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Abstract 

Cytochrome P450cam (a camphor hydroxylase) isolated from soil bacterium 

Pseudomonas putida shows potent importance in environmental applications such as 

the degradation of chlorinated organic pollutants and insect control agents. Introducing 

such chemicals can be hazardous to the environment due to their lack of biodegradation. 

In this thesis, I have studied the role of several P450cam mutants in the oxidation of 3-

chloroindole to isatin and the role of wild type P450cam in the dealkylation of 1,4-

dibutoxybenzene, a potent feeding-deterrent against stored product pests. Mutant 

(E156G/V247F/V253G/F256S) was the most active in the conversion of 3-chloroindole 

by P450cam. We propose two mechanisms for the dechlorination of 3-chloroindole by 

P450cam.  

To investigate structure-activity patterns of 1,4-dialkoxybenzenes against beetles, the 

octanol-water partition coefficients of selected dialkoxybenzenes were investigated. 

Furthermore, P. putida strain ATCC17453 was able to metabolize 1,4-dibutoxybenzene. 

Results revealed that cytochrome P450cam catalyzed the first and second dealkylation 

steps in the biodegradation mechanism.  

Keywords:  Pseudomonas putida; Cytochrome P450; 3-Chloroindole; 
Dialkoxybenzenes; Biodegradation; Molecular Operating Environment 
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Chapter 1.  
 
Introduction 

1.1 Cytochrome P450s 

1.1.1 Properties of P450s 

Cytochrome P450 enzymes are a superfamily of hemoproteins that are known for 

the presence of an iron porphyrin heme functionality within their active site, anchored 

through a cysteine ligand at the distal axial position. The main reaction catalyzed by 

these enzymes is a monooxygenation reaction, whereby in the presence of molecular 

dioxygen, one oxygen atom is inserted into an organic substrate to form a hydroxylated 

product and the other oxygen atom is released in the form of water. P450s play an 

evident role in the functionalization of non-activated C-H atoms. The search for efficient 

and environmentally benign catalytic systems for the selective oxyfunctionalization of 

hydrocarbons to valuable oxygenated compounds is an ongoing challenge in research. 

The name cytochrome P450 is derived from the observation that the reduced form of 

porphyrin iron undergoes a shift in maximal absorbance from 420 to 450 nm upon 

binding of carbon monoxide, which was first described by Omura and Sato in 1964.1 

P450s are found in virtually all life forms, including animals, plants, insects, bacteria and 

humans.2  

1.1.2 Classification of P450s Based on Sequence Similarity 

P450s have extremely diverse primary sequences and can be grouped into 

families and subfamilies based upon their amino acid sequence identity. They are 

named CYP followed by a number to designate the family (with > 40% sequence 

identity), a capital letter to designate the subfamily (with > 55% sequence identity), 



 

2 

followed by another number to designate the individual protein, for example CYP2A6. 3 

Another way of classifying P450s is based on their electron transfer proteins required for 

catalysis.  

1.1.3 Classification of P450s Based on Electron Transfer Partners 

Based on the nature of the electron transfer proteins required for catalysis, 

P450s can fall into four broad classes: I, II, III and IV.4  

 
Figure 1.1 Schematic representation of the different classes of cytochrome 

P450 systems. (a) Class I soluble P450 typical of bacteria, e.g. 
P450cam from soil bacteria (b) Class II membrane bound P450 typical 
of eukaryotes, e.g. CYP3A4 (c) Class III P450-reductase fusion with 
mammalian-like diflavin reductase, e.g. P450-BM3 (d) Class IV P450-
reductase fusion with flavin-ferredoxin reductase, e.g. P450-RhF. 
Figure modified from Roberts et al.5 Fe2S2 stands for an iron-sulfur-
containing protein; FAD stands for a flavoadenine dinucleotide 
containing protein; and FMN stands for a flavin mononucleotide 
containing protein. 

FAD
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Class I P450s, which are found on the membranes of mitochondria or in bacteria, 

are three-component systems containing a flavin adenine dinucleotide (FAD)-containing 

reductase, an iron-sulphur protein (ferredoxin), and the P450. Class II P450s, which are 

primarily found in the endoplasmic reticulum, are two-component systems containing a 

FAD/flavin mononucleotide (FMN)-dependent reductase and a P450. Both Class I and II 

utilize NAD(P)H as the cofactor. Class III P450s are self-sufficient and do not require an 

external electron source.6 Class IV P450s are a single polypeptide with an FMN-

containing reductase, an iron-sulphur protein (ferredoxin) on the C-terminal end and a 

P450 on the N-terminal end.   

1.1.4 Diversity of P450 Redox Systems & Fusion Proteins 

The CYP redox systems found in mammalian, bacterial and fungal organisms are 

biologically diverse. There are also naturally occurring self-sufficient CYP fusion 

enzymes, which include CYP102A1, CYP116B1 and CYP116B2 flavocytochromes.7 

Some recombinant cytochromes P450 fused to a redox partner also exist, 

[e.g.P450camY96F mutant fused with a reductase domain from Rhodoccocus sp. 

RhFRed ].8  

CYP102A1 from Bacillus megaterium carries an FAD/FMN reductase domain, 

which is covalently fused to the heme domain by a peptide chain linker.9 Several groups 

have made artificial fusion constructs to improve the efficiency of P450s. They 

considered several aspects such as activity, stability and coupling efficiency. Some 

groups focused on using different reductases while other groups focused on varying the 

length of the linker between the reductases and the P450s.9–12 

1.2 Catalytic cycle of P450s 

1.2.1 Overview of the Catalytic Cycle 

The catalytic cycle of P450 is represented in Figure 1.2. The cycle begins with 

the resting state (1) where the hexacoordinated iron heme is in a low spin ferric state of 

iron with water bound at the axial position. The substrate (R-H) then binds to the active 
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site and displaces the axially bound water (2).13 This alters the spin state of the iron 

heme from low spin (Soret band at λ = 392 nm) to high spin (Soret band at λ = 422 nm) 

state.14,15 Both, the shift in the iron heme spin state, and the conformational change from 

a hexacoordinated to a pentacoordinated complex, induce an increase in the iron heme 

reduction potential from -300 mV to -170 mV. This in turn induces putidaredoxin (PdX) to 

donate the electron it received from NADH to the iron heme which reduces iron from its 

ferric state (FeIII) to its ferrous state (FeII) (3).14 The reduced heme iron (ferrous state) 

allows binding of a molecule of oxygen to generate the superoxide species (4).  This is 

followed by a second round of reduction to give the peroxo complex (5) and then a 

proton transfer, to give the hydroperoxide species, compound 0 (6).  Upon further 

protonation, the active iron (IV)-oxo species or compound I (7) is formed. Through a 

radical rebound mechanism, where the H-atom is first abstracted from the substrate 

molecule (8) and later rebounded as OH radical to the substrate (9), the hydroxylated 

product is released. A second catalytic round can then occur. The heme iron returns to 

the pentaferric state that allows binding of a new water molecule, allowing for a second 

catalytic round to occur.  
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Figure 1.2 The catalytic cycle of cytochrome P450 monooxygenases. Also 

indicated with dotted arrows are the three uncoupling reactions that 
can occur during the monooxygenase reaction (a-c).  R-H represents 
the substrate. a, b, c, d represent the  represent the loss of 
superoxide, two-electron uncoupling, four electron uncoupling and 
the peroxide shunt, respectively. 
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1.2.2 Uncoupling Reactions 

Three uncoupling pathways (Fig. 1.2. a, b and c) compete with the catalytic 

turnover of the products to form radical oxygen species.  These pathways are 

distinguished by the number of electrons that are consumed without product formation.16 

Uncoupling pathway (a) is a one electron uncoupling and generates a superoxide; 

pathway (b) is a two electron uncoupling forming hydrogen peroxide; and pathway (c) is 

a four electron uncoupling and generates two water molecules instead of one water 

formed during the generation of Compound I (7).16 In order to avoid these complications 

during in vitro assays and bypass the oxygen reduction sequence, an exogeneous 

oxidant such as meta-chloroperoxybenzoic acid (m-CPBA) can be used to generate the 

active compound I directly. This process is called shunting (d).17  

1.2.3 Shunting Agents/ Peroxide Shunt pathway 

The need for an expensive cofactor such as NAD(P)H and redox partners such 

as PdX, PdR, FMN, or FAD, are limitations for using P450 for industrial processes.18 The 

“peroxide shunt” pathway can allow P450s to catalyze oxygen insertion without electron 

transport partners or the NAD(P)H cofactor.  

RH + R’OOH --> ROH + R’OH. 

As illustrated in Fig. 1.2 (d), the shunt pathway bypasses a large portion of the 

enzyme’s natural catalytic cycle, including the rate-limiting first electron transfer step. 

There have been many studies of the P450 peroxide shunt pathway. Various peroxides 

and other oxidants such as iodosobenzene, cumene hydroperooxide (CHP), sodium 

periodate (NaIO4), m-CPBA, calcium hypochlorite (bleach) will support the reaction, 

depending on the enzyme.19–21 

1.2.4 Reactions Catalyzed by P450s 

Most P450s act as monooxygenases, catalyzing O-O bond scission, whereby 

one oxygen atom is inserted into the substrate and the other oxygen atom is released in 

the form of water.22 The most common pattern for P450 catalyzed reactions is:  
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RH + NAD(P)H + O2 + H+ à ROH + NAD(P)+ + H2O,  

where RH stands for a substrate with a site that can be easily oxidized. P450 

enzymes catalyze a wide array of reactions ranging from hydroxylation to epoxidation, 

the Baeyer Villiger reaction, dealkylation and reduction. Table 1.1 shows the panel of 

reactions mediated by cytochrome P450s.4  

Table 1.1 Classic reactions reported by cytochrome P450s 

Type of reaction Ref. 

Hydroxylation at aliphatic carbon 

 

23 

Hydroxylation at aromatic carbon 

 

24 
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Epoxidation of coumarin 
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Arene epoxidation and NIH shift of p-cymene to thymol 

 

26 

O-dealkylation or oxidative demethylation of anisole  
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Reductive dehalogenation of hexachlorane to tetrachloroethylene 
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Biosynthesis of indigo dye by naphthalene dioxygenase 

 

29 

Baeyer Villiger oxidation of castasterone to brassinolide 

 

30 

P450 enzymes are also well known for the oxidation of carbon atoms located 

next to a heteroatom (O, S, N), which leads to heteroatom dealkylation (Figure 1.3).31 

CYP2D6 catalyzes the dealkylation of anisole by hydroxylating one of the pendant 

methyl groups. This hemiacetal hydrolyses to formaldehyde, which is further oxidized to 

formic acid.32 Similarly, CYP2A6 dealkylates N,N-dimethyl nitrosamine.33 
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Figure 1.3 Mechanism of heteroatom oxidation and dealkylation by P450cam. 

The epoxidation of alkenes can be catalyzed by two intermediates in the P450 

catalytic cycle: compound 0 (6) or compound I (7).  The epoxidation of an alkene by a 

hydroperoxo species occurs through a concerted mechanism as shown in Figure 1.4.a. 

The oxidation of trichloroethylene is catalyzed by compound I as shown in Figure 1.4.b. 

 
Figure 1.4 Two possible mechanisms of oxidation of alkenes by compound 0 

(A) or compound I (B). 
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related peroxygenase, CYP152L1, which hydroxylates fatty acids but does so using 

H2O2 as the oxidant. 

1.3 Molecular Structure of P450s 

1.3.1 General Structural Properties of P450s 

The structure of P450s has been studied extensively. P450s have an iron 

porphyrin IX centre coordinated to a cysteine thiolate ligand, Cys 357, Fig. 1.5. The first 

crystal structure for a P450 was solved in 1985 for the camphor monooxygenase 

P450cam from Pseudomonas putida.34  

There are now a sufficient number of structures to state that the overall P450 fold 

is quite conservative. The most conserved elements of P450s are clustered around the 

heme and the active site, around helices L and I.6,34 As expected, the regions that control 

substrate specificity differ the most, especially the B’ helix. The active site of P450cam is 

highly adapted for camphor to bind in the correct orientation for selective hydroxylation.35  

The B’ helix is involved in substrate recognition and controls the substrate access 

channel in P450cam.34 Several important residues lie on the B’ helix, including Y96. The 

side chain of Y96 forms a hydrogen bond with the carbonyl oxygen of camphor and 

hence regulates substrate binding. Within the B’ helix, two solvent water molecules and 

the backbone carbonyl oxygens of residues E84, G93, E94 and Y96 cooperatively 

maintain the binding between the substrate camphor and a potassium ion.36–38 
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Figure 1.5 Structure of P450cam (PDB code: 1DZ9)13 with key helical segments: 

side view (top) and orthogonal view (bottom). Camphor (light green), 
heme (hot pink) and Cys 357 (mauve). Helices B’, C, F, G, I and L are 
shown in red, orange, blue, green, purple and yellow, respectively.  
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Figure 1.6 Sequence of P450cam with identified helices. Helices B’, C, F, G, I and 

L are highlighted in red, orange, blue, green, purple and yellow, 
respectively.  

The other highly conserved region that is involved in dioxygen activation is the 

portion of helix I near the iron heme. Thr252 is involved in a local helical distortion in 

P450cam such that the threonine side chain OH donates an H-bond to a peptide carbonyl 

oxygen that would normally be involved in an α-helical H-bond.34 This Thr is not highly 

conserved. For example, P450cin has an Asn.39 The Thr is believed to be important for 

the proton delivery network to the iron-linked oxygen required for cleavage of the O-O 

bond, to generate Cpd I. In P450cam Cpd I, iron-oxo complex, the I helix opens up slightly 

for two new water molecules to move into the active site. These water molecules form 

the H-bonded network required to deliver protons to dioxygen to promote the heterolytic 

cleavage of the O-O bond (from intermediate 6 to 7 in Figure 1.2).40 
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Figure 1.7 Cytochrome P450cam residues: side view (top) and orthogonal view 

(bottom). Hydrophobic residues F87, F98, V247, V295, V396 (yellow); 
polar residues T101, T185, T252, D251, Y96 (green); and substrate-
entry residues T192, S190 (orange) are shown. Heme is shown in 
magenta and camphor is shown in light green. 
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Upon substrate binding, a conformational change occurs whereby the F and G 

helices slide over the surface of the I helix. This motion closes off the entry channel, 

indicating that substrates enter near the F/G loop region.41 For P450cam, the F and G 

helices move, and the B’ helix region becomes disordered. An analysis of 30 different 

tethered compounds indicates that there are three dominant conformational states 

available to P450cam: closed, partially open, and fully open.41,42 

Putidaredoxin binding to P450cam results in changes in the B’, C, F, and G helices 

that are well removed from where PdX binds. The B’ helix provides key contacts with the 

substrate, while large movements of the F and G helices are the main features of the 

open/close transition.43 PdX binding to oxy-P450cam decreases the stability of the oxy 

complex 150-fold, while oxidized PdX shifts oxidized P450cam to the low-spin state.44,45 

The substrate-binding pocket in the active site of P450cam consists of 

hydrophobic residues F87, F98, V247, V295 and V396 (Figure 1.7).46 These residues 

stabilize the substrate through Van der Waals interactions and help modulate substrate 

specificity. The active site also consists of polar residues that play an important role in 

enzyme function: Y96, T101, T185, T252, D251.19 The side chain of Y96 forms a 

hydrogen bond with the carbonyl group of camphor and hence regulates substrate 

binding.47 The hydrophobicity of the active site as well as the conserved alcohol-acid 

pair, residues D251 and T252, are essential for proper proton transfer. 16,48,49 

D251 plays a role in the catalytic cycle of the enzyme since it is involved in the 

proton delivery channel (Figure 1.7).50 Three threonine residues: T252, T101 and T185, 

play a key role in the proton transfer, provide hydrogen bonding interactions due to their 

alcoholic side chains and their methyl side chain may also provide hydrophobic effects to 

surrounding amino acids (Figure 1.7).51 T252 plays a role in the activation of oxygen 

and prevents uncoupling in the catalytic reaction.51 T185 is part of the substrate-binding 

pocket and directly interacts with the substrate.51 T101 is also part of the substrate-

binding pocket and is placed very close to the heme at the loop between B’ and C 

helices.51 
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P450cam has been mutated in order to understand the role of specific amino acid 

residues in camphor binding affinity and catalysis. Some examples are listed in Table 

1.2.  

