 mins using Na2SO4 and the samples were collected in a GC-MS vial 

and stored at 4 oC before being analyzed. 

3.3.6. Kinetics and statistical analysis 

The colorimetric phenol detection assay produces orange-colored products which 

are analyzed through UV-Vis spectroscopy. This colorimetric reaction was calibrated using 

the expected dealkylation products hydroquinone (HQ), 1-hydroxy-4-propoxybenzene 

(2c{3}) and 1-hydroxy-4-allyloxybenzene (2c{6}) (Figure B.2, Appendix B). The standard 

curve that was generated was then used to convert the absorbance to product concentration, 

and subsequently get the rate of the product formation. Kinetic studies were carried out and 

plotted on GraphPad Prism, and the data were expressed using the typical Michaelis-

Menten model. The kinetic parameter Vmax and the specific activity (nmol/min/μg) of the 

enzyme was also compared between the treated and untreated bees. 

 

Unpaired student t-test was applied for pairwise comparison between the treated 

and untreated bees and the different compounds to check for significant difference between 

their means (Student, 1908), followed by the non-parametric Mann-Whitney test that 

checks whether two groups originate from different populations (Mann & Whitney, 1947). 
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3.4. Results and conclusions 

3.4.1. Steady-state kinetic assays of honey bee protein extract with 3c{3,6}, 

3c{3,3} and 3c{6,6} using 4-AAP coupled with H2O2 and HRP 

The reaction mixture was a freshly prepared solution of phosphate buffer (100 mM 

NaH2PO4, 50 mM KCl, pH 7.4) containing 1 mM H2O2 and 2 mM 4-AAP, along with 2.2 

μg HRP (1 U/mL stock), 1.2 mM G6P, 0.003 U/mL G6PDH, 0.1 mM NADPH, 40 μg/mL 

bee protein extract in 1.25% SMA buffer, and the desired substrate (in MeOH) diluted in 

final concentrations of 10/15/20/50/100/150 μM. The total volume of the assay was 1 mL 

and the absorbance was monitored by UV-Vis spectroscopy at 506 nm for 2 minutes until 

a stable value was reached. The assay was performed by mixing all the materials together 

excluding the substrate, blanking the spectrophotometer, and then adding the substrate to 

record the absorbance. Three controls were run: 1) without the substrate, 2) without the 

enzyme, and 3) without NADPH, to ensure there were no other reactions resulting in 

colored products. All assays were done in triplicate (Figure 3.4). 
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Figure 3.4. Steady-state kinetic assay plots for the untreated and treated honey bee 

extracts with the dialkoxybenzene compounds. Rate refers to the rate 

of product formation. The bars represent means ± S. E (3 replicates). 
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Student’s t-test followed by Mann-Whitney’s test were carried out for a pairwise 

comparison between the untreated and treated bee extracts and between the three 

substrates. It was found that there was a significant difference (p<0.05) between the two 

extracts for every substrate, however, there was no significant difference between the 

different substrates across the same bee extract. 

The generated graphs seem to partially follow a Michaelis-Menten trend. For 

3c{3,3}, there is a noticeable variability for both the untreated and treated bees, with 

3c{6,6} also showing some variability for the untreated group. It is suspected that these 

values are more spread out due to some bee extracts originating from different bee batches 

and bee types (foragers, nurses, or both). Moreover, both the untreated and treated extracts 

appear to have already reached maximal activity, and not much increase was noticed with 

additional substrate concentration. The rate of product formation was similar between the 

different substrates but different for the untreated and treated group, with the first one 

having significantly higher rates. From the controls that were run for both groups, it was 

evident that there is activity without the addition of substrate (Figure B.1, Appendix B). 

Thus, it is suspected that there are probably endogenous phenols within the honey bees that 

reacted with 4-AAP. Since there is a lot of background activity in the extracts giving color 

in the coupled assay, the dealkylation of the substrates was later on investigated through 

GC-MS assays. 