Table 1.2 P450cam mutations or active site residues and their significance in 
the study of natural substrate camphor binding 

Mutants Significance Reference 
T252N Asn252 stabilizes the ferric hydroperoxy intermediate  39 

T192E, S190D Thr192 residue on F-G loop, plays an important role in 
substrate recognition at surface of the enzyme; KA 
(association constant with camphor) is lower in T192E 
compared to WT 

52 

T101V Thr101 close to heme stabilizes protein cavity around the 
heme by H-bonding to propionic acid side chain of heme 
moiety 

51 

L358P L358P caused structural changes in the K+ binding site in the 
B’ helix, decreasing affinity of P450cam for K+ binding 

53,54 

Mutants T101M, T101L, T101I have shown the ability to catalyze oxidation of 

smaller hydrocarbons than camphor. This shows that mutating to bulkier amino acids 

decreases the size of the distal pocket of the heme thus allowing binding of smaller 

substrates.51  

Although the active site of the enzyme resides deep inside the protein matrix, the 

substrates can be recognized at the surface and then directed towards the active site 

through a substrate access channel.52 T192 and S190 are surface-exposed residues on 

the F-G loop.52 Mutant T192E has a lower binding affinity with camphor compared to wild 

type P450cam.52  

1.3.2 Cytochrome P450cam Substrate Binding & Catalysis  

Most of the studies with P450 enzymes have focused on the bacterial enzymes 

CYP102 (P450 BM3) from Bacillus megaterium and CYP101 (P450cam) from 

Pseudomonas putida because of their solubility, high expression levels in E. coli and 

high activity. P450cam catalyzes the selective hydroxylation of the 5-methylene carbon of 

D-(+)-camphor to give 5-exo-hydroxycamphor, and can further oxidize 5-exo-

hydroxycamphor to form 5-ketocamphor.55,56 
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Figure 1.8 Hydroxylation of camphor by P450cam to 5-exo-hydroxycamphor and 

5-ketocamphor. 

P450cam belongs to Class I monooxygenases, which as described earlier 

(Section 1.1.3) are characterized by the requirement of two redox partners for 

catalysis.53,57 The electrons donated by the NADH cofactor are transferred by a 

flavoprotein — putidaredoxin reductase (PdR), to an iron-sulphur protein — 

putidaredoxin (PdX), which in turn, shuttles electrons to the terminal oxidase P450cam.  

  
Figure 1.9 Schematic representation of the electron transfer process with 

P450cam. The reduced and oxidized forms of nicotinamide adenine 
dinucleotide cofactor are shown as NADH and NAD+, respectively. 
FAD-containing protein putidaredoxin reductase (PdR) and iron-
sulfur containing protein putidaredoxin (PdX) are the electron 
transfer partners involved in the electron transfer process in 
P450cam. 

Putidaredoxin is also known as the “effector” for P450cam since it promotes the 

structural switch between the conformational states of the enzyme.58 P450cam exists in 

the open and closed forms and this equilibrium can easily be perturbed by changes in its 
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environment.59 P450cam is believed to open to allow the camphor substrate to enter the 

active site, and then to close during catalysis to keep the reactive intermediates inside.59 

PdX causes a “push” and enhances a donation of electrons from the axial Cys 357 

thiolate to iron-heme. This electron transfer assists in the scission of O-O bond. The 

conformation change induced upon PdX binding also opens up the I helix and widens 

the groove to allow H2O to enter the active site. This solvent H2O plays a role in the 

proton relay mechanism needed for the heterolytic cleavage of O-O to form compound I. 

1.3.3 Mutations of Cytochrome P450cam 

P450cam is very specific for camphor and must be mutated to accept new 

substrates. Altering bacterial P450cam could give access to a new enzyme that can 

accept unnatural substrates, be used in bioremediation or play a role in other 

synthetically relevant processes. To create variants with modified enzymatic properties, 

both rational design (site-directed mutagenesis) and directed evolution have been used. 

To change the WT P450cam substrate specificity from camphor to linear alkanes, 

the volume of the active site can be reduced with bulky amino acid substitutions (Val 247 

to Leu). Replacing Tyr96 to Phe96, Trp96 or Ala96 disrupts the hydrogen bond between 

Tyr96 and camphor, which decreases the extent of camphor hydroxylation. With these 

replacements, researchers have reshaped the active site to accept other monoterpenes 

and alkanes (Table 1.3). For instance, P450cam mutant F87W/Y96F/T101/V247L can 

oxidize butane to 2-butanol at a rate of 750 min-1, which is 2000 times faster than the WT 

enzyme. This result is comparable to the camphor oxidation rate by the WT (1200 min-1), 

and the 95% coupling efficiency is no less significant.60 Tables 1.3 and 1.4 show a list of 

mutations of P450cam and their activity towards non-natural substrates. 
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Table 1.3 Selected P450cam mutants with modified substrate specificity or 
regioselectivity and their significance 

Mutant Substrate Significance Reference 
F87W/Y96F/T101L/
V247L 

Butane, propane 95% NADH coupling compared to 
WT 4%; turnover rate 2000 times 
faster than WT 

60 

Y96F/V247L Pentane 44.5% NADH coupling compared 
to WT 1.1% 

61 

Y96A Diphenylmethane Turnover of 360 min-1 while the 
WT showed no activity 

62 

F87A/Y96F Phenanthrene Turnover of 375 min-1 while WT 
had low turnover of <0.01 min-1 

63 

Y96F/V247L (+)-α-Pinene, (S)-limonene 91% NADH coupling compared to 
WT 23%; turnover rate 1000 times 
faster than WT  

64 

Y96A Benzylcyclohexane, 
benzoylcyclohexanol (C-4), 
Diphenylmethane 

Turnover of 360 min-1 while the 
WT showed no activity 

65 

Y96A, Y96F Styrene, linear alkanes 
(pentane, hexane and 
heptane), branched alkanes 

9-fold, 25-fold increase in 
oxidation rate compared to WT 

66,67 

L244A Imidazole, 1-methyl-
imidazole 

40-fold, 25-fold increase in binding 
affinity compared to WT 

68 

Y96A Phenylcyclohexane Higher NADH turnover rate of 5s-1 
compared to WT (1.6 s-1) 

69 

Y96F Benzocycloarenes 35-70% NADH coupling compared 
to WT (10-15%) 

70 

Polychlorinated compounds are hazardous to the environment due to their lack of 

biodegradation.71 This degradation problem is attributed to their chemical inertness, lipid 

solubility and toxic effects.72 Polychlorinated benzenes such as polychlorinated 

biphenyls (PCBs) and dioxins are pollutants because they are resistant to attack by 

diooxygenases, which are commonly used by microorganisms for biodegradation of 

organic compounds. PCBs are man-made chemicals introduced in nature by 

manufacturing companies and consumers. They are used for multiple purposes 

including hydraulic fluids, casting wax, adhesives, pigments and plasticizers. Many 

micro-organisms have been isolated which together degrade most of the chlorinate 

benzenes, but the most heavily chlorinated benzenes such as hexachlorobenzene, 

pentachlorobenzene, and less chlorinated benzenes such as 1,2-dichlorobenzene are 
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resistant to biodegradation. Several mutants of P450cam have been explored in the 

oxidation of polychlorinated benzenes. In general, replacing F87, Y96 and V247 

residues in P450cam with W, F and L, respectively, has been found important in the 

degradation of chlorinated substrates, though the activity decreases with the increasing 

number of chlorine substitutents.73 Several conclusions were made based on the 

F87W/Y96F/T101A/L244A/V247L mutant: Y96F increases the active site hydrophobicity 

and in turn increases the conversion of pentachlorobenzene to pentachlorophenol up to 

100-fold compared to the WT.73 F87W decreases the space available at the entrance of 

the active site and forces the substrate to bind close to the heme. This mutant led to 10-

fold decrease in activity with most polychlorinated substrates. V247L increased NADH 

turnover rates, especially with heavily chlorinated benzenes. Similarly, the results from 

F87W/Y96F/L244A/V247L mutant shows that L244 side chain contacts a C-H bond of 

the substrate, which suggests that L244A mutation creates space to allow binding of 

bulkier PCBs. More examples of degradation of chlorinated compounds by mutant 

P450cam are listed in Table 1.4.  

Table 1.4 Halogenated substrates and P450cam mutations and their 
significance 

Mutants Substrate Significance Ref. 
F87W/Y96F/T101A
/L244A/V247L 

Pentachlorobenzene 24.2±0.85 %NADH coupling compared to 
WT (1.1 ± 0.3%) 

74 

Y96F, 
Y96F/L244A, 
Y96F/T101V 

Hexachlorocyclohexane 
(lindane) 

NADH coupling of 12-15% while WT 
showed no activity; and binding affinity 
significantly increased 

75 

F87W/Y96F/V247L 1,3,5-trichlorobenzene 57% NADH coupling compared to WT 
(1.1%) 

73 

F87W/Y96F/V247L 1,3,5-trichlorobenzene; 
1,2,4,5-tetrachlorobenzene 

V247L increased NADH turnover, 
especially with heavily chlorinated 
benzenes 

73 

F87W/Y96F/L244A
/V247L 

Pentachlorobenzene 40-fold higher oxidation activity 
compared to WT 

46 

Y96F, Y96A Hexachloroethane Increased binding of substrate but 
decreased rate of reaction compared to 
WT 

61,76 

Y96F, F87W/Y96F Dichlorobenzene WT cannot oxidize 77 

P450cam, like other enzymes can be mutated by multiple mutating strategies. 

There are two approaches to altering the substrate selectivity of an enzyme: 1) targeted 
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alteration based upon a detailed understanding of the determinants of substrate 

selectivity and the catalytic mechanism or 2) directed evolution, which is a method used 

in protein engineering that mimics natural selection to evolve proteins and to optimize 

performance.78 

1.4 Mutating Enzymes – Random or Targeted Approach 

Mutagenesis is an important technique whereby changes in the DNA sequence 

are deliberately engineered to produce mutant genes, proteins, strains of bacteria, or 

other genetically modified organisms. The mutation can produce variant proteins with 

interesting properties, or enhanced or novel functions that may be of commercial use or 

of scientific interest.  

1.4.1 Site-Directed Mutagenesis 

Site-directed mutagenesis is a PCR-based method that is used to make specific 

and intentional changes to the DNA sequence of a gene and any gene products. This 

technique allows the study of the relative importance of a particular amino acid for 

protein structure and function. Typical mutations are designed to disrupt or map protein-

protein interactions, mimic or block posttranslational modifications, or to silence 

enzymatic activity. Alternatively, noncoding changes are often used to generate rescue 

constructs that are resistant to knockdown via RNA interference. 

1.4.2 Random Mutagenesis 

For random mutagenesis of a gene, there are three options: 1) error-prone PCR, 

2) multi-template PCR and 3) Sequence Saturation Mutagenesis (SeSaM).  

1.4.3 Error-Prone PCR 

Error-prone PCR (epPCR) is a method by which random mutants may be 

inserted into any piece of DNA. EpPCR methods are based on inaccurate amplification 

of genes by polymerase chain reaction (PCR), which is standard technique in many 
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biology laboratories. EpPCR can be accomplished by (a) methods that reduce the fidelity 

of the polymerase by unbalancing nucleotide concentrations and/or adding of chemical 

compounds such as manganese chloride, (b) methods that employ nucleotide analogs 

(c) methods that utilize ‘mutagenic’ polymerases and (d) combined methods.79 Though 

versatile and simple, epPCR methods are strongly biased and limited in the diversity 

they generate by three phenomena: 1) a mutational bias of the polymerase, 2) the 

organization of the genetic code and 3) that only one nucleotide of a codon is mutated 

with this technique. For instance, Mutazyme I DNA polymerase favours mutations at G’s 

and C’s; and Taq DNA polymerase exhibits increased misinsertion and misextension 

frequencies.79 On the other hand, Mutazyme II DNA polymerase – a blend of Mutazyme 

I and Taq DNA polymerases provides equivalent mutation rates at A’s and T’s vs. G’s 

and C’s.79  

1.4.4 Sequence Saturation Mutagenesis 

Sequence Saturation Mutagenesis (SeSaM) is a form of random mutagenesis 

where a mutation can be generated at every single nucleotide position in the target 

sequence.80–82 A SeSaM experiment comprises four steps. (i) Insertion of 

phosphorothioate nucleotides into the target sequence and cleavage of 

phosphorothioate bonds to generate a pool of DNA fragments with random lengths. (ii) 

Elongation of DNA fragments with universal bases at the 3’-OH termini of the fragments, 

using terminal deoxynucleotidyl transferase (TdT). (iii) Using PCR to elongate the 

modified DNA fragments from step (ii) to their full length using the full-length gene 

template. (iv) Replacing universal bases by standard nucleotides. A final PCR then 

creates mutant libraries that are ready for cloning.  

We used SeSaM P450cam mutants generated by a former PhD student Brinda 

Prasad and wild type P450cam when looking at the dehalogenation of chlorinated organic 

compounds.55  
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1.5 3-Chloroindole as a Model Substrate to Find P450cam 
Mutants that Dechlorinate Vinylic C-C Bonds 

Synthetic chemists often decorate compounds, such as pesticides and 

pharmaceuticals, with chlorine atoms. This makes them more resistant to enzyme 

degradation by bacteria, insects, and mammals. Unfortunately, this also prolongs their 

residence time in the environment. Their resistance to degradation and persistence is 

attributed to their long half-lives that range from 6 months to years. Half-life is the time 

the compound will stay in the environment before breaking down into less hazardous 

substances.  

 
Figure 1.10 Endosulfan – a banned pesticide with hazardous effects on human 

genetic and endocrine systems.  

Persistent organic pollutants (POPs) like insecticide endosulfan (Figure 1.9) 

pose a specific hazard because of four characteristics: they are toxic; they are persistent 

resisting normal processes that break down contaminants; they accumulate in the body 

fat of people (lipid and fat soluble), marine mammals, and other animals and are passed 

from mother to fetus; and they can travel great distances on wind and water currents.83,84 

Even small quantities of POPs can wreak havoc in human and animal tissue, 

causing nervous system damage, diseases of the immune system, reproductive and 

developmental disorders, and cancers. Some of these toxic organochlorine compounds, 

like aldrin or dieldrin, have been banned. Endosulfan is banned under the Stockholm 

convention but is still used in India and China.85 To address the question of whether 

POPs can be oxidized by a P450, we introduced an unnatural substrate, a simple 

organochlorine substance, 3-chloroindole, to P450cam.  
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Figure 1.11 Natural substrate of P450cam – camphor (left). Chlorinated 

substrates: endosulfan (middle) and 3-chloroindole (right) that have 
been screened and selected with P450cam mutants and wild type. 

The reasons we introduced a vinylic chloride on indole are: 1) endosulfan has 

two vinylic chlorides on its chlorinated end, and 2) oxidation/ dechlorination of 

chloroindole is expected to give colored products. Colored compounds are colored 

because of the absorption of visible radiation. Working with colored compounds is useful 

since we can easily monitor product formation by UV-VIS spectroscopy. 

Previous literature has shown that wild-type P450cam has no activity towards 

indole. In the attempt to obtain activity towards indole, researchers have mutated 

P450cam by site-directed mutagenesis.86–88 The amino acids, F87, Y96, T101 and L244 in 

the active site, were mutated and the mutants were assayed against indole and other 

substituted indoles.86 In these assays, the formation of colored pigments such as isatin, 

indigo and indirubin was observed.86 Studies also show that mutagenesis of CYP2A6, a 

human class II P450, resulted in an increased catalytic efficiency for indole 

biotransformation to colored pigments and conferred a capacity to oxidize substituted 

indoles.87,89 

 
Figure 1.12 Oxidation of indole can form colored pigments such as isatin, 

indirubin and indigo, by mutants of CYP2A6— a human P450 
enzyme.87 
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Here, we investigate 3-chloroindole as a model substrate to find whether P450cam 

mutants can dechlorinate vinylic carbon-carbon bonds via oxidative 

dehalogenation/hydroxylation to form colored pigments.  

 
Figure 1.13 Proposed research investigation that P450cam mutants can 

oxidatively dehalogenate 3-chloroindole to form colored pigments 
such as isatin, indigo or indirubin.  

To accommodate unnatural substrates in the active site, a mutant library of wild-

type P450cam was constructed by Sequence Saturation Mutagenesis (SeSaM) by Brinda 

Prasad (PhD Graduate, 2013).55,80,82 The library was transformed into a pET28b vector 

in E. coli BL21(DE3) cells and selected against two chlorinated substrates that are toxic 

to the E. coli cells — 3-chloroindole and endosulfan.  

Upon screening with 3-chloroindole, twelve surviving colonies were identified 

(named IND), six of which were pink colonies and six of which were white. Upon 

screening with endosulfan, seven colonies were found (named ES). These colonies 

were sequenced at Macrogen in Korea to identify the mutations (Table 1.5).55 There are 

two possible reasons why some colonies were white: 1) they made a colorless product 

or 2) they made both isatin and indigo in roughly equal amounts since mixing orange 

and blue gives a gray color. 
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Table 1.5 List of P450cam SeSaM clones that survived upon selection against 3-
chloroindole and endosulfan substrates—named IND and ES clones, 
respectively. 

Clone Name Mutation 
WT Not Applicable 

IND1 E156G/V247F/ V253G/F256S 

IND2 G60S/Y75H 

IND3 D97F/P122L/Q183L/L244Q 

IND4 G120A/Y179H/ G248S/D297H 

IND5 Y179H 

IND6 G93C/K314R/L319M 

IND7-12 Not Sequenced 

ES1 T56A/N116H/D297N 

ES2 F292S/A296V/K314E/P321T 

ES3 Q108R/R290Q/I138N 

ES4 S221R/I281N 

ES5 A296P 

ES6 G120S 

ES7 V247F/D297N/K314E 
 

The wild type P450cam and P450cam mutants listed in Table 1.5 will be 

investigated for their role in the oxidative dehalogenation of 3-chloroindole.  

1.6 Dialkoxybenzenes 

1.6.1 Insect Feeding Deterrence 

Plant protection plays a vital role in modern agriculture especially when there is 

an increasing concern of disease infection and insect pest attacks on high yielding 

crops. Recent studies carried out by Erin Clark (Personal Communication, University of 

Northern British Columbia) show that dialkoxybenzene compounds have insect feeding 

deterrence activity towards stored product pests: rice weevil, (Sitophilus oryzae), red 

flour beetle (Tribolium castaneum), the lesser grain borer (Rhyzopertha dominica), the 

confused flour beetle (Tribolium confusum) and the greater rice weevil (Sitophilus 
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zeamais). Dialkoxybenzene compounds mimic the structures of some naturally occurring 

phenolic compounds such as phenylpropanoids (Figure 1.14). 

 
Figure 1.14 Naturally occurring phenolic compounds, dialkoxybenzenes and 

other insect repellent compounds. 

In previous research, the antifeeding, oviposition deterrent, and toxic effects of 

individual dialkoxybenzenes were assessed.90–92 1-Allyloxy-4-propoxybenzene (3c{3,6}) 

exhibited the highest feeding deterrence against the cabbage looper (Trichoplusia ni) 

and also showed low oviposition deterrence activity towards female moths.92 Structural 

studies showed that the presence of a free hydroxyl group reduced the feeding deterrent 

effects whereas increasing the size of the alkyl substituent led to stronger feeding 

deterrent.91 

High feeding deterrence and no toxicity are ideal characteristics when looking for 

an insect control agent that modifies the pest’s crop-damaging behavior. Recent studies 

by Erin Clark show that 1,4-dialkoxybenzene (3c{4,4}) was amongst the most active 

compounds. Here, a rapid and simple no-choice feeding flour-disk bioassay was used to 

assay dialkoxybenzene compounds on several species of stored product insects.93 

Toxicity was also measured in terms of lethal time (LT50).  With insecticides, there are 

many concerns that arise such as toxicity for non-target organisms. According to Erin 
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Clark’s results, 1,4-dibutoxybenzene had high feeding deterrence but not toxicity against 

the red flour beetle, Tribolium castaneum.  

Synthetic chemicals can often be hazardous to the environment due to their 

persistence and lack of biodegradation. Hence, although 1,4-dibutoxybenzene showed 

promising feeding deterrence activity, it is important to predict the partition and 

biodegradation of this compound once applied as a pest control agent.  

Also, there are many health risks associated with pesticide residues that occur in 

foods. Therefore, prior to applying 1,4-dibutoxybenzene on stored food products such as 

rice or cereal, the Environmental Protection Agency (EPA) and the Canadian 

Environmental Protection Act (CEPA) must determine the safe amount of 1,4-

dibutoxybenzene that can remain on food.94 Physicochemical properties, such as 

hydrophobicity and biodegradation act as a starting point towards understanding the fate 

of the pesticide once applied on food and exposed to different species or locations in the 

environment.  

1.6.2 Physicochemical Properties of Dialkoxybenzenes 

Many processes including sorption to soils and sediments, adsorption by plants, 

as well as biotic and abiotic degradation influence the fate of organic compounds in the 

environment. It is important to know the hydrophobicity of a compound before it is 

applied as a pest control agent.  

Pesticides have to reach their target directly to be effective. The route that brings 

a pesticide in contact with the target pest depends on the nature of the pesticide, how it 

is applied and the environment in which the pesticide is placed. When a pesticide is 

applied by either spraying, fumigating or baiting, the pesticide must be absorbed through 

the external body surface, be transported to the target site, and then interact with the 

target receptors or enzymes. Hydrophobicity is very important for these processes. Log 

P, where P, also known as Kow, is the partition coefficient in the 1-octanol/water system. 

This is commonly used as a hydrophobic descriptor and correlates with membrane 

permeation and transport.95 Kow values predict uptake and partitioning of a compound in 

plants and animals, as well as sorption to soils. Consequently, Kow reflects the potential 
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of the compound to leach from plants, animals or soil: a compound with a lower Kow 

indicates a higher potential for leaching from soil into water, whereas a compound with a 

higher Kow reflects a lower potential for leaching into water over a period of time. Log Kow 

(or log P) is defined by the following equation: 

log𝐾!" = log(
Concentration  of  chemical  in  octanol  phase
Concentration  of  chemical  in  water  phase

) = log(
C!
C!
) 

Where C0 is concentration of the compound in the octanol phase at equilibrium 

and Cw is concentration of the compound in the water phase at equilibrium. Octanol 

water partitioning is usually reported as log P values, where P = Kow. This coefficient 

reflects the hydrophobicity of a compound: the larger the Kow, the more hydrophobic the 

compound.  

Synthetic chemicals can often be hazardous to the environment due to their 

persistence and lack of biodegradation. Persistence can correlate with log P.94 

Compounds with high log P are mainly distributed to hydrophobic areas such as 

membranes, lipid bilayers of cells. Compounds with low log P are mainly distributed to 

hydrophilic areas such as water, soil, the fluid within the cell or lymph.96,97 A log P value 

of higher than 1 and lower than 5 is ideal. Nevertheless, in order to predict the fate of a 

compound in the environment, determining log P values is not enough. Other 

physicochemical properties must be evaluated to ensure that a compound reaches its 

target site without persisting in the environment or in the body of an organism.  

1.6.3 Biodegradation 

Compounds with aromatic moieties, such as phenylalanine, tryptophan, tyrosine, 

dopamine and phenylpropanoids are widely distributed in nature. Humans have also 

added other aromatic compounds such as benzene, toluene and xylene.98 These 

compounds need to be degraded by soil microorganisms to prevent accumulation in the 

environment. Among soil microorganisms, species of the genus Pseudomonas are a 

group of bacteria that have a vital role in mineralization of organic matter. They are 

metabolically adaptable and have capability of degrading most of the aromatic 

hydrocarbons, oil, petroleum products, and pesticides.99,100 They have the ability to 
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mineralize phenolic compounds, and metabolize a variety of low-molecular-weight 

compounds, including chlorinated aliphatic hydrocarbons.101,102 Due to the diverse range 

of catabolic pathways, Pseudomonas is most widely used in the degradation process.103 

For example, one Pseudomonas strain, P. putida, is able to mineralize benzene and 

toluene via the toluene dioxygenase (TOD) pathway. In these cases the genes for the 

catabolic enzymes are located on the TOL plasmid.67  

P. putida is a gram-negative rod-shaped soil bacterium that can metabolize a 

large number of organic compounds, including aromatic hydrocarbons, which give them 

high potential for biodegradation of pollutants.104 They can also biodegrade compounds 

that plants make naturally to defend themselves, such as phenylpropanoids and 

monoterpenes.104   

Previous work by Parisa Ebrahimi showed that P. putida strains ATCC17453 and 

ATCC 17484 can degrade 1-allyloxy-4-propoxybenzene (3c{3,6}).105 In vitro tests with 

3c{3,6} suggest that P450cam catalyzes the dealkylation of the substrate. Monoalkoxy-

phenols were observed after five days, followed by dihydroquinone after eight days. The 

octanol-water partition coefficient was also determined for 3c{3,6} as 2.47 ± 0.17.106 

Cytochrome P450cam is a key enzyme in P. putida strain ATCC17453 that 

catalyzes the first committed step of camphor degradation. As previously discussed, 

P450cam catalyzes the oxidation of camphor (a monoterpene) to 5-exo-hydroxycamphor 

and 5-ketocamphor, which are less toxic.56 This enzyme is capable of activating inactive 

C-H bonds, and is often used as a model for substrate selectivity and product specificity. 

Can P450cam help degrade persistent organic pollutants (POPs) that are polychlorinated 

or dialkoxybenzenes that are larger than 3c{3,6}? 

1.7 Thesis Goals and Scope of Work 

Cytochrome P450cam (CYP101A1) from soil bacteria P. putida is the focus of my 

thesis. My thesis revolves around two topics:  (I) The oxidation of 3-chloroindole by 

P450cam and SeSaM-generated mutants, and (II) The biodegradation and 
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physicochemical properties of dialkoxybenzenes that showed antifeedant activity against 

stored-product beetle pests.  

In the aim of dehalogenating chlorinated organic compounds, 3-chloroindole was 

introduced to several P450cam mutants. P450cam mutants, unlike the wild type P450cam 

were able to catalyze the conversion of 3-chloroindole to isatin pigment at different rates. 

In my first attempt, the active iron-oxo species of P450cam (Cpd I) was obtained by 

reacting with mCPBA to carry out the oxidation of 3-chloroindole. This attempt was not 

successful since background reactions were observed and mCPBA seemed to oxidize 3-

chloroindole itself. Hence, P450cam mutants were transformed with putidaredoxin (PdX) 

and putidaredoxin reductase (PdR) to obtain the natural system of P450cam. Here, NADH 

was used as the electron source, and an NADH regeneration system was built into the 

reaction setup. This attempt was indeed successful. The formation of colored pigments 

was monitored by UV-VIS spectroscopy and the products were checked by high 

performance liquid chromatography (HPLC) and compared against available standards. 

The rate of formation of isatin Vmax, catalytic efficiency kcat/KM, turnover number kcat   and 

substrate binding affinity KM were determined and analyzed by GraphPad Prism 5 

analysis software.  

In my second project, my objective was to obtain important physicochemical 

properties of several para-substituted dialkoxybenzenes. Octanol-water partition 

coefficient experiments were performed and log P values were obtained. I also assessed 

the biodegradation capability of soil bacteria Pseudomonas putida ATCC 17453 towards 

1,4-dibutoxybenzene. My focus was on 1,4-dibutoxybenzene since it had been 

determined as one of the most active feeding deterrent against stored pest products by 

previous researchers. I observed that within one week of incubation with P. putida ATCC 

17453, 50% of the original amount of 1,4-dibutoxybenzene was degraded to other 

metabolites. Hydroquinone and 4-butoxyphenol were notable metabolites. Cytochrome 

P450cam is believed to play a role in the biodegradation of 1,4-dibutoxybenzene by 

catalyzing the first two dealkylation steps.  

Molecular docking simulations were done to support both projects using 

Molecular Operating Environment (MOE).  
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Chapter 2.  
 
Cytochrome P450cam Mutants in the Oxidation of 3-
Chloroindole – A Kinetic and Molecular Docking 
Investigation 

Cytochrome P450cam (CYP101A1) isolated from the soil bacterium Pseudomonas 

putida shows potent significant importance in the degradation of persistent organic 

pollutants (POPs). Chlorinated organic compounds are hazardous to the environment 

due to their toxicity and lack of biodegradation. SeSaM-generated P450cam mutants can 

provide a green solution to this challenging task and oxidize organochlorine substances. 

The oxidation of 3-chloroindole by P450cam mutants to form isatin is monitored by UV-

VIS spectroscopy. Kinetic studies and molecular docking simulations were performed to 

identify the effect of specific mutations on the activity of the enzyme.  

2.1 Materials 

All solvents were distilled prior to use. Nicotinamide adenine dinucleotide, 

reduced (NADH), Dithiothreitol (DTT), lysozyme, DNase, RNase, Vitamin B1, 5-

aminolevulinic acid, meta-chloroperoxybenzoic acid (mCPBA), protease inhibitors 

leupeptin, aprotinin, phenylmethane sulfonyl fluoride (PMSF), 4-(2-aminoethyl)-

benzenesulfonyl fluoride (AEBSF) and tricarbonylchloro(glycinato)ruthenium (II) (CORM-

3) were purchased from Sigma-Aldrich. Ethylenediaminetetraacetic acid (EDTA) was 

purchased from Fisher Scientific. Ferrous sulphate (FeSO4) was purchased from Allied 

Chemical, Canada. Electrophoresis was performed on polyacrylamide gels (10%, 14%, 

16%, 29:1) with 0.5% SDS (SDS-PAGE). The samples were reduced using 1 µL of DDT 

stock (31 mg/mL, 200 mM) before loading on gels. Gels were stained with Coomassie 

Blue R (Sigma-Aldrich). Sonication was done using a Branson Ultrasonic sonicator. 
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Centrifugation was carried out with a Beckman Avanti J-26 XPI centrifuge with a JLA 

8.1000 rotor. NMR spectra were obtained using a Bruker AVANCE II 400 MHz 

instrument. 

The buffers used were: lysis (20 mM phosphate buffer (K+), pH 7.4, with 1 mM 

camphor, T-100 (50 mM Tris, 100 mM KCl, pH 7.4).  

2.1.1 Synthesis of 3-Chloroindole 

The 3-chloroindole was prepared from indole (Sigma Aldrich, CAS # 120-72-9) in 

two steps as reported previously.107  

N-chloroindole. To 0.585 g (1 mmol) of indole, 500 mL of n-pentane, 125 mL of 

aqueous sodium hypochlorite (reagent grade, 10-15% available chlorine) and 125 mL of 

water were added and stirred at 0 °C for 3 h. The organic layer was separated and the 

aqueous layer was extracted with an additional 100 mL of n-pentane. The combined 

organic layers were dried over K2CO3. Pentane was distilled under vacuum and the oily 

residue was stored at 4 °C. 

3-chloroindole. To the above oily residue in a 2 L flask, 500 mL of n-butanol and 

7.5 g of K2CO3 were added, and the reaction was refluxed for 2 h. The alcohol as 

removed under reduced pressure and to this, 200 mL of water and 200 mL of CHCl3 

were added. The layers were separated and the chloroform layer was dried over K2CO3 

and distilled under vacuum. The oily residue was purified by column chromatography 

using hexane: ethyl acetate (8:1), as the solvent, and the isolated produced (yield 65%), 

was characterized by NMR. 1H NMR (400 MHz, CDCl3): δ 8.14 (s, NH), δ 7.55 (d, 1H, 

J=8.4 Hz), δ 7.39 (s, 1H), δ 7.20 (t, 1H, J=2.8 Hz), δ 7.09 (dd, 1H, J=1.8 Hz, 8.4 Hz), δ 

7.55 (m, 1H), (Appendix C, Figure C.1). 
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2.2 Methods and Experiments 

2.2.1 Protein Expression of P450cam Wild-Type and Mutants 

A standard protocol was used to express P450cam mutants that were selected 

against 3-chloroindole as a substrate. 