The maximum velocity (Vmax) from the dealkylation of the dialkoxybenzene 

compounds was calculated as the average rate from all substrate concentrations (excluding 

0 μM), since saturation is already reached and the rate does not increase upon the addition 

of more substrate (Table 3.1). Also, the net (corrected for background) specific activity 

(nmol/min/μg) of the enzyme was calculated for the dealkylation of the dialkoxybenzene 

compounds using the Vmax (Table 3.1).  
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Table 3.1. Maximum velocity (Vmax) and specific activity (nmol/min/μg) for the 

dealkylation of 3c{3,6}, 3c{3,3} and 3c{6,6} by the untreated and 

treated bees. 

 Untreated Treated 

Substrate 
Vmax 

(μM/sec) 

Specific 

activity 

(nmol/min/μg) 

Vmax 

(μM/sec) 

Specific 

activity 

(nmol/min/μg) 

3c{3,6} 531.3 796.9 15.8 23.7 

3c{3,3} 501.4 752.1 13.2 19.8 

3c{6,6} 592.9 889.3 16.3 24.4 

The specific activity represents the amount of substrate that is being turned over in 

a specific amount of time (minutes) over the amount of total protein (μg) used in the assay. 

However, the total amount of enzyme is unknown because the bee extracts were not 

purified, thus, the specific activity here can be used to confirm the consistency between the 

different bee extract batches, considering the normal experimental margin of error. Since I 

suspect the presence of endogenous phenols within both groups, and the rates for the 

untreated bees are much higher than those of the treated ones, the specific activity is 

analogous to the rate. 

3.4.2. GC-MS quantitative assays 

The reaction mixture was 0.5 mL and contained concentrated untreated bee extract 

of 200 μg/mL in 1.25% SMA buffer (100 mM NaH2PO4, 50 mM KCl, pH 7.4), 1.2 mM 

G6P, 0.003 U/mL G6PDH, 0.1 mM NADPH, and the desired substrate (in MeOH) diluted 

in final concentrations of 10/15/20//50/100/150 μM. The assay mixture was equilibrated 

on ice for 45 min and then the products were extracted. Three main controls were run: 1) 

without the substrate, 2) without the enzyme, and 3) without NADPH. Moreover, a 

cytochrome P450 inhibitor, 1-phenylimidazole, was also tested to verify that the 

dealkylation is indeed due to the action of P450s. The reaction was calibrated using 1-

allyloxy-4-propoxy benzene (3c{3,6}), 1,4-dipropoxy benzene (3c{3,3}), 1,4-diallyloxy 

benzene (3c{6,6}), 1-hydroxy-4-propoxy benzene (2c{3}), 1-hydroxy-4-allyloxy benzene 
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(2c{6}) and hydroquinone (HQ) (Figure B.3., Appendix B). The total run time was 23 min, 

and the respective retention times, molecular weight and chromatographs can be seen on 

Table B.1, Figure B.4 and B.5, Appendix B. 

The amount of substrate and products formed was calculated by measuring their 

peak area which was then converted to concentration in ng/μL (Tables B.2, B.3, and B.4, 

Appendix B) using the standard calibration curves, and subsequently to nmol. To visualize 

better the dealkylation rate, the estimated percentage of the total found dealkylated 

products, while accounting for the lost substrate was calculated, along with the estimated 

total dealkylation yield (Tables 3.2, 3.3 and 3.4). 

Table 3.2. GC-MS quantitation of 3c{3,6} and its products. 

Assay 

concentration 

(μM) 

3c{3,6} 

added 

(nmol) 

3c{3,6} 

recovered 

(nmol) 

2c{3} 

(nmol) 

2c{6} 

(nmol) 

HQ 

(nmol) 

3c{3,6} lost + 

total 

dealkylated / 

added (%) 

Total 

dealkylation 

yield (%) 

10 5 0.9 1.2E-2 2.3E-2 2.5E-1 87 6 

15 7.5 1.7 1.4E-2 1.8E-2 3.7E-1 82 5 

20 10 3.6 6.0E-3 8.0E-3 3.0E-1 67 3 

50 25 3.8 4.0E-3 6.0E-3 N/D 85 < 0.1 

100 50 12.3 6.0E-3 1.1E-2 N/D 76 < 0.1 

150 75 21 8.0E-3 1.2E-2 N/D 72 < 0.1 
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Table 3.3. GC-MS quantitation of 3c{3,3} and its products. 