Specialized E. coli strain with BL21DE3 competent cells containing the mutated 

cytochrome P450cam plasmids were grown in Luria Broth medium (6 L) with kanamycin 

(50 mg/L) at 37 °C and shaking at 250 rpm overnight to A600 = 0.8 - 0.9.  Cells were 

harvested by centrifugation at 7000 rpm, 4 °C, for 30 minutes.  Collected pellets were 

resuspended in fresh LB-ampicillin medium (6 L) and incubated for 2 - 3 hours at 37 °C, 

250 rpm. IPTG (20 mM) and trace additives (FeCl2 (0.1 µM), 5-aminolevulinic acid (1 

mM), vitamin B1 (10 µM) were added. Incubation was continued for 4 - 5 hours at 27 °C, 

250 rpm. After induction was complete, the cells were harvested by centrifugation at 

7000 rpm for 30 minutes and stored in a minimum amount of lysis buffer (20 mM 

phosphate buffer, pH 7.4) overnight. 

Stored cell pellets were resuspended in lysis buffer (500 mL) and EDTA.Na2 

(1.86 g/L, 0.1 mM) was added. The suspension was stirred for 15 minutes at 4 °C and 

the pH was adjusted to 7.4 using 0.1 M KOH. Camphor (152 mg in 1 mL of ethanol) and 

protease inhibitor cocktail (40 mg of PMSF, 1 mg AEBSF, 0.2 mg leupeptin, 0.2 mg 

aprotinin, and 100 mg lysozyme) were added and stirring continued at 4 °C for 40 

minutes. 

Sonication was carried out in a Branson Ultrasonic sonicator at 50% duty cycle 

for 10 minutes. MgSO4 (1.2 g, 10 mM) was added, and the pH was readjusted to 7.4 

using 0.1 M KOH. RNase (10 mg) and DNase (1 mg) were added, and the solution was 

stirred for at 4 °C for 30 minutes, followed by sonication for 10 minutes. The lysate was 

homogenized with a Tissue Grinder Potter-Elvehjem (PTFE) chamber and pestle, and 

then harvested at 7000 rpm, 4 °C for 30 minutes. Supernatant was collected (lysate) and 

absorbance was recorded at 280 nm, 392 nm, 410 nm and 454 nm. The lysate was 

dialyzed against potassium phosphate buffer (20 mM, pH 7.4, supplied with 1 mM 

camphor) for 5 hours using 6-10 kDa dialysis tubing.   
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The dialysate was subjected to a 20% ammonium sulphate cut (to remove cell 

debris).  Since the supernatant showed a band at ~ 410 nm, it was further subjected to a 

45% ammonium sulphate cut (to isolate the protein). The 20-45% saturated pellet was 

resuspended in T-100 buffer (50 mM Tris, 100 mM KCl, pH 7.4, supplied with 1 mM 

camphor). 

SDS-PAGE (Sodium dodecyl sulphate polyacrylamide gel electrophoresis) and 

UV analysis (at 280 nm, 392 nm, 410 nm and 454 nm) were performed to confirm the 

presence of cytochrome P450cam in lysate, dialysate, 20-45% saturated pellet (crude 

protein).  The crude protein was then used for steady-state kinetic assays.  

2.2.2 In vitro Screening Experiment for the Oxidation of 3-
Chloroindole to Form Isatin 

To avoid having to use the shunting agent, an E. coli strain BL21(DE3) strain was 

generated – that contained the entire wild type P450 system comprised of P450cam, 

putidaredoxin (PdX) and putidaredoxin reductase (PdR) in the pET-22b(+) vector. The 

three genes are adjacent to each other on the CAM plasmid in P. putida strain ATCC 

17453, the strain from which P450cam was originally isolated.108 

P450cam mutants pre-transformed into E. coli strain with pET-22b(+) vector and a 

tricistronic construct of P450cam-PdX-PdR were used in this screening experiment. This 

tricistronic strain expresses the WT P450cam enzyme and the two natural redox partners 

of P450cam. As a result, the enzyme does not need to be shunted with an oxidizing agent 

(such as a peracid) for the oxidation of the substrate. The mutants (in pET-28a(+) vector) 

have been co-transformed into the tricistronic E. coli strain and double-selected with 

ampicillin (the resistance marker on pET-22b(+)) and kanamycin (the resistance marker 

on pET-28a(+) vector)).  

In a sterile culture tube with a vented cap, 5 mL of LB media was added with 10 

µL of 50 mg/mL ampicillin/kanamycin solution [only ampicillin was added for the WT, 

whereas for the mutants, both ampicillin and kanamycin were added]. These pre-

cultures were allowed to grow at 37 °C, 250 rpm overnight. The next day, (Day 0), the 

starter cultures were centrifuged at 10,000 x g, 4 °C for 10 minutes and the pellets were 
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suspended in fresh LB-ampicillin (WT) and LB-ampicillin-kanamycin (mutants) containing 

IPTG (20 mM) and γ-ALA (1.0 mM). The induced cultures were incubated at 29°C, 250 

rpm for 4 hours and then centrifuged at 10,000 x g, 4°C for 10 minutes. The 

supernatants were discarded and the pellets were suspended into 1 mL M9 minimal 

media (42.3 mM Na2HPO4.7H2O, 22.0 mM KH2PO4, 8.6 mM NaCl, 0.1 mM MgSO4, and 

18.7 mM NH4Cl) and transferred into sterile Eppendorf tubes.  

One of the two WT samples was boiled thoroughly for 10 minutes. The first set 

was started by adding 300 µL of the appropriate starter culture to tubes that pre-

contained 4183 µL of M9 minimal media and 17 µL of 3-chloroindole (0.25 mM).  At time 

zero, the tube was vortexed and a 1 mL sample was transferred into a sterile Eppendorf 

tube. The 1 mL samples were centrifuged thoroughly at 10,000 x g, 4 °C for 10 minutes. 

The supernatants were carefully transferred into new Eppendorf tubes and monitored for 

3-chloroindole and isatin via UV-VIS. The remaining 3.5 mL culture in each tube was 

placed in an incubator at 27 °C, shaking at 250 rpm until the next set on days 3 and 6.  

During the screening experiment, the appearance of isatin was measured at 315 

nm in the cell supernatant. Three replicates were done per set whereby each set 

consisted of the 19 mutants, the live WT, the boiled control, and the M9 media-only 

control. Measurements were taken at time zero (just after setup), then 3, and 6 days 

after setup.  

2.2.3 Steady-State Kinetic Assays with mCPBA Shunting Agent 

Steady-state kinetic assays were performed in 1 mL potassium phosphate buffer 

(50 mM, 150 mM K+, pH 7.4) with varying concentrations of 3-chloroindole (ranging from 

10 µM to 1 mM), 0.25 mM m-CPBA and 180 nM of crude protein P450cam. The reaction 

mixtures were monitored by UV-VIS spectroscopy for 15 min at 315 nm for the formation 

of isatin. The concentrations of the product, isatin were estimated using extinction 

coefficient (2.3 mM-1 cm-1).  Kinetic parameters such as Vmax and KM were done using 

nonlinear regression with GraphPad Prism software. Three controls were run: 1) in the 

absence of the substrate, 2) in the absence of the shunting agent, and 3) in the absence 

of the enzyme. 
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2.2.4 Transformation and Expression of P450cam Mutants into an E. 
coli Strain that Co-expresses Putidaredoxin and Putidaredoxin 
Reductase 

Plasmids of P450cam mutants were transformed into a strain of E. coli BL21(DE3) 

cells that contain a bicistronic construct consisting of putidaredoxin (PdX) and 

putidaredoxin reductase (PdR) from P. putida using the heat shock method.  

BL21(DE3) competent cells with PdR and PdX (100 µL) were prepared and 10 

µL of 10 ng of P450cam plasmid was added. The sample was incubated on ice (4 °C) for 

45 minutes to allow the plasmid to absorb on the surface of the cells. The sample was 

heat-shocked using a water bath set at exactly 42 °C for 30 seconds. Then, the sample 

was placed on ice for 2 minutes. SOC medium (1 mL) was added to the tube and the 

sample was incubated at 37 °C, 250 rpm for 3 hours. Aliquots with different volumes, 

ranging from 100 µL to 200 µL, were plated on LB agar plates containing 50 mg/mL of 

the antibiotic (ampicillin/kanamycin) and incubated overnight at 27 °C, 250 rpm. 

Individual colonies were picked with a toothpick, grown in 2 mL LB medium containing 

the antibiotic, and stored as glycerol stocks.  

Each E.coli strain containing the mutated cytochrome P450cam plasmid, 

putidaredoxin (PdX) and putidaredoxin reductase (PdR) was grown in LB medium (6 L) 

with kanamycin (50 mg/L) at 37 °C and shaking at 250 rpm overnight to A600 = 0.8 - 0.9.  

Cells were harvested by centrifugation at 7000 rpm, 4 °C, for 30 minutes.  Collected 

pellets were resuspended in fresh LB-ampicillin medium (6 L) and incubated for 2-3 

hours at 37 °C, 250 rpm. IPTG (20 mM) and trace additives (FeCl2 (0.1 µM), 5-

aminolevulinic acid (1mM), vitamin B1 (10 µM)), riboflavin (10 µM) were added. 

Incubation was continued for 4-5 hours at 27 °C, 250 rpm. After induction was complete, 

the cells were harvested at 7000 rpm for 30 minutes and stored in a minimum amount of 

lysis buffer (20 mM phosphate buffer, pH 7.4) overnight. 

Stored cell pellets were resuspended in lysis buffer (100 mL) and disodium EDTA 

(0.1 mM) was added. The suspension was stirred for 15 minutes at 4 °C and the pH was 

adjusted to 7.4 using 0.1 M KOH. Camphor (152 mg in 1 mL of ethanol, 1 mM) and 

protease inhibitor cocktail:  PMSF (100 µL of 40 mg/mL in EtOH), 100 µL of a mixture of 
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1 mg ABSF, 0.2 mg leupeptin, 0.2 mg aprotinin, and 100 mg lysozyme were added and 

stirring continued at 4 °C for 40 minutes. 

The lysate was sonicated, homogenized and dialyzed as explained in Section 

2.2.1. SDS-PAGE (Sodium dodecyl sulphate polyacrylamide gel electrophoresis) and 

UV analysis (at 280 nm, 392 nm, 410 nm and 454 nm) were performed to confirm the 

presence of cytochrome P450cam in the dialyzed lysate. The crude protein was then used 

for steady-state kinetic assays.  

2.2.5 Determination of Fe-CO Absorbance at 450 nm with Carbon 
Monoxide Releasing Molecule-3, CORM-3 

To 1 mL phosphate buffer (50 mM, 150 mM K+, pH 7.4), mutant P450cam (180 

nM) and sodium dithionite (1 mM) was added. The reduced baseline spectrum was 

recorded between 400-500 nm in 1 nm intervals. After adding a few grains of CORM-3, 

(tricarbonylchloro(glycinato)ruthenium (II) (Sigma-Aldrich), the mixture was scanned 5 to 

6 times until the typical FeII-CO complex at 450 nm was identified. All measurements 

were done in triplicates.  

2.2.6 Steady-State Kinetic Assays for 3-chloroindole oxidation with 
the P450cam mutants with NADH Regeneration System 

Steady-state kinetic assays were performed in 1 mL potassium phosphate buffer 

(50 mM, 150 mM K+, pH 7.4) with varying concentrations of 3-chloroindole (ranging from 

10 µM to 1 mM), 180 nM of crude protein P450cam, 2 mM glucose, 0.05 units glucose 

dehydrogenase, 0.1 mM NAD+ and 1µM NADH. The reaction mixtures were monitored 

by UV-VIS spectroscopy for 15 min at 246 nm for the formation of isatin. The 

concentrations of the product, isatin were estimated using extinction coefficient          

(2.3 mM-1 cm-1).  Kinetic parameters such as Vmax and KM were obtained using nonlinear 

regression with GraphPad Prism software. Three controls were run: 1) in the absence of 

the substrate, 2) without NADH regeneration system, or 3) without enzyme. 

This experiment was run in two ways: Method A included first adding the 

phosphate buffer, glucose, glucose dehydrogenase, NADH, and 3-chloroindole 
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substrate, then bubbling with O2, taking a blank reading, then adding P450cam protein 

and recording the absorbance at 246 nm for 15 min. Method B included first adding the 

phosphate buffer, glucose, glucose dehydrogenase, NADH, P450cam protein, then 

bubbling with O2, taking a blank reading, then adding the 3-chlorooindole and recording 

the absorbance at 246 nm for 15 min.  

2.3 Molecular Docking Simulations  

Docking simulations were performed using Molecular Operating Environment 

(MOE, Chemical Computing Group, Montreal, Canada). The amino acid sequence and 

crystal structure information of P450cam (CYP101A1) was obtained from Protein Data 

Bank. P450cam with PDB codes 1DZ9 (iron-oxo complex of P450cam) and 3L63 (closed 

conformation of P450cam in the presence of a substrate) were used for the docking 

studies.13,43 The protein was imported into MOE as a PDB structure, each residue 

protonated at pH 7, 298 K and 0.1 M salt and the charges were assigned according to 

the default setting under “Compute| Pronate 3D”.109 Ligands 3-chloroindole, 3-chloro-3-

hydroxy-indole, (2S,3S)-2,3-epoxy-3-chloroindole, (2R,3R)-2,3-epoxy-3-chloroindole, 3-

ketoindole shown in Figure 2.1 were constructed in MOE using “builder” and imported 

into the MOE database as “.mdb” files.  
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Figure 2.1 Structures of 3-chloroindole and intermediates docked in MOE. 

Prior to docking, camphor was deleted and potential docking sites were identified 

on the protein (by setting “all atoms” (protein & heme) as the receptor) using the option 

“site finder.” Dummy atoms were placed at each site targeted for docking and these 

dummy atoms were markers used by the docking algorithm. Ligands were docked using 

an induced fit protocol and all atoms of the P450 polypeptide and the porphyrin chosen 

as the receptor. Triangle matcher was used for placement, rescored by London dG, 

force field for refinement, rescored using GBVI/WSA dG; a maximum of 30 poses were 

retained. The population of poses (structures that result and are retained from the 

docking trajectory) were weighed in importance according to their preponderance if all 

poses retained were to equilibrate. The distribution of poses was estimated based on 

each structure’s energy. We assumed that the energy from MOE is approximately equal 

to the free energy.   
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2.4 Results and Discussion 

2.4.1 Results for the In vitro Screening Experiment of the Oxidation 
of 3-Chloroindole by P450cam Mutants to form isatin  

A screening experiment was performed with IND 1-12 mutants, ES 1-7 mutants 

and three different controls—WT live, WT boiled and M9 media only.  

The WT control (alive) serves the purpose of determining how much isatin forms 

from the wild-type P450cam system already present in the bacteria. The media-only 

control serves the purpose of monitoring any hydrolysis of 3-chloroindole over the 

course of the experiment, as well as any spontaneous formation of isatin under those 

conditions. The WT-boiled culture control serves the purpose of monitoring for 3-

chloroindole hydrolysis as well as adsorption and evaporation from the culture. The 

appearance of isatin was measured by the UV/near visible absorption of compounds in 

the cell supernatant, results shown in Figure 2.2. To further validate the formation of the 

isatin pigment, standards and extracts were injected into a Hewlett Packard Series 1100 

HPLC equipped with a diode array detector operated at 290 nm, and a C18 analytical 

column. Samples and standards (3-chloroindole, isatin, 2-oxoindole, indole, 1-indanone) 

were eluted using an isocratic gradient of 70% ACN and 30% H2O at a flow rate of 1.0 

mL/min (Appendix C, Figure C.4-C.7) 
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Figure 2.2 Screening Results for Isatin Production, n=3. The bar graphs 

represent the amount of isatin (nmol) produced for M9 media 
control, P450cam WT boiled control, P450cam WT live, IND1-IND12 
mutants, and ES1-ES7 mutants. The top, middle, and bottom bar 
graphs show the amount of isatin produced after 2 hours, 3 days, 
and 6 days, respectively. An asterisk (*) indicates that the means are 
statistically significantly higher compared to the WT live control. (P 
< 0.05). The WT boiled and M9 media control are statistically 
significantly lower compared to all mutants. The color code 
represents the activity trends. Green means more active than the 
WT. Blue means moderately more active than the WT. Orange means 
not more active compared to WT.   
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A multiple comparison one-way ANOVA was done to see whether statistically 

differences exist between the means. This was followed by a post analysis via Tukey’s 

test in order to find the means that are significantly different from each other. According 

to the results, some mutants show significant increase in the formation of isatin 

compared to the WT live enzyme. However, some mutants show reduced production of 

isatin compared to the WT live enzyme. Nevertheless, there are mutants that show no 

statistical difference in the means.  

2.4.2 Steady-State Kinetic Results for the Oxidation of 3-Chloroindole 
to form Isatin using the NADH Regeneration System and 
Natural Redox Partners: PdR and PdX 

Steady-state kinetic results from the oxidation of 3-chloroindole using the NADH 

regeneration system and natural redox partners PdR and PdX are shown in Table 2.1 

(see Appendix D for details).  

Table 2.1 Steady-state kinetic parameters for the oxidation of 3-chloroindole 
to form isatin by P450cam, NADH regeneration system, redox 
partners PdR and PdX. N/D = not detected. Vmax represents the 
amount of isatin formed per mole of enzyme per second. It is 
assumed that enzyme added is entirely active. KM represents the 
affinity of the enzyme for 3-chloroindole or binding affinity. kcat 
represents the turnover number of the enzyme. kcat/KM represents 
the catalytic efficiency of the enzyme. 

Clone 
Name 

Mutations Vmax 
(M/s) 

KM 
(M) 

kcat 
(s-1) 

kcat/KM 
(M-1s-1) 

WT N/D N/D N/D N/D N/D 

IND1 E156G/V247F/V253G/F256S 3.73E-08 4.36E-04 1.86E-01 4.27E+02 

IND2 G60S/Y75H 1.21E-08 4.06E-05 6.03E-02 1.49E+03 

IND3 D97F/P122L/Q183L/L244Q 2.17E-09 9.03E-05 1.08E-02 1.20E+02 

IND4 G120A/Y179H/G248S/D297H 1.07E-09 4.64E-06 5.34E-03 1.15E+03 

IND5 Y179H 2.70E-10 2.64E-05 1.35E-03 5.11E+01 

IND6 G93C/K314R/L319M 1.24E-08 1.47E-04 6.20E-02 4.23E+02 

ES1 T56A/N116H/D297N 5.404E-09 1.61E-05 2.70E-02 1.68E+03 

Kinetic parameters such as kcat, KM and Vmax were determined with the aim of 

understanding the effect of specific mutations on enzyme activity. The Michaelis-Menten 

constant, KM is associated with the affinity of the enzyme for the substrate. The enzyme 
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with a higher KM requires more substrate to reach the maximum reaction velocity than 

the enzyme with a low KM. The rate of reaction when the enzyme is saturated with 

substrate is the maximum rate of reaction, Vmax. kcat measures the number of substrate 

molecules turned over per enzyme molecule per second. kcat was calculated as follows: 

kcat = Vmax/ [E]total 

. The ratio kcat/KM is a measure of enzyme catalytic efficiency at low substrate 

concentrations. Two assumptions were made in these calculations – 1) the amount of 

enzyme used in the reaction is entirely active or in its “active” state, and 2) that the 

concentration of the substrate-bound enzyme changes much more slowly than those of 

the product and substrate, and thus change over time of the enzyme-substrate complex, 

d[ES]/dT can be set to zero.  

The amounts of isatin formed were the highest for the mutants 

E156G/V247F/V253G/F256S, G93C/K314R/L319M and G60S/Y75H. The rate of 3-

chloroindole hydroxylation were measured with the selected mutants and normalized for 

the nmol of P450cam taken in the reaction, Table 2.1.  
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2.4.3 Cytochrome P450cam Mutant IND1 (E156G/V247F/V253G/F256S) 

 
Figure 2.3 The MOE docking result of 3-chloroindole into the IND1 mutant 

(E156G/V247F/V253G/F256S) obtained from modified PDB 1DZ9. The 
mutated residues, camphor, iron-heme porphyrin, axial cysteine 
ligand Cys 357, and I helix, are shown in dark green, fluorescent 
light green, hot magenta, mauve, and purple, respectively.  

 Steady-state kinetic results showed that mutant IND1 

(E156G/V247F/V253G/F256S) has the highest rate of conversion of 3-chloroindole to 

isatin per mole of enzyme per second at saturated conditions, Table 2.1. IND1 carries a 

novel mutation (V247F) that can play a role in altering the activity of P450cam towards the 

dehalogenation of 3-chloroindole. The additional mutations, V253 to a smaller glycine 

and F256S create space in the active site. These residues are part of the I-helix. 

Residue F247 and 3-chloroindole are orthogonal in the in-silico models, suggesting an 

sp2 C-H/π interaction, Figure 2.3. 

It has been reported that unnatural substrates may not fit well into the P450cam 

active site, either because they are too small and do not fill the cavity or because they 

are too large and cannot position above the Fe, are not turned over. For IND1 P450cam 

mutant, 3-chloroindole is well positioned for turnover.   
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2.4.4 Cytochrome P450cam Mutant IND2 (G60S/Y75H) 

 
Figure 2.4 The MOE docking result of 3-chloroindole into the IND2 mutant 

(G60S/Y75H) obtained from modified PDB 1DZ9. The mutated 
residues, camphor, iron-heme porphyrin, axial cysteine ligand Cys 
357, and I helix, are shown in dark green, fluorescent light green, hot 
magenta, mauve, and purple, respectively. 

Mutant IND2 is a double mutant. Both residues that were mutated Gly60 and 

Tyr75, lie far away from the active site. Gly 60 lies along the substrate access channel. 

Hence, the new residues Ser60 and His75 may play roles in accommodating 3-

chloroindole into the active site. Mutation of Gly 60 to Ser however, could restrict 

flexibility and accommodation of 3-chloroindole. Kinetic results show that IND2 has one 

of the highest catalytic efficiencies (kcat/KM), Table 2.1.  
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2.4.5 Cytochrome P450cam Mutant IND3 (D97F/P122L/Q183L/L244Q) 

 
Figure 2.5 The MOE docking result of 3-chloroindole into the IND3 mutant 

(D97F/P122L/Q183L/L244Q) obtained from modified PDB 1DZ9. The 
mutated residues, camphor, iron-heme porphyrin, and axial cysteine 
ligand Cys 357, are shown in dark green, fluorescent light green, hot 
magenta, and mauve, respectively. 

IND3 exhibited a 17-fold decrease in activity (Vmax) compared to the IND1 mutant, 

Table 2.1. Mutated residues were along the K+ binding site. D97F is close to B’ helix 

end. Gln244 interacts with the chlorine atom of 3-chloroindole. L244Q is on the I helix 

and interacts with the chlorine atom of 3-chloroindole. P122L is on the C’ helix and is a 

surface residue of P450cam. In the literature, Pro122 was amongst the few residues that 

interacted with putidaredoxin (PdX) residue Trp106.110 Hence, P122L may affect the 

PdX-induced structural changes in P450cam. D97F is close to the B’ helix end. Residues 

Asp97 and Lys197 form a salt link via hydrogen bonding interactions, and are reported 

to play a role in the ligand egress pathway.111 Q183L is on the F helix of P450cam.  
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2.4.6 Cytochrome P450cam Mutant IND4 (G120A/Y179H/G248S/D297H) 

 
Figure 2.6 The MOE docking result of 3-chloroindole into the IND4 mutant 

(G120A/Y179H/G248S/D297H) obtained from modified PDB 1DZ9. 
The mutated residues, camphor, iron-heme porphyrin, axial cysteine 
ligand Cys 357, and I helix, are shown in dark green, fluorescent 
light green, hot magenta, mauve, and purple, respectively. 

 IND4 has the highest binding affinity (lowest KM), Table 2.1. Residues Ser248 

and His297 form a cage around 3-chloroindole, as shown in Figure 2.6. In the wild type, 

the carboxylate side chain of Asp297 forms a hydrogen bond to a propionate group with 

the heme prosthetic group.  
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2.4.7 Cytochrome P450cam Mutant IND5 (Y179H) 

 
Figure 2.7 The MOE docking result of 3-chloroindole into the IND5 mutant 

(Y179H) obtained from modified PDB 1DZ9. The mutated residues, 
camphor, iron-heme porphyrin, axial cysteine ligand Cys 357, and I 
helix, are shown in dark green, fluorescent light green, hot magenta, 
mauve, and purple, respectively. 

Mutant IND5 is a single mutant whereby a histidine replaced a tyrosine. Kinetic 

results show that Y179H still converts 3-chloroindole to isatin, but has the lowest rate of 

formation at saturating conditions, Table 2.1. Residue Y179H lies on the F-helix of 

P450cam.  

It has been reported that residues D251, K178, D182 and R186 belong to a salt 

link tetrad.112 Salt bridges occur frequently in proteins and can contribute to molecular 

recognition and catalysis.113 The replacement of a nearby tyrosine residue at position 

179 by histidine (mutant IND5) caused a significant change in the activity of P450cam and 

in its ability to accommodate 3-chloroindole as a substrate.  
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2.4.8 Cytochrome P450cam Mutant IND6 (G93C/K314R/L319M) 

 
Figure 2.8 The MOE docking result of 3-chloroindole into the IND6 mutant 

(G93C/K314R/L319M) obtained from modified PDB 1DZ9. The 
mutated residues, camphor, iron-heme porphyrin, axial cysteine 
ligand Cys 357, and I helix, are shown in dark green, fluorescent 
light green, hot magenta, mauve, and purple, respectively. 

Mutant IND6 has the lowest binding affinity (highest KM) towards 3-chloroindole 

and the second highest Vmax at saturated conditions compared to other mutants listed in 

Table 2.1. Mutation at residue K314 is one of the recurring mutations that were 

observed in the current P450cam SeSaM procedure and selection of clones. Here, lysine 

substituted for another positively charged and amphipathic amino acid, arginine. 

Arginine has a complex guanidinium group on its side chain that can bind negatively 

charged groups on phosphates or carboxylates and can form multiple hydrogen 

bonds.114 Hence, this K314R mutation can enhance protein stability.  

G93C is part of the B’ helix, which is strongly perturbed by the binding of reduced 

putidaredoxin (PdX) to the reduced substrate-bound P450cam. In the literature, Gly93 

along with Glu84, Glu94 and Tyr96 are part of the K+ binding site.54 L319M lies on the 
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surface of P450cam. Methionine side chain is fairly non-reactive, and thus may not be 

directly involved in catalysis but may play a role in substrate binding and recognition.114 

2.4.9 Cytochrome P450cam Mutant ES1 (T56A/N116H/D297N) 

 
Figure 2.9 The MOE docking result of 3-chloroindole into the ES1 mutant 

(T56A/N116H/D297N) obtained from modified PDB 1DZ9. The 
mutated residues, camphor, iron-heme porphyrin, axial cysteine 
ligand Cys 357, and I helix, are shown in dark green, fluorescent 
light green, hot magenta, mauve, and purple, respectively. 

 ES1 has the highest catalytic efficiency and rate of formation at low substrate 

concentration as reflected in the value of kcat/KM in Table 2.1. 

In literature, the carboxylate group D297 side chain is reported to have specific 

interactions with one of the heme propionate groups and the mutation, D297M is 

reported to have reduced oxidation activity with butane and propane.60 Here, residue 

297, aspartic acid was replaced by asparagine. In the literature, it was shown that the 

structure of a D297N P450cam mutant superimposes well with that of wild type P450cam. 

On the other hand, substitution of Asp297 with Ala, Leu were different, especially in 

terms of the behaviour of Thr101 upon substrate binding.115 In the wild type and D297N 
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mutant, T101 hydrogen bonds to Y96 in the camphor-free form, and upon substrate 

binding, T101 forms a hydrogen bond with the heme-7-propionate. With the mutant 

D297N, the amide group of Asn298 side chain hydrogen bonds to the heme-7-

propionate, and forms a tetrad hydrogen bonding network with Gln322 and Arg299, 

which allow P450cam to soak with the substrate and block the access of bulk water to the 

active site.115 This hydrogen bonding interaction between Asn297 side chain and the 

heme was observed in the molecular docking simulations with the T56A/N116H/D297N 

mutant.   

It is shown that putidaredoxin (PdX) residue Trp106 forms hydrogen bonds with 

P450cam residues Arg108 and Asn116.49 This interaction is the key driving force in the 

closed to open switch of P450cam. These hydrogen bonds force the C helix up toward 

PdX by about 2-3 Å, and this motion is coupled with movements in the B’, I, F and G 

helices, all of which are involved with substrate access. This movement also leads to 

large motions of the F and G helices and the F/G loop which opens the active site to bulk 

solvent. N116H lies on the C helix of P450cam. Histidine116 can still form a hydrogen 

bonding interaction with Trp106 of PdX, and may play a crucial role in catalytic activity of 

P450cam. 

Thr56 is located close to the five P450cam tryptophan residues that lie close to the 

heme centre (W42, W55, W63, W374 and W406). It is not clear if T56A has any effect 

on the activity of P450cam in the conversion of 3-chloroindole to isatin but the 

replacement of threonine to alanine at position 56 is not a conservative mutation – Thr56 

is a polar residue while Ala56 is aliphatic. 

2.4.10 Proposed Mechanism for the Oxidation of 3-Chloroindole to 
form Isatin  

Mechanisms A and B, shown in Figure 2.10, are proposed as plausible 

mechanisms for the oxidation of 3-chloroindole to isatin by cytochrome P450cam mutants. 

In both mechanisms, two consecutive oxidations by P450cam generate isatin. In 

mechanism A, we propose that the substrate 3-chloroindole forms an epoxide upon 

oxidation by P450cam mutants (Figure 2.10).  The epoxide intermediate then ring opens 

to form 3-chlorohydrin. The chlorohydrin intermediate then loses hydrogen chloride to 
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form 3-ketoindole. A second round of oxidation by P450cam mutant forms isatin.  This 

exists as a tautomer with its enol form, and this can be seen in the isatin NMR 

(Appendix C, Figure C.2). Indigo can form non-enzymatically after coupling of an isatin 

and 3-ketoindole molecules. 

In mechanism B, we propose that the substrate 3-chloroindole gets oxidized at 

the N-1 position (Figure 2.10). N-1 hydroxylation begins with hydrogen abstraction, 

followed by a rebound mechanism. The hydroxyl group is then released and acts as a 

nucleophile to attack at the 3rd position and form 3-chlorohydrin. Hydrogen chloride is 

then released to form 3-ketoindole. This intermediate gets oxidized again to form isatin. 

 
Figure 2.10 Proposed mechanisms A and B for the oxidation of 3-chloroindole 

by cytochrome P450cam mutants to generate isatin. 
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To gain insight into how 3-chloroindole fits into the active sites of the mutants and 

wild type P450cam, in silico docking calculations were performed. First, 3-chloroindole 

was docked into the active site of WT P450cam and then the mutants. Molecular docking 

results showed that 3-chloroindole does not dock into WT P450cam, but docks into the 

IND1-6 P450cam mutants and ES1 P450cam mutant.   

The molecular docking simulations supported both mechanisms A and B 

proposed. In MOE, 3-chloroindole and 3-ketoindole shown in Figure 2.10 were docked 

with P450cam PDB 1DZ9 WT, IND and ES mutants (refer to Figure B.1-2 in Appendix B 

for details). Intermediates 3-chlorohydrin and epoxy-intermediates shown in Figure 2.10 

were docked with P450cam PDB 3L63 WT, IND and ES mutants (refer to Figure B.3-5 in 

Appendix B for details).  

The distances measured for 3-chloroindole, 3-ketoindole and other 

intermediates, shown in Appendix B, Figures B.3-5 suggest that the mutants all 

accommodate the substrate equally but at different orientations and configurations. 

These subtle positioning and configuration differences, and the mutated residues 

account for their differences in activity. The wild type however, did not accommodate 3-

chloroindole and the intermediates and showed no activity towards the oxidation of 3-

chloroindole to isatin.  
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Figure 2.11 MOE docking of 3-chloroindole in IND1 P450cam PDB 1DZ9 

representing the distances measured. 