Assay 

concentration 

(μM) 

3c{3,3} 

added 

(nmol) 

3c{3,3} 

recovered 

(nmol) 

2c{3} 

(nmol) 

3c{3,3} lost + 

total dealkylated / 

added (%) 

Total 

dealkylation 

yield (%) 

10 5 0.6 5.0E-3 89 0.1 

15 7.5 1.3 2.0E-3 83 < 0.1 

20 10 0.9 3.0E-3 91 < 0.1 

50 25 5.2 2.0E-3 79 < 0.1 

100 50 10.7 4.0E-3 79 < 0.1 

150 75 22.6 2.0E-3 70 < 0.1 

Table 3.4. GC-MS quantitation of 3c{6,6} and its products. 

Assay 

concentration 

(μM) 

3c{6,6} 

added 

(nmol) 

3c{6,6} 

recovered 

(nmol) 

2c{6} 

(nmol) 

3c{6,6} lost + 

total dealkylated / 

added (%) 

Total 

dealkylation 

yield (%) 

10 5 0.1 4.9E-2 99 1 

15 7.5 0.1 2.3E-2 99 0.3 

20 10 0.5 1.7E-2 96 0.2 

50 25 1.8 3.4E-2 93 0.1 

100 50 5.0 1.2E-2 90 < 0.1 

150 75 5.2 3.0E-3 93 < 0.1 

Regardless of the substrate being used, when it is more than 50 μM, the yield of the 

product forming drops significantly, with the lower assay concentrations having a much 

better turnover. Interestingly, the lowest concentration gave the best yield across every 

compound, which can be attributed to the fact that the concentration of the 

dialkoxybenzene compounds used in those assays is much higher than the one being used 

in a beehive setting. This lines up with the fact that the 4-AAP assays showed that the P450 

enzymes are already saturated with substrate even at the lowest concentration. Compound 
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3c{3,6} gave both the single and double dealkylation products, while HQ was not detected 

for substrate concentrations of 50 μM and higher. Compound 3c{3,3} gave only 2c{3} and 

compound 3c{6,6} gave 2c{6}. 

Due to the significant amount of lost substrate which accounted for more than 70%, 

and possibly lost product, controls were run using 2c{3}, 2c{6} and HQ as substrates. It 

was found that there were significant losses due to the possible desorption of these 

compounds, with HQ having the least recovery yield (Table B.5, Appendix B). Since this 

molecule is quite polar, it probably gets oxidized easily to a quinone, which could be a 

reason as to why it was so hard to detect. Moreover, another reason for losses besides the 

volatility of these compounds, is the possibility of the substrate and products being trapped 

in an emulsion formed and discarded during extraction, which is attributed to the 

amphiphilic nature of the SMA copolymer. 

3.4.3. Proposed mechanism of dealkylation 

Under oxidizing conditions and NADPH as the electron donor, cytochrome P450 

along with a FAD-reductase, initiates the dealkylation of the 3c compounds through 

hydroxylation near C1 or C4, generating a hemiacetal intermediate. This species is 

unstable, thus it releases the propio- or acryl-aldehyde part and simultaneously gets 

protonated resulting in 2c{3} or 2c{6}. Finally, the mono-alkoxybenzene compound is 

oxidized again through cytochrome P450 following the same mechanism, and ultimately 

forms HQ (Ebrahimi & Plettner, 2014). 
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Figure 3.5. Proposed dealkylation mechanism of dialkoxybenzene compounds. 