Molecular modeling results showed that distance measurements could help 

determine if a substrate can be accepted into a certain enzyme. To determine the effect 

of specific residues on the activity of the enzyme, the docked structures must be 

analyzed for specific ligand interactions-to-amino acid or amino acid-to-amino acid. 

Figure 2.11 shows an example of the distances measured between the iron heme to the 

N-1, C-2 and C-3 positions of the 3-chloroindole into P450cam. The distances measured 

between the iron heme to the N-1, C-2 and C-3 of the indole moieties of the substrate 

and intermediates (Appendix B) show that WT P450cam, unlike all IND and ES mutants, 

does not readily accept 3-chloroindole or any of the proposed intermediates. The steady-

state kinetic assays showed that WT P450cam is completely devoid of catalytic activity in 

the oxidation of 3-chloroindole to isatin.  

In the in-vitro screen experiment, bacterial culture containing WT P450cam was 

shown to form isatin after 3 and 6 days (Figure 2.2). However, no isatin was detected in 

the oxidation of 3-chloroindole with crude WT P450cam in the steady state kinetic assays 

(Table 2.1). This suggests that WT P450cam is very slow in the oxidation of 3-

chloroindole but might still be active. It can be argued that the isatin formed in the 

bacterial screen is due to the presence of other active enzymes in the bacterial culture.    
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IND1 mutant (E156G/V247F/V253G/F256S) is the most active in the oxidation of 

3-chloroindole to isatin with the highest Vmax. IND1 is 138-fold faster than IND5 mutant 

(Y179H). Similarly, IND6 mutant (G93C/K314R/L319M) is 50-fold faster than IND5 

mutant.  The mutant with the highest catalytic efficiency kcat/KM is ES1 P450cam mutant 

(T56A/N116H/D297N). ES1 mutant is about 33-fold more catalytically efficient than IND5 

mutant. IND5 mutant had the lowest activity and has the lowest catalytic efficiency 

kcat/KM compared to other mutants in the oxidation of 3-chloroindole. These results show 

that even a single mutation altered the activity of the WT P450cam. However, the steady-

state kinetic results suggest that multiple mutations whether in the active site, or close to 

the P450cam surface may play a cooperative role in improving P450cam activity.  

MOE results showed that distance measurements could help determine if a 

substrate can be accepted into a certain enzyme. To determine the effect of specific 

residues on the activity of the enzyme, the docked structures must be analyzed for 

specific ligand interaction-to-amino acid or amino acid-to-amino acid interactions.  

2.5 Conclusion 

In conclusion, several P450cam mutants generated from Sequence Saturation 

Mutagenesis can dehalogenate 3-chloroindole to give isatin as the major colored 

product. Indigo pigment was found in some of the assays, and the presence of indigo 

was confirmed by UV-VIS and HPLC. The formation of indigo is a non-enzymatic 

process and is not catalyzed by P450cam. The colored pigment, indirubin, was not 

detected in the assays. Kinetic assays were performed with selected mutants that had 

shown activity in the in vitro screening assay. IND1 mutant 

(E156G/V247F/V253G/F256S) was the most active in the oxidation of 3-chloroindole to 

isatin. IND4 mutant (G120A/Y179H/G248S/D297H) had the highest affinity towards 3-

chloroindole. Molecular docking simulations via MOE helped understand the effects of 

these mutated residues on the activity or affinity of these enzymes towards 3-

chloroindole.  
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Chapter 3.  
 
The Fate of Dialkoxybenzenes as Pest Control 
Agents – Hydrophobicity and Biodegradation by 
P450cam  

3.1 Introduction  

 The accumulation of chemicals in the environment is a growing concern in the 

application of pesticides. Although many microorganisms provide a wealth in 

biodegradation, some chemicals reside in the environment, and can be distributed by 

water or air.94,116 Therefore, the fate of pesticides is often uncertain and pesticides can 

contaminate areas distant from where they were first used. In this work, 

dialkoxybenzenes were assessed for their ability to be biodegraded and to assess their 

hydrophobic character in order to predict their ultimate fate in the environment. These 

data can act as a platform and can support the work of other researchers where 

dialkoxybenzenes were seen to act as insect-feeding deterrents against stored product 

pests, such as grain beetles. 

3.2 Methods and Experiments 

The Pseudomonas putida bacterial strain was purchased from American Type 

Culture Collection (ATCC).  

Dialkoxybenzenes were previously synthesized by Peggy M. Paduraru from the 

corresponding dihydroxybenzenes by stepwise monoalkylations, as described in 

literature.90 All solvents were distilled prior to use. 1-Octanol (99% chemical purity) was 

purchased from Sigma Aldrich. Water was distilled and filtered (18.3 MΩ) on a 
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Barnstead Nanopure water system. The standards and extracts from the biodegradation 

experiment were analyzed by GC/MS using a Gas Chromatograph (Clarus 500, Perkin 

Elmer) with a non-polar general purpose SPB5 column (30 m × 0.25 mm × 0.25 µm film 

thickness) and a Flame Ionization Detector (FID). The temperature program used was 

as follows: initial temperature 100 °C, rate 10 °C per minute, final temperature 250 °C 

(10 min). The standards and extracts from the octanol-water partition coefficient 

experiments were analyzed by gas chromatography on a GC Hewlett Packard 5890 

(Agilent). The temperature program used was as follows: initial temperature 100 °C, rate 

10 °C per minute, final temperature 250 °C (10 min).  

3.2.1 Biodegradation Experiment of 1,4-Dibutoxybenzene 

Degradation experiments were carried out with 1,4-dibutoxybenzene with P. 

putida strain ATCC 17453. 

P. putida bacterial strain (ATCC17453) was inoculated into regular beef broth 

(DifcoTM Nutrient Broth), induced with 6.0 mL of 10 mM D-(+)-camphor and incubated 

overnight. The grown culture acted as an inoculum for fresh regular beef broth, and this 

culture was grown with shaking at 250 rpm until an optical density (OD) of 0.7-0.9 was 

reached. The culture was then centrifuged at 6000 rpm, at 4 °C for 30 minutes. The 

pellets were suspended into M9 minimal media: 42.3 mM Na2HPO4.7H2O, 22.0 mM 

KH2PO4, 8.6 mM NaCl, 0.1 mM MgSO4, 18.7 mM NH4Cl, 0.1 mM CaCl2 and 11.1 mM 

glucose. To make the solution completely homogenous, the culture was shaken for few 

minutes at 250 rpm and then distributed into four different Erlenmeyer flasks (three 

treatments, one control). One additional control was prepared using M9 minimal medium 

without inoculation. To these solutions, 1,4-dibutoxybenzene in DMSO (0.5 mL, 0.1 

mg/mL) was added to 49.5 mL of resuspended cells in the treatments and the M9 

media-only control without bacteria to obtain a final concentration of 100 ppm. In one 

control flask, resuspended cells (49.5 mL) and DMSO (0.5 mL) were added. The test 

compound, 1,4-dibutoxybenzene, was not added to this control. Zero time samples were 

taken from each flask. The treatments and controls were incubated for a week and 

samples were taken every 24 hours.  Evaporation of the compound (from the system) 
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was monitored, by covering the flasks with a cork that held a Porapak® (Waters 

Corporation, MA, USA) column in the middle.  

Samples taken from the culture (1 mL) were centrifuged at 10,000 x g for 5 

minutes and the supernatants were transferred to (14 x 45 mm, 1D) vials containing 

NaCl (100 mg). The pellets were washed with sterilized H2O and transferred to vials 

containing NaCl (100 mg). The supernatant and pellet solutions were acidified to pH < 

7.0. Then each solution was extracted with hexane:EtOAc (5:1) indanone, dried using 

Na2SO4 and transferred to fresh vials. The volume of dried solution was recorded for 

each extract. Vials were queued at 4 °C for GC injection. Aliquots of the sample extracts 

(1 µL) were analyzed by gas chromatography (GC), on a Perkin Elmer 500 instrument 

(Avondale, PA, USA) equipped with a flame ionization detector and a SPB-5 column 

(Supelco, Bellefonte, PA, USA). All samples were BSTFA treated prior to GC analysis. 

BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) is used for trimethylsilylation of a range 

of polar organic compounds such as alcohols, alkaloids, amines, carboxylic acids, 

phenols, and steroids. The high volatility of BSTFA and its by-products results in 

separation of early eluting peaks. Other benefits of using BSTFA as a reagent are 

speed, simplicity, efficiency, freedom of side reactions, and reproducibility.117 The 

temperature program used was as follows: initial temperature 100 °C, rate 10 °C per 

minute, final temperature 250 °C (10 min). 

3.2.2 Octanol-Water Partition Coefficient Experiment 

To determine the octanol-water partition coefficient for dialkoxybenzenes, a 

defined volume of water (1 mL) was added to an identical volume of octanol (1 mL) with 

defined compound concentration (0.7 mg/mL). Vials were incubated at 25 ± 1°C 

overnight (16 h). Four replicates were completed for each compound.  

The next day, the water was separated from the octanol phase. The solvent 

system hexane: EtOAc (5:1) was used for the extraction of compounds from water (2 × 1 

mL). The separated octanol phase was diluted with hexane: EtOAc (5:1). Both extracts 

were dried over anhydrous sodium sulphate. Standards and extracts (1 µL) were 

analyzed by gas chromatography on a GC Hewlett Packard 5890 (Agilent). The 



 

60 

temperature program used was as follows: initial temperature 100 °C, rate 10 °C per 

minute, final temperature 250 °C (10 min).  

Octanol-water partition coefficient validation. In order to confirm the accuracy 

of the method used for finding Kow, the octanol partition coefficient of 3c{3,6}, 1-

(allyloxy)-4-propoxybenzene was obtained and compared to the Kow obtained by Parisa 

Ebrahimi.105 

3.2.3 Statistical Analysis of Biodegradation Experiment 

ANOVA (Student t test) was performed within each series of the three replicates 

of treatments. Krsukal-Wallis two-way comparison tests were chosen to compare data 

between series and, if significantly different, are indicated with a star (*). Both tests were 

done on raw data (amount in ng) of degradation time courses. Significance level was P < 

0.05. These tests were done using GraphPad Prism version 5.0 for Windows, GraphPad 

Prism Software, San Diego, California USA. 

3.3 Molecular Docking Simulation of Dialkoxybenzene 
Substrates into P450cam 

Docking simulations were performed using Molecular Operating Environment 

(MOE, Chemical Computing Group, Montreal, Canada). The amino acid sequence and 

crystal structure information of wild type P450cam (CYP101A1) was obtained from Protein 

Data Bank P450cam with PDB code 3L63 (closed conformation of P450cam, substrate 

bound), PDB code 3L62 (open conformation of P450cam, substrate free) and PDB code 

1DZ9 (iron-oxo complex of P450cam) were used for the docking studies. The protein was 

imported into MOE as a PDB structure, each residue protonated at pH 7, 298 K, 0.1 M 

salt and the charges were assigned according to the default setting under “Compute| 

Pronate 3D”.109 Ligands (1,4-dipropoxybenzene 3c{3,3}, 1,4-dibutoxybenzene 3c{4,4}, 1-

(allyloxy)-4-propoxybenzene 3c{3,6}, 1,4-bis(pentyloxy)benzene 3c{n5,n5}, 1-(allyloxy)-

4-(pentyloxy)benzene 3c{n5,6}, 1-butoxy-4-(pentyloxy)benzene 3c{4,n5}, 3c{3,3}, 

hydroquinone, 4-propoxyphenol, 4-butoxyphenol, 4-(allyloxy)phenol, 4-
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(phenyloxy)phenol) shown in Figure 2.1, were constructed in MOE using “builder” and 

imported into the MOE database as “.mdb” files.  

 
Figure 3.1 Structures of dialkoxybenzenes and their metabolites. 

Prior to docking, camphor was deleted and potential docking sites were identified 

on the protein (by setting “all atoms” (protein & heme) as the receptor) using the option 

“site finder”. Dummy atoms were placed at each site targeted for docking and these 

dummy atoms were markers used by the docking algorithm. Ligands were docked using 

an induced fit protocol and all atoms of the P450 polypeptide and the porphyrin chosen 

as the receptor. Triangle matcher was used for placement, rescored by London dG, 

force field for refinement, rescored using GBVI/WSA dG; a maximum of 30 poses were 

retained. The population of poses (structures that result and are retained from the 

docking trajectory) were weighed in importance according to their preponderance if it’s 
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assumed that all poses retained were to exist in equilibrium. The distribution of poses 

was estimated based on each structure’s energy. We assumed that the energy from 

MOE is approximately equal to the free energy.   

To validate the MOE docking procedure, the natural substrate camphor was 

docked into WT P450cam using the same protocol. The conformation, position and 

distance of camphor to P450cam, was the same in both the docked structure and the 

substrate-bound P450cam PDB crystal structure.  

3.4 Results and Discussion 

3.4.1 Hydrophobicity of Dialkoxybenzenes – Significance of 
Measured Octanol-Water Partition Coefficients for 
Environmental Fate and Transport  

The octanol-water partitioning coefficient is a quantitative means of measuring 

how dialkoxybenzenes travel in the environment. Log P values were determined for 

several dialkoxybenzenes 3c{3,3}, 3c{4,4}, 3c{n5,n5}, 3c{3,6}, 3c{4,n5}, 3c{n5,6}, listed 

in Table 3.1. 

Table 3.1 Octanol-water partition coefficients (log Kow) for dialkoxybenzenes. 

Code Compound n R1 R2 Log Kow 
3c{3,3} 1,4-dipropoxybenzene 4 propyl propyl 1.46 ± 0.03 

3c{4,4} 1,4-dibutoxybenzene 4 butane butane 2.46 ± 0.04 

3c{n5,n5} 1,4-bis(n-pentyloxy)benzene 4 pentane pentane 3.96 ± 0.06 

3c{4,n5} 1-butoxy-4-(n-pentyloxy)benzene 4 butane pentane 2.78 ± 0.04 

3c{3,6} 1-(allyloxy)-4-propoxybenzene 4 propyl allyl 2.51 ± 0.05 

3c{n5,6} 1-(allyloxy)-4-pentoxybenzene 4 pentane allyl 2.95 ± 0.30 

Log P was calculated as log [ratio of the concentration in the octanol phase to the 

concentration in the aqueous phase]. Incorrect values for Kow can lead to a false sense 

of how the compound might behave in the environment. The accuracy of the method 

used for finding Kow was confirmed by comparing the value of the octanol partition 

coefficient for 1-(allyloxy)-4-propoxybenzene log P = 2.51 ± 0.05, to that obtained 
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previously in the literature, log P = 2.40 ± 0.17, by Parisa Ebrahimi.105 There is no 

statistically significant difference between the two values.  

As expected, there is a correlation between the length of the alkoxy substituents 

(R1 and R2) and the hydrophobicity of the compound. The longer the chain of the 

dialkoxybenzene, the higher the log P value which reflects a more hydrophobic or 

lipophilic compound.  

3.4.2 Biodegradation of 1,4-Dibutoxybenzene by ATCC17453 strain – 
Results & Proposed Mechanism 

In this work, biodegradation experiments were done with a strain of P. putida 

ATCC 17453, to understand the biodegradation of 1,4-dibutoxybenzene. We have found 

that the induced P450cam-containing strain can dealkylate 1,4-dibutoxybenzene. This 

strain (ATCC17453) requires induction of the cam pathway (and P450cam) with camphor. 

Results of biodegradation experiments demonstrate that the ATCC 17453 strain 

was able to catabolize 1,4-dibutoxybenzene, provided it is induced with D-(+)-camphor 

(Figure 3.2, see Appendix C for details). Within a week, the amount of 1,4-

dibutoxybenzene decreased by approximately 50% more than the control with substrate 

in the medium but no bacteria (ANOVA P<0.5). The control provides an indication of how 

much the compound evaporates during the experiment. Using GC-MS, we demonstrated 

that strain ATCC 17453 degraded 1,4-dibutoxybenzene through dealkylation and 

production of 4-butoxyphenol and 1,4-dihydroxybenzene (dihydroquinone) (Figure 3.1). 