3.5. Conclusions 

4-AAP colorimetric assays were carried out followed by steady state kinetic assays 

using treated (1mM 3c{3,6}) and untreated honey bee extract with compounds 3c{3,6}, 

3c{3,3} and 3c{6,6} at concentrations of 10/15/20/50/100/150 μM. The rate of product 

formation did not increase upon altering the substrate concentration and was similar across 

the different compounds. However, the untreated bees had a significantly higher rate 

compared to the treated ones. GC-MS assays were carried out using concentrated untreated 

bee extract to quantitate the dealkylation products of the dialkoxybenzene compounds. All 

the formed products showed the highest dealkylation yields at the lowest substrate 

concentrations. Compound 3c{3,6} gave all of the three expected products, while 

compounds 3c{3,3} and 3c{6,6} gave only 2c{3} and 2c{6}, respectively. From these 

results, it is evident that these dialkoxybenzene compounds can be indeed metabolized by 

the honey bee cytochromes P450. 
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Chapter 4.  

 

Discussion and future studies 

4.1. Polychlorinated compounds 

In this project, I used two cytochrome P450cam mutants, ES6 and ES7, and tested 

them for their ability to degrade ES α:β 13, ES sulfate 14, ES diol 15, ES ether 16, ES 

lactone 17, and heptachlor 18. I monitored the formation of the dehalogenated products 

through 4-AAP coupled assays, which resulted in color formation. Kinetic studies revealed 

a sigmoidal relationship between the velocity over the substrate concentration. I found that 

there was a significant difference between the WT enzyme compared to both mutants, and 

across the different substrates. In silico molecular docking simulations were also carried 

out to elucidate the way the substrates fit into the active site of the enzymes, along with a 

proposed mechanism to support their catalytic turnover. All in all, ES6 and ES7 show 

promise in the biodegradation of unnatural substrates. 

In my study, mutants ES6 (G120S) and ES7 (V247F/D297N/K314E) showed 

significant dehalogenation activity in comparison to the WT P450cam. The natural substrate 

of P450cam is camphor, however, by mutating the enzyme, we were able to accommodate 

similarly structured and larger substrates within its active site. Certain residues have an 

important role in the stability and catalytic activity of P450cam. Thus, rational mutations 

around the active site can be beneficial to ensure the integrity of the enzyme and increase 

its efficiency. For example, C357 is crucial for the catalytic activity, and mutations there 

have resulted in complete loss of activity (Murugan & Mazumdar, 2005; Yoshioka et al., 

2001). Mutations on L358, which is adjacent to C357, also had the same detrimental effect 

(Batabyal et al., 2013). Residues involved in the H-bonding network and proton delivery, 

such as D186, D251, L178, T101, T185 and T252, are important for the completion of the 

catalytic cycle (Gerber & Sligar, 1994; Manna & Mazumdar, 2006; Martinis et al., 1989; 

Schlichting, 2000). In ES6 and ES7, none of these crucial residues was mutated. 

Surprisingly, some of the mutated residues (G120S and K314E) were not present near the 

active site at all, indicating that distant alternations do play a role in the substrate 
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selectivity. Moreover, G120S is located at the proximal end of P450cam and specifically at 

the binding site of PdX (near C helix). PdX is responsible for shuttling electrons from PdR 

to P450cam, thus it has an effector role during catalysis (Batabyal et al., 2016; S. S. 

Pochapsky et al., 2003; Tosha et al., 2003; Tyson et al., 1972). Spectroscopic studies have 

shown that transitions between the substrate free (open) and substrate bound (closed) form 

of the enzyme result from the disorder of the B’ helix and displacements in F and G helices 

upon PdX binding. PdX has also shown to favor the open conformation (Hiruma et al., 

2013; Y.-T. Lee et al., 2010; Tripathi et al., 2013). So, mutations located in these helices 

may play an effector role, similar to PdX. 