The degradation time course (Figure 3.2) suggests that 4-butoxyphenol levels increase 

over the first few days and then decrease after 4 days. Similarly, within 3 days the level 

of 1,4-dihydroxybenzene increases, and then begins to decrease after 5 days. Based on 

these results and on literature about the degradation of aromatic compounds and P. 

putida enzymes, a degradation pathway of 1,4-dibutoxybenzene has been proposed.  
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Figure 3.2 Time course of relative quantities of (top plot) 1,4-dibutoxybenzene 

leftover and (bottom plot) metabolites found in ng. Each curve 
represents the mean of three replicates and the error bars represent 
the standard deviation of the mean. Student’s t tests was performed 
comparing the treatment and control (P < 0.05), statistically 
significant at 95% confidence interval, p = 0.0430, t= 2.559, df=6. See 
Appendix E for more details. 
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In the first step, P450cam dealkylates the 1,4-dibutoxybenzene stepwise to 

generate 1,4-dihydroxybenzene (Figure 3.3, enzyme 1). This compound can be 

oxidized by 1,2-dioxynase to form 1,2,4-trihydroxybenzene, and oxidized again by the 

same enzyme to form 4-hydroxymuconic acid semialdehyde (Figure 3.3, enzyme 2).  

The enzyme 4-hydroxycumonic acid semialdehyde dehydrogenase oxidizes 4-

hydroxycumonic acid semialdehyde to form the corresponding diacid.  Tautomerism to 

the keto form gives maleyl acetic acid (4-keto-hex-2-enedioic acid) (Figure 3.3, enzyme 

3).118 This intermediate is reduced to 3-keto-hexanedoic acid (3-oxadipic acid) by maleyl 

acetate reductase (Figure 3.3, enzyme 4).119 This compound can be further degraded to 

succinylCoA and acetylCoA.120  

 
Figure 3.3 Proposed mechanism for the biodegradation of 1,4-dibutoxybenzene 

with Pseudomonas putida ATCC 17453. 

3.4.3 Molecular Docking Simulation of Dialkoxybenzene with P450cam  
– Significance of Distance Measurements  

MOE docking simulations of dialkoxybenzenes were done with PDB 1DZ9. 

Distances were measured from the iron heme to the α-carbon in the alkoxy group on 

position 1 of the substituted benzene; and from the iron heme to the α-carbon in the 

alkoxy group on position 2 of the substituted benzene, as shown in Figure 3.4. 

Measurements obtained from molecular docking simulations with dialkoxybenzenes and 
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P450cam are shown in Figure 3.5. The average distance between dialkoxybenzenes and 

the iron-heme of P450cam is 6.06 Å. 

 
Figure 3.4 MOE docking of 1,4-dibutoxybenzene (left) and 4-butoxyphenol 

(right) in WT P450cam PDB 1DZ9 representing the distance measured 
to support the dealkylation mechanism. Heme is shown in magenta, 
and the substrates are shown in light green.   

These results show that the wild type P450cam can accommodate 

dialkoxybenzenes and their metabolites in its active site. This also supports the stepwise 

dealkylation by P450cam in the proposed degradation pathway of 1,4-dibutoxybenzene, 

shown in Figure 3.3. 



 

67 

 
Figure 3.5 Bar graphs of measured distances between dialkoxybenzenes and 

iron heme moiety of wild type P450cam. The standard deviation is 
shown. The black bar graphs represent the distance between the 
first carbon atom of position 1’s alkoxy group to the iron-heme. The 
grey bar graphs represent the distance between the first carbon 
atom of position 4’s alkoxy group to the iron heme. 

3.5 Conclusion 

The biodegradation assay demonstrated that 1,4-dibutoxybenzene is a promising 

insect feeding deterrent that can be biodegraded by P. putida strain ATCC17453. This 

strain (ATCC17453) requires camphor for induction of the cam pathway. The 

degradation of 1,4-dibutoxybenzene begins with a double dealkylation of, catalyzed by 

cytochrome P450cam (CYP101A1).  

The molecular docking simulation with MOE demonstrates that 1,4-

dibutoxybenzene fits into the active site of P450cam, such that the α-CH2 of either alkoxy 

group can be hydroxylated. 
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Chapter 4.  
 
Summary and Future Work 

4.1 Future Work: A Closer Investigation at the 
Physicochemical Properties of Dialkoxybenzenes 

Dialkoxybenzenes are promising new insect control agents. Among various 

isomers and homologs, 1,4-dialkoxybenzene was found to have high activity in terms of 

feeding deterrence. Biodegradation experiments show a decrease in concentration over 

a period of a week. This compound has potential for development as a commercial 

insect control agent with selectivity towards Coleoptera stored pest products.   

To determine whether P450cam can initiate the degradation of 1,4-

dialkoxybenzene by dealkylation, an experiment can be performed with isolated P450cam. 

The formation of the metabolites from the P450cam assay can be monitored by extracting 

samples with chloroform and analyzing them by GC-MS. Identification and qualification 

of intermediates can be performed based on their MS spectra and by chromatographic 

comparison with standards. 

At present, the biodegradation experiment was done on a single bacterial 

species, P. putida ATCC 17453, camphor-metabolizing strain. The biodegradation 

experiment can also be done with other P. putida strains such as ATCC 17484 

(naphthalene metabolizing) and ATCC 33015 (toluene/xylene metabolizing). However, in 

order to find more bacterial species with the ability to metabolize dialkoxybenzenes, 

similar experiments should be done on soil samples. This would help determine if 

different microorganisms communities in the soil cooperate to mineralize the compound. 

It would also be interesting to compare biodegradation rates in soil samples with the 

rates seen here with a single strain experiment. 
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The biodegradation of dialkoxybenzenes other than 3c{4,4} can be analyzed with 

Pseudomonas putida strains ATCC 17453, ATCC 17484 and ATCC 33015. 

Although the octanol-water partition coefficient is very important in assessing the 

fate of 1,4-dibutoxybenzene in the environment, other physicochemical properties must 

be studied – water solubility, volatility, and sorption.  

We would also need to perform more studies to find best formulation and delivery 

method when applying the insect control agent. To ensure the safety of the compound 

for human and non-target species, more toxicological studies can be performed on 

invertebrates and beneficial insects, such as honeybees. 

4.2 Future Work: Exploring P450cam Mutants in the Oxidation 
Polychlorinated Organic Compounds & Derivatives of 
Indole 

P450cam mutants (IND1-IND6, ES1) are promising new tools in the oxidation and 

biotransformation of unnatural substrates. Several mutants showed activity in the 

oxidation 3-chloroindole to isatin. Two mechanisms were proposed for this oxidation 

reaction. One mechanism involved forming an epoxide intermediate, and another 

involved hydroxylation at the N-1 position. Understanding the mechanism behind 

substrate selectivity and catalytic efficiency will enable designs to operate on new types 

of substrates. Mutants efficient in that can form and release the epoxide intermediate 

quickly can be subjected to different indole alkaloids, such as tryptophan and tryptamine 

derivatives to subsequently form pyrroloindole alkaloids (Figure 4.1). Pyrroloindole 

products can potentially be exploited in arthropod pest control as insect feeding 

deterrents.  
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Figure 4.1 Proposed biotransformation routes of indole alkaloids such as 

tryptophan/ tryptamine via active P450cam mutants. 

Mutants that are efficient in the oxidation of the carbon-chlorine bond can be 

used in the oxidative dehalogenation of more complex aromatic organochlorine 

substrates such as endosulfan, dechlorane plus, triclosan, etc., which are classified as 

persistent organic pollutants. This work will have significance in the bioremediation of 

chlorinated pollutants, such as endosulfan. 

In this work several mutants that were analyzed consisted of more than a single 

mutation. In order to understand the individual effect of each mutation on the activity of 

P450cam, targeted single point mutations can be generated by site-directed mutagenesis. 

Steady-state kinetic analysis can then be performed on these single mutants, and their 

activities can be compared with the multi-mutant.   
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Appendix A  
 
List of Cytochrome P450cam Crystal Structures on the 
Protein Data Bank (PDB) 

PDB Description Reference 
1AKD Cytochrome P450cam from Pseudomonas putida complexed with (S)-camphor 121 

1DZ4 Ferric P450cam from Pseudomonas putida 13 

1DZ6 Ferrous P450cam from Pseudomonas putida 13 

1DZ8 Oxygen complex of P450cam from Pseudomonas putida 13 

1DZ9 Putative oxo complex of P450cam from Pseudomonas putida 13 

1NOO Cytochrome P450cam complexed with 5-exo-hydroxycamphor 122 

1PDX Putidaredoxin 123 

1Q1R Crystal structure of putidaredoxin reductase from Pseudomonas putida 124 

2A1M Crystal structure of ferrous dioxygen complex of wild-type cytochrome P450cam 125 

2CPP High-resolution crystal structure of cytochrome P450cam 126 

2GR6 Crystal structure of cytochrome P450cam mutant (F87W/Y96F/V247L/C334A) 127 

2L8M Reduced and CO-bound cytochrome P450cam (CYP101A1) 128 

2LQD Reduced and CO-bound cytochrome P450cam (CYP101A1) 129 

2ZWT Crystal structure of ferric cytochrome P450cam 42 

2ZWU Crystal structure of camphor soaked ferric cytochrome P450cam 42 

3L61 Crystal structure of substrate-free P450cam at 200 mM [K+] 43 

3L62 Crystal structure of substrate-free P450cam at low [K+] 43 

3L63 Crystal structure of camphor-bound P450cam at low [K+] 43 
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Appendix B  
 
Molecular Docking Simulations for the Docking of 3-
Chloroindole and Intermediates with P450cam Mutants  

 

 
Figure B.1 Results of MOE simulations of 3-chloroindole and WT, IND/ES 

mutants, PDB 1DZ9. Bar graphs represent the weighted average 
distances between 3-chloroindole/molecule 1 to iron (III) for all the 
poses. Error bars represent standard error of the mean.  

3-chloroindole/ Molecule 1 MOE Data 
  Weighed Avg. Weighed Avg. Weighed Avg. 
  N-1 to Fe C-2 to Fe C-3 to Fe 

WT 12.26 ± 0.34 12.69 ± 0.35 13.44 ± 0.37 

IND1 4.42 ± 1.05 5.43 ± 1.33 6.11 ± 1.51 

IND2 5.99 ± 0.54 6.05 ± 0.54 5.75 ± 0.53 

IND3 5.75 ± 0.50 5.84 ± 0.49 5.58 ± 0.45 

IND4 5.01 ± 0.54  5.66 ± 0.63 6.00 ± 0.70 

IND5 5.68 ± 0.48 5.99 ± 0.54 6.04 ± 0.54 

IND6 5.76 ± 0.49 6.02 ± 0.53 5.96 ± 0.57 

ES1 5.63 ± 0.72 5.76 ± 0.70 5.58 ± 0.67 

ES2 5.64 ± 0.49 5.83 ± 0.49 5.81 ± 0.48 

ES3 5.53 ± 0.31 5.91 ± 0.36 6.02 ±0.40 

ES4 6.32 ± 0.52 6.72 ± 0.56 6.54 ± 0.56 

ES5 6.10 ± 0.43 6.34 ± 0.46 6.28 ± 0.48 

ES6 5.43 ± 0.42 5.79 ± 0.48 6.06 ± 0.54 

ES7 5.44 ± 0.69 5.67 ± 0.75 5.56 ± 0.79 
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Figure B.2 Results of MOE simulations of 3-ketoindole (molecule 5) and WT, 

IND/ES mutants, PDB 1DZ9. Bar graphs represent the weighted 
average distances between 3-chloroindole/molecule 1 to iron (III) for 
all the poses. Error bars represent standard error of the mean.  

1DZ9: 3-ketoindole: molecule 5 

!! Weighed!Avg.! Weighed!Avg.! Weighed Avg. 

!! N,1!to!Fe! C,2!to!Fe! C-3 to Fe 

WT 14.44 ± 0.38 13.96 ± 0.37 12.56 ± 0.36 

IND1 4.20 ± 0.74 4.69 ± 0.57 5.64 ± 0.65 

IND2 6.28 ± 0.31 6.30 ± 0.32 5.88 ± 0.30 

IND3 5.67 ± 0.41 5.92 ± 0.43 6.11 ± 0.45 

IND4 5.31 ± 0.28 5.88 ± 0.31 6.11 ± 0.34 

IND5 5.85 ± 0.28 5.99 ± 0.29 5.86 ± 0.29 

IND6 5.72 ± 0.33 5.81 ± 0.33 5.68 ± 0.33 

ES1 6.10 ± 0.36 6.70 ± 0.37 5.94 ± 0.34 

ES2 6.18 ± 0.33 6.11 ± 0.32 5.66 ± 0.29 

ES3 5.83 ± 0.23 6.14 ± 0.26 6.10 ± 0.30 

ES4 4.19 ± 0.26 4.28 ± 0.24 4.21 ± 0.23 

ES5 5.88 ± 0.28 6.17 ± 0.29 6.24 ± 0.29 

ES6 5.72 ± 0.24 6.01 ± 0.26 6.11 ± 0.28 

ES7 5.62 ± 0.46 5.76 ± 0.47 5.56 ± 0.47 
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Figure B.3 Results of MOE simulations of (2R,3R)-2,3-epoxy-3-chloroindole 

(molecule 2) and WT, IND/ES mutants. Bar graphs represent the 
weighted average distances between 3-chloroindole/molecule 1 to 
iron (III) for all the poses. Error bars represent standard error of the 
mean. 

 

3L63: (2R,3R)-2,3-epoxy-3-chloroindole: molecule 2 
   

  Weighed Avg. Weighed Avg. Weighed Avg. 
  N-1 to Fe C-2 to Fe C-3 to Fe 

WT 13.58 ± 0.47 13.55 ± 0.48 13.42 ± 0.50 

IND1 5.83 ± 1.16 6.25 ± 1.26 5.74 ± 1.16 

IND2 4.85 ± 0.42 5.42 ± 0.47 5.56 ± 0.47 

IND3 5.99 ± 1.21 6.12 ± 1.25 5.77 ± 1.12 

IND4 5.76 ± 0.41 5.82 ± 0.41 5.36 ± 0.38 

IND5 4.72 ± 0.78 4.48 ± 0.69 4.67 ± 0.70 

IND6 4.47 ± 0.40 4.48 ± 0.39 4.64 ± 0.40 

ES1 5.19 ± 0.31 5.29 ± 0.30 5.39 ± 0.31 

ES2 4.95 ± 0.46 5.00 ± 0.48 4.99 ± 0.52 

ES3 5.25 ± 0.58 5.45 ± 0.58 5.41 ± 0.54 

ES4 4.76 ± 0.45 5.28 ± 0.51 5.44 ± 0.53 

ES5 4.51 ± 0.60 4.54 ± 0.60 4.62 ± 0.57 

ES6 4.94 ± 0.63 5.02 ± 0.57 5.07 ± 0.58 

ES7 6.09 ± 1.78 6.61 ± 1.93 6.05 ± 1.76 
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Figure B.4 Results of MOE simulations of (2S,3S)-2,3-epoxy-3-chloroindole 

(molecule 3) and WT, IND/ES mutants. Bar graphs represent the 
weighted average distances between 3-chloroindole/molecule 1 to 
iron (III) for all the poses. Error bars represent standard error of the 
mean. 

 

3L63: (2S,3S)-2,3-epoxy-3-chloroindole: molecule 3  
  Weighed Avg. Weighed Avg. Weighed Avg. 
  N-1 to Fe C-2 to Fe C-3 to Fe 

WT 22.70 ± 0.17 21.96 ± 0.16 21.77 ± 0.18 

IND1 4.88 ± 1.00 5.61 ± 1.19 5.64 ± 1.15 

IND2 5.21 ± 0.41 5.67 ± 0.45 5.35 ± 0.42 

IND3 5.56 ± 1.11 5.84 ± 1.19 5.50 ± 1.05 

IND4 5.76 ± 0.41 5.82 ± 0.41 5.36 ± 0.38 

IND5 4.91 ± 0.54 5.15 ± 0.57 5.06 ± 0.53 

IND6 4.87 ± 0.68 4.80 ± 0.71 4.83 ± 0.71 

ES1 5.20 ± 0.40 5.30 ± 0.40 4.89 ± 0.36 

ES2 5.20 ± 0.52 5.29 ± 0.53 4.98 ± 0.48 

ES3 4.81 ± 0.45 5.33 ± 0.51 5.38 ± 0.49 

ES4 5.03 ± 0.48 5.42 ± 0.55 5.40 ± 0.58 

ES5 5.00 ± 0.56 5.19 ± 0.61 5.06 ± 0.56 

ES6 5.18 ± 0.43 5.63 ± 0.48 5.88 ± 0.51 

ES7 4.67 ± 0.65 4.87 ± 0.69 5.07 ± 0.70 
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Figure B.5 Results of MOE simulations of 3-hydroxy-3-chloroindole (molecule 

5) and WT, IND/ES mutants, PDB 3L63. Bar graphs represent the 
weighted average distances between 3-chloroindole/molecule 1 to 
iron (III) for all the poses. Error bars represent standard error of the 
mean. 