In the future, additional colorimetric assays can be done with other polychlorinated 

pollutants that have a structure similar to camphor, such as chlordane, dechlorane plus, 

aldrin etc. New mutants can be generated by site-directed mutagenesis or other mutants 

from the library of ES1-ES7 can also be tested against these substrates. Since most of the 

time the substrates never reach saturation during the steady-state kinetics, the PdX to PdR 

to P450 ratio and the substrate concentration could be adjusted so that the typical 

hyperbolic curve can be formed. The metabolites of the substrates can also be determined 

and quantified through chloride ion release assays and GC-MS studies. Moreover, X-ray 

crystallography and NMR studies can be used to determine the crystal structure of the 

enzymes when they are bound to the selected substrates. That way, the first step of the 

proposed dehalogenation mechanism, which is the oxidation of the C=C bond, can be used 

to understand the enzyme’s specificity and help operate in new substrates. 

4.2. Dialkoxybenzene compounds 

In this project, I used abdominal honey bee extract and tested the ability of the 

endogenous P450s to degrade the potential miticides 1-allyloxy-4-propoxy benzene 

(3c{3,6}), 1,4-dipropoxy benzene (3c{3,3}) and 1,4-diallyloxy benzene (3c{6,6}). Treated 

(1 mM 3c{3,6}) and untreated bee extracts were tested and compared with each other and 

with the selected substrates. I monitored the formation of the dealkylated products through 

4-AAP coupled assays, which resulted in color formation. Kinetic studies revealed that the 

rate of product formation did not rise upon the increase of the substrate concentration. 
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Interestingly, the untreated extracts had much higher rates of product formation than the 

treated ones. GC-MS assays were carried out to determine and quantitate the dealkylated 

products. Compound 3c{3,6} got metabolized to 1-hydroxy-4-propoxybenzene (2c{3}), 1-

hydroxy-4-allyloxybenzene (2c{6}) and hydroquinone (HQ), while 3c{3,3} and 3c{6,6} 

to 2c{3} and 2c{6} respectively. A dealkylation mechanism was also proposed. All in all, 

these substrates, and especially 3c{3,6}, show promise as potential varroa control agents. 

Cytochrome P450 is the key enzyme for xenobiotic resistance in A. mellifera (Gong 

& Diao, 2017). Midgut and malpighian tubules of honey bee abdomens have been studied 

in forager and nurse bees and a variety of P450 genes were discovered (Vannette et al., 

2015). The malpighian tubules had genes expressed belonging to the CYP314A1, 

CYP6AS5, CYP6AS11, CYP6AS13, CYP6AS15, CYP6AS16P, CYP6BD1, CYPAS10 

and CYP9Q2 families. Midgut P450s responsible for detoxification were CYP6AS16P, 

CYP6BD1, CYP9Q1, CYP9Q1, CYP9Q2 and CYP9Q3 (Vannette et al., 2015; Mao et al., 

2011). 

It is important to mention that differential expression of cytochromes P450 has been 

noticed between foragers, nurses, workers, larvae and queens. This also includes 

differences between the head, thorax, and abdomen and between the different tissues of 

each body part (Chaimanee et al., 2016; Christen et al., 2019; Gregorc et al., 2012; Tomé 

et al., 2020; Yao et al., 2018; Zaworra & Nauen, 2019). Both the treated and untreated 

samples were from nurse or forager bees collected and frozen back in 2018 but analyzed 

after 2 years. Also, it is uncertain whether these populations were infested with varroa or 

when exactly they were frozen post-treatment. Typically, mite-exposed and/or treated 

populations experience an up-regulation of P450s (Alptekin et al., 2016; Gregorc et al., 

2012; Johnson et al., 2012; Mao et al., 2011, 2013; Tomé et al., 2020; Yao et al., 2018), 

however, I noticed the activity was surprisingly increased for the untreated bees. 

Nonetheless, down-regulation of P450s has been observed in honey bees before. CYP9Q3 

was found to be repressed by bifenthrin (insecticide) (Mao et al., 2011). CYP306A1 and 

CYP4G11 were repressed in workers by coumaphos, with the first one also being repressed 

by Apiguard (thymol) too (Boncristiani et al., 2012; Chaimanee et al., 2016). In my studies, 

both groups showed color formation without the addition of the substrate, indicating the 
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presence of endogenous phenols within the bee extract. Since there was some background 

color interfering with the coupled assay, it was important to shift the focus to the GC-MS 

experiments. Thus, to confirm that the dealkylation was indeed caused by CYP450s, 

controls without NADPH and with 1-phenylimidazole (competitive inhibitor) were run and 

showed no activity, confirming the initial hypothesis. 

In the future, gene transcription studies can be used to look for P450s being 

expressed in the fat body of honey bees, in either exposed or not exposed populations. Most 

bee abdominal tissues have undergone transcriptome profiling through PCR, however, the 

fat body hasn’t been investigated yet. Similar studies can also be done on the mites, along 

with colorimetric and GC-MS assays to test varroa’s degradation ability towards these 

substrates. For my experiments, I used the whole abdomen and did not isolate a specific 

tissue nor purified the bee extract, which could be another reason for background color 

formation in the coupled assay. Also, a study that tested microsomes from the abdomens 

of worker bees, found the presence of an endogenous P450 inhibitor within the venom sac, 

which was identified to be phospholipase A2 (Zaworra & Nauen, 2019). Thus, the removal 

of the venom gland sting complex is advised for future studies. It is also advised to use the 

same type of bee (forager or nurse) and produce larger quantities of bee extract (ideally 

from the same batch) to prevent variability in the 4-AAP colorimetric assay. Moreover, 

synthesized fluorescent probes, such as biotin labels, can be used to identify the target site 

of the dialkoxybenzenes in the mites. Organophosphate (e.g. chlorpyrifos, coumaphos) and 

carbamate (e.g. aldicarb) insecticides are known to target acetylcholinesterase (AChE) 

(Pohanka, 2011), an enzyme responsible for neurotransmission. A current group member, 

Soniya Dawdani, has shown through confocal imaging studies using fluorescent probes, 

that 3c{3,6} targets the central nervous system of the mite, however, AChE isn’t its target 

site of 3c{3,6} (Dawdani, 2021). Finally, the persistence, formulation and release method 

of the dialkoxybenzene compounds needs to be studied to ensure their safety towards honey 

bees, other animals and humans, thus, further toxicological risk assessments need to be 

performed. 
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Appendix A.  

 

Supplementary material for Chapter 2 

 

Figure A.1. Cytochrome P450 purification - fragments (47 kDa protein + 5 kDa 

His-tag) from Nickel column. The first three lanes is unpurified protein, 

fourth lane is the prestained protein ladder (marker), and the other 

three lanes is the purified protein (52 kDa). 
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Figure A.2. Cytochrome P450 cleaved with Factor Xa protease. First lane is the 

uncleaved protein (52 kDa), second lane is incomplete cleavage after 24 

hours, third lane is the fully cleaved protein (47 kDa) after ~32-36 hours 

and forth lane is the prestained protein ladder (marker). 

 

 

Figure A.3. Example of carbon monoxide spectrum with WT P450cam. 
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Table A.1. Dixon’s Q parameter and related subrange ratios for different 

confidence levels (Rorabacher, 1991). 

N Qcrit 90% CL Qcrit 95% CL Qcrit 99% CL 

3 0.941 0.970 0.994 

4 0.765 0.829 0.926 

5 0.642 0.710 0.821 

Table A.2. Experimental Q value (Qexp) for WT P450cam. N/A is not applicable. 

Substrates/ 

Concentration 
50 μM 100 μM 200 μM 300 μM 400 μM 500 μM 

ES diol N/A N/A N/A N/A N/A N/A 

ES lactone N/A N/A 0.019 0.667 0.309 0.951 

ES ether N/A N/A 0.845 0.876 0.734 0.464 

ES sulfate N/A N/A 0.376 0.184 0.818 0.507 

ES α:β N/A N/A N/A 0.167 0.431 0.056 

Heptachlor N/A N/A 0.737 0.291 0.229 0.509 

Table A.3. Experimental Q value (Qexp) for ES6. N/A is not applicable. 

Substrates/ 

Concentration 
50 μM 100 μM 200 μM 300 μM 400 μM 500 μM 

ES diol N/A 0.190 0.704 0.619 0.676 0.424 

ES lactone N/A N/A 0.678 0.656 0.537 0.288 

ES ether 0.486 0.361 0.064 0.394 0.208 0.990 

ES sulfate 0.048 0.118 0.938 0.280 0.134 0.213 

ES α:β 0.891 0.189 0.511 0.851 0.840 0.566 

Heptachlor 0.115 0.054 0.826 0.678 0.811 0.634 
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Table A.4. Experimental Q value (Qexp) for ES7. N/A is not applicable. 

Substrates/ 

Concentration 
50 μM 100 μM 200 μM 300 μM 400 μM 500 μM 

ES diol N/A 0.175 0.812 0.684 0.544 0.486 

ES lactone N/A N/A 0.235 0.927 0.582 0.087 

ES ether 0.342 0.978 0.226 0.532 0.523 0.438 

ES sulfate 0.589 0.957 0.383 0.830 0.011 0.494 

ES α:β 0.745 0.266 0.546 0.377 0.477 0.715 

Heptachlor 0.452 0.110 0.675 0.679 0.290 0.009 

Table A.5. Conformational energies (Econf) for WT P450cam, ES6 and ES7. 

 Econf (kcal/mol) 

Substrate WT P450cam ES6 ES7 

ES diol 148.0 139.1 136.4 

ES lactone 101.8 95.26 96.40 

ES ether 138.1 150.0 141.5 

ES sulfate 205.3 181.8 170.3 

ES α:β 116.9 126.5 116.9 

Heptachlor 155.1 169.9 149.8 

 

 

Figure A.4. Ligand interaction indicators. 
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Figure A.5. Ligand interactions between WT and the substrates. A) ES diol, B) ES 

lactone, C) ES ether, D) ES sulfate, E) ES α:β and F) Heptachlor. 
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Figure A.6. Ligand interactions between ES6 and the substrates. A) ES diol, B) ES 

lactone, C) ES ether, D) ES sulfate, E) ES α:β and F) Heptachlor. 
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Figure A.7. Ligand interactions between ES7and the substrates. A) ES diol, B) ES 

lactone, C) ES ether, D) ES sulfate, E) ES α:β and F) Heptachlor. 
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Table A.6. Amino acid abbreviations and letter codes. 

Amino acid 
1 letter 

code 

3 letter 

codes 
Amino acid 

1 letter 

code 

3 letter 

codes 

Alanine A Ala Methionine M Met 

Cysteine C Cys Asparagine N Asn 

Aspartic acid D Asp Proline P Pro 

Glutamic acid E Glu Glutamine Q Gln 

Phenylalanine F Phe Arginine R Arg 

Glycine G Gly Serine S Ser 

Histidine H His Threonine T Thr 

Isoleucine I Ile Valine V Val 

Lysine K Lysine Tryptophan W Trp 

Leucine L Leucine Tyrosine Y Tyr 
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Appendix B.  

 

Supplementary material for Chapter 3 

 

Figure B.1. Control without enzyme and without substrate for the untreated bees. 
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Figre B.2. 4-AAP assay standard curves for the dealkylated products. 
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Table B.1. Retention times (RT) and molecular weight (MW) of the 

dialkoxybenzene compounds and their dealkylated products. 

Compound RT (min) MW (g/mol) 

HQ 9.282 110 

2c{3} 10.964 152 

2c{6} 10.946 150 

3c{3,6} 12.479 192 

3c{3,3} 12.561 194 

3c{6,6} 12.394 190 
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Figure B.3. GC-MS assay standard curves for the the dialkoxybenzene compounds 

and their dealkylated products. 
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Table B.2. GC-MS peak area and concentration (ng/μL) for 3c{3,6} and its 

products. N/D is not detected. 

Assay 

conc. 

(μM) 

Area 

3c{3,6} 

3c{3,6} 

conc. 

(ng/μL) 

Area 

2c{3} 

2c{3} 

conc. 

(ng/μL) 

Area 

2c{6} 

2c{6} 

conc. 

(ng/μL) 

Area 

HQ 

HQ 

conc. 

(ng/μL) 

10 20707 0.3496 189 0.0036 180 0.0068 196 0.0541 

15 39262 0.6629 235 0.0044 145 0.0055 296 0.0817 

20 82607 1.3948 95 0.0018 67 0.0025 242 0.0668 

50 87538 1.4780 61 0.0011 51 0.0019 N/D N/D 

100 279402 4.7175 90 0.0017 85 0.0032 N/D N/D 

150 478132 8.0729 120 0.0023 97 0.0037 N/D N/D 

Table B.3. GC-MS peak area and concentration (ng/μL) for 3c{3,3} and its 

products. N/D is not detected. 

Assay 

conc. 

(μM) 

Area 

3c{3,3} 

3c{3,3} 

conc. 

(ng/μL) 

Area 

2c{3} 

2c{3} 

conc. 

(ng/μL) 

Area 

2c{6} 

2c{6} 

conc. 

(ng/μL) 

Area 

HQ 

HQ 

conc. 

(ng/μL) 

10 24339 0.223 76 0.0014 N/D N/D N/D N/D 

15 54384 0.498 24 0.0005 N/D N/D N/D N/D 

20 39736 0.364 48 0.0009 N/D N/D N/D N/D 

50 220250 2.017 34 0.0006 N/D N/D N/D N/D 

100 451369 4.133 58 0.0011 N/D N/D N/D N/D 

150 959421 8.785 37 0.0007 N/D N/D N/D N/D 
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Table B.4. GC-MS peak area and concentration (ng/μL) for 3c{6,6} and its 

products. N/D is not detected. 

Assay 

conc. 

(μM) 

Area 

3c{6,6} 

3c{6,6} 

conc. 

(ng/μL) 

Area 

2c{3} 

2c{3} 

conc. 

(ng/μL) 

Area 

2c{6} 

2c{6} 

conc. 

(ng/μL) 

Area 

HQ 

HQ 

conc. 

(ng/μL) 

10 1605 0.028 N/D N/D 387 0.0147 N/D N/D 

15 1661 0.029 N/D N/D 183 0.0069 N/D N/D 

20 10362 0.179 N/D N/D 138 0.0052 N/D N/D 

50 39128 0.675 N/D N/D 271 0.0103 N/D N/D 

100 110205 1.900 N/D N/D 93 0.0035 N/D N/D 

150 115331 1.988 N/D N/D 23 0.0009 N/D N/D 

Table B.5. GC-MS peak area, concentration (ng/μL) and recovery yield for HQ, 

2c{3} and 2c{6}. 

Controls Area 
Concentration 

(ng/μL) 

Added 

(nmol) 

Recovered 

(nmol) 

Lost 

(nmol) 

Recovery 

yield (%) 

HQ 50 μM 137 0.04 25 0.2 24.8 0.7 

HQ 200 μM 1535 0.42 100 1.9 98.1 1.9 

2c{3} 50 μM 72393 1.36 25 4.5 20.5 17.9 

2c{3} 200 μM 477953 8.98 100 29.5 70.5 29.5 

2c{6} 50 μM 25204 0.96 25 3.2 21.8 12.7 

2c{6} 200 μM 248918 9.44 100 31.5 68.5 31.5 



130 

 

Figure B.4. Chromatograph for compounds 3c{3,6}, 3c{3,3} and 3c{6,6}. 
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Figure B.5. Chromatograph for HQ, 2c{3} and 2c{6} products. 

 