3L63: 3-hydroxy-3-chloroindole: molecule 4 
  Weighed Avg. Weighed Avg. Weighed Avg. 
  N-1 to Fe C-2 to Fe C-3 to Fe 

WT 20.76 ± 0.25 20.65 ± 0.24 20.78 ± 0.23 

IND1 5.32 ± 0.57 5.59 ± 0.65 5.24 ± 0.60 

IND2 5.15 ± 0.62 5.07 ± 0.61 4.57 ± 0.52 

IND3 5.22 ± 0.50 5.41 ± 0.51 5.54 ± 0.55 

IND4 4.95 ± 0.49 5.08 ± 0.50 4.75 ± 0.45 

IND5 5.09 ± 0.60 4.98 ± 0.54 4.63 ± 0.49 

IND6 5.22 ± 0.54 5.13 ± 0.53 4.86 ± 0.49 

ES1 5.12 ± 0.50 4.98 ± 0.45 4.97 ± 0.41 

ES2 5.16 ± 0.53 5.18 ± 0.51 4.98 ± 0.46 

ES3 5.36 ± 0.42 5.85 ± 0.47 5.86 ± 0.45 

ES4 5.27 ± 0.89 5.05 ± 0.79 4.79 ± 0.70 

ES5 5.55 ± 1.02 5.29 ± 0.93 4.71 ± 0.70 

ES6 5.26 ± 0.70 5.33 ± 0.69 4.93 ± 0.63 

ES7 5.44 ± 0.41 5.44 ± 0.33 4.91 ± 0.27 
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Appendix C  
 
NMR Spectra and HPLC of 3-Chloroindole and Isatin 
Compounds 

 
Figure C.1. 1H NMR of 3-Chloroindole 
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Figure C.2 1H NMR of Isatin 
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Figure C.3 13C NMR of Isatin 
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Figure C.4 1H NMR of Isatin/ extracted product of steady-state experiment of the 

oxidation of 3-chloroindole by IND1 mutant  
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Figure C.5 HPLC of 3-chloroindole standard with 70% ACN and 30% H2O 

 
Figure C.6 HPLC of isatin standard with 70% ACN and 30% H2O 

70% ACN and 30% water with C18 column rvrs phase (07.07
.2016) standards and kinetic assays. 

=====================================================================
Injection Date  : 7/8/2016 11:20:17 AM         
Sample Name     : SK-chloroindol01                Location :   -
Acq. Operator   : Shaima                       
Acq. Method     : C:\HPCHEM\1\METHODS\SKSTDS.M
Last changed    : 7/8/2016 11:17:39 AM by Shaima
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SKSTDS.M
Last changed    : 7/7/2016 5:28:56 PM by Shaima
indolic standards. sk.

min0 5 10 15 20 25

mAU   

0
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700

 VWD1 A, Wavelength=290 nm (SKSTDS\CLINDOO1.D)
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60

 4
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30

 7
.4

74

 9
.5

61

=====================================================================
                         Area Percent Report                         
=====================================================================

Sorted By             :      Signal
Multiplier            :     10.0000
Dilution              :      1.0000
Sample Amount         :      5.00000  [ng/ul]   (not used in calc.)

Signal 1: VWD1 A, Wavelength=290 nm

Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]  mAU   *s   [mAU   ]       %
----|-------|----|-------|----------|----------|--------|
   1   3.260 VV    0.5041  809.11200   20.89928  34.7958
   2   4.730 VV    1.5569 1917.36060   14.53076  82.4560
   3   7.474 VB    0.4258 2.01876e4   744.01831 868.1653
   4   9.561 BP    0.4711  339.09729   10.67263  14.5829

Totals :                  2.32531e4   790.12098

 Results obtained with enhanced integrator!
=====================================================================
                          *** End of Report ***

Data File C:\HPCHEM\1\DATA\SKSTDS\CLINDOO1.D                          Sample Name: SK-chloroindol01

Instrument 1 7/8/2016 11:56:54 AM Shaima Page 1 of 1

70% ACN and 30% water with C18 column rvrs phase (07.07
.2016) standards and kinetic assays. 

=====================================================================
Injection Date  : 7/8/2016 12:00:18 PM         
Sample Name     : SK-isatin01                     Location :   -
Acq. Operator   : Shaima                       
Acq. Method     : C:\HPCHEM\1\METHODS\SKSTDS.M
Last changed    : 7/8/2016 11:17:39 AM by Shaima
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SKSTDS.M
Last changed    : 7/7/2016 5:28:56 PM by Shaima
indolic standards. sk.

min0 5 10 15 20 25

mAU   

0

100

200

300
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 VWD1 A, Wavelength=290 nm (SKSTDS\ISATIN01.D)

 7
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03

 9
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48

=====================================================================
                         Area Percent Report                         
=====================================================================

Sorted By             :      Signal
Multiplier            :     10.0000
Dilution              :      1.0000
Sample Amount         :      5.00000  [ng/ul]   (not used in calc.)

Signal 1: VWD1 A, Wavelength=290 nm

Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]  mAU   *s   [mAU   ]       %
----|-------|----|-------|----------|----------|--------|
   1   7.203 VB    0.6653 2.47775e4   590.94977 994.4536
   2   9.348 BV    0.5663  138.19128    2.92982   5.5464

Totals :                  2.49156e4   593.87959

 Results obtained with enhanced integrator!
=====================================================================
                          *** End of Report ***

Data File C:\HPCHEM\1\DATA\SKSTDS\ISATIN01.D                               Sample Name: SK-isatin01

Instrument 1 7/8/2016 12:40:25 PM Shaima Page 1 of 1
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Figure C.7 HPLC of isatin standard with 80% ACN and 20% MeOH 

 

 

80% ACN and 20% MeOH with C18 column rvrs phase (07.07.
2016) standards and kinetic assays. 

=====================================================================
Injection Date  : 7/8/2016 1:35:03 PM          
Sample Name     : SK-isatin03                     Location :   -
Acq. Operator   : Shaima                       
Acq. Method     : C:\HPCHEM\1\METHODS\SKSTDS.M
Last changed    : 7/8/2016 1:32:34 PM by Shaima
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SKSTDS.M
Last changed    : 7/7/2016 5:28:56 PM by Shaima
indolic standards. sk.
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=====================================================================
                         Area Percent Report                         
=====================================================================

Sorted By             :      Signal
Multiplier            :     10.0000
Dilution              :      1.0000
Sample Amount         :      5.00000  [ng/ul]   (not used in calc.)

Signal 1: VWD1 A, Wavelength=290 nm

Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]  mAU   *s   [mAU   ]       %
----|-------|----|-------|----------|----------|--------|
   1   6.984 BB    0.4893 5253.62891  162.49809 951.1927
   2   8.595 BB    0.4843  269.57239    6.69567  48.8073

Totals :                  5523.20129  169.19376

 Results obtained with enhanced integrator!
=====================================================================
                          *** End of Report ***

Data File C:\HPCHEM\1\DATA\SKSTDS\ISATIN03.D                               Sample Name: SK-isatin03

Instrument 1 7/8/2016 2:09:59 PM Shaima Page 1 of 1
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Appendix D  
 
Steady-State Kinetic Assays of the Oxidation of 3-
Chloroindole to Isatin by P450cam Mutants IND1, IND2, 
IND3, IND4, IND5, IND6 and ES1 

 
Figure D.1 Steady-State Kinetic Assay Plot for IND1 P450cam mutants. The R2 

value is 0.9337. 
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Figure D.2 Steady-State Kinetic Assay Plot for IND2 P450cam mutant. The R2 

value is 0.7697. 

 

 
Figure D.3 Steady-State Kinetic Assay Plot for IND3 P450cam mutants. The R2 

value is 0.8749. 
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Figure D.4 Steady-State Kinetic Assay Plot for IND4 P450cam mutant. The R2 

value is 0.9096. 

 
Figure D.5 Steady-State Kinetic Assay Plot for IND5 P450cam mutants. The R2 

value is 0.6404. 
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Figure D.6 Steady-State Kinetic Assay Plot for IND6 P450cam mutants. The R2 

value is 0.8159. 

 
Figure D.7 Steady-State Kinetic Assay Plot for ES1 P450cam mutants. The R2 

value is 0.4662.  
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Appendix E  
 
Biodegradation Experiment Detailed Results of 1,4-
Dibutoxybenzene 

Table E.1 Experimental details for the biodegradation of 1,4-dibutoxybenzene. 
Control experiment containing M9 media, 1,4-dibutoxybenzene, 
ATCC 17453 and camphor. 

 

  

Control:(M9(media(+(1,44dibutoxybenzene,(no(
bacteria(

! ! ! ! ! ! ! !
(( IS( IS( 3C44( 3C44(Peak( ((

Corr.(
3C44( Extraction( Conc.( ((

! ! !
Sample((

RT(
(min)(

Area(
(uV*s)(

RT(
(min)(

Area(
(uV*s)( CF(

Area(
(uV*s)( vol(((uL)( (ng/uL)( ng( avg(ng( SD(

!EC1D0! 17.704! 2549.02! 16.624! 43313.85! 4.51! 9596.09! 517! 96.47! 49876.12! 48849.06! 900.804428!
!EC1D1! 17.669! 2657.34! 16.622! 43425.92! 4.71! 9228.75! 503! 92.80! 46678.51! 47538.86! 876.5583373!
!EC1D2! 17.683! 5632.85! 16.64! 93949! 9.97! 9419.00! 514! 94.70! 48676.82! 47687.07! 1122.920222!
!EC1D3! 17.703! 2567.1! 16.654! 36926.67! 4.55! 8123.41! 577! 81.75! 47170.46! 47956.29! 1934.967882!
!EC1D4! 17.667! 2755.98! 16.63! 41427.56! 4.88! 8488.95! 544! 85.41! 46460.45! 45915.61! 653.9457595!
!EC1D5! 17.672! 2989.84! 16.623! 46317.2! 5.29! 8748.53! 534! 88.00! 46991.99! 45600.71! 1237.535643!
!EC1D6! 17.68! 2918.48! 16.628! 45440.11! 5.17! 8792.73! 514! 88.44! 45459.05! 46130.79! 1608.754445!
!

(( IS( IS( 3C44( 3C44(Peak( ((
Corr.(
3C44( Extraction( Conc.( (( ((

! !
Sample((

RT(
(min)(

Area(
(uV*s)(

RT(
(min)(

Area(
(uV*s)( CF(

Area(
(uV*s)( vol(((uL)( (ng/uL)( ng( %((left(

! !EC2D0! 17.677! 4091.5! 16.632! 102340.33! 7.25! 14125.54! 342! 141.75! 48478.01! 96.96!
! !EC2D1! 17.68! 2340.31! 16.634! 64540.94! 4.14! 15574.09! 310! 156.23! 48430.77! 96.86!
! !EC2D2! 17.677! 4391.5! 16.632! 118288.98! 7.78! 15211.51! 314! 152.60! 47917.62! 95.84!
! !EC2D3! 17.677! 2271.17! 16.628! 55174.07! 4.02! 13719.12! 338! 137.69! 46537.86! 93.08!
! !EC2D4! 17.673! 4903.2! 16.623! 126225.99! 8.68! 14538.18! 316! 145.87! 46095.97! 92.19!
! !EC2D5! 17.687! 3134.08! 16.644! 77125.99! 5.55! 13897.34! 324! 139.47! 45187.45! 90.37!
! !EC2D6! 17.672! 244.7! 16.624! 6315.33! 0.43! 14574.81! 328! 146.24! 47966.55! 95.93!
! !

(( IS( IS( 3C44( 3C44(Peak( ((
Corr.(
3C44( Extraction( Conc.( (( ((

! !
Sample((

RT(
(min)(

Area(
(uV*s)(

RT(
(min)(

Area(
(uV*s)( CF(

Area(
(uV*s)( vol(((uL)( (ng/uL)( ng( %(left(

! !EC3D0! 17.669! 3945.21! 16.628! 80775.33! 6.99! 11562.44! 415! 116.13! 48193.04! 96.39!
! !EC3D1! 17.683! 3927.14! 16.629! 92454.28! 6.95! 13295.10! 356! 133.45! 47507.29! 95.01!
! !EC3D2! 17.672! 3934.09! 16.618! 93754.12! 6.97! 13458.20! 344! 135.08! 46466.77! 92.93!
! !EC3D3! 17.677! 2271.17! 16.628! 53168! 4.02! 13220.31! 378! 132.70! 50160.54! 100.32!
! !EC3D4! 17.675! 2415.02! 16.629! 54071.11! 4.28! 12644.03! 356! 126.94! 45190.41! 90.38!
! !EC3D5! 17.672! 3174.25! 16.629! 8180.78! 0.69! 11817.50! 376! 118.68! 44622.68! 89.25!
! !EC3D6! 17.672! 390.94! 16.628! 68776.06! 5.62! 12235.93! 366! 122.86! 44966.77! 89.93!
! !
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Table E.2 Experimental details for the biodegradation of 1,4-dibutoxybenzene. 
Treatment containing M9 media, 1,4-dibutoxybenzene, and ATCC 
17453.  

 
 
 
 
 
 

 

Treatment:)ATCC)17453)+)
camphor)+)M9)media)+)1,4;
dibutoxybenzene)

! ! ! ! ! ! ! ! ! !!! !! !! !! !! !! !! !! !! !! !! !! !!

)) IS) IS) 3C44) 3C44) ))
Corr.)
3C44) Extraction) Conc.) ))

! !
))

Sample))
RT)
(min))

Area)
(uV*s))

RT)
(min))

Area)
(uV*s)) CF)

Area)
(uV*s)) vol.)(uL)) (ng/uL)) ng) avg)ng) SD) Hours)

AT1D0! 17.703! 6184.02! 16.652! 98540.24! 10.95! 8998.78! 550! 90.501! 49775.80! 49456.92! 455.1453669! 0!
AT1D1! 17.705! 1571.27! 16.655! 25802.82! 2.78! 9273.79! 496! 93.250! 46252.22! 46391.65! 164.0295101! 24!
AT1D2! 17.671! 3576.1! 16.621! 56377.53! 6.33! 8903.02! 489! 89.544! 43787.12! 44121.91! 639.8646839! 48!
AT1D3! 17.696! 1357.39! 16.646! 20762.91! 2.40! 8638.22! 455! 86.897! 39538.29! 39686.67! 633.105341! 72!
AT1D4! 17.683! 1399.25! 16.631! 22289.31! 2.48! 8995.85! 344! 90.472! 31122.42! 32183.18! 1527.92436! 96!
AT1D5! 17.675! 1367.68! 16.626! 23267.64! 2.42! 9607.46! 266! 96.59! 25691.84! 28320.52! 2822.770868! 120!
AT1D6! 17.704! 1944.66! 16.649! 29470.43! 3.44! 8558.22! 304! 86.098! 26173.69! 27246.85! 1575.403459! 144!

)) IS) IS) 3C44) 3C44) ))
Corr.)
3C44) Extraction) Conc.) )) ))

! !
Sample))

RT)
(min))

Area)
(uV*s))

RT)
(min))

Area)
(uV*s)) CF)

Area)
(uV*s)) vol.)(uL)) (ng/uL)) ng) %Area)left)

! !AT2D0! 17.692! 6143.94! 16.641! 117758.51! 10.88! 10823.96! 450! 108.75! 48935.68! 97.87!
! !AT2D1! 17.684! 2713.16! 16.632! 37167.18! 4.80! 7736.15! 598! 77.88! 46572.38! 93.14!
! !AT2D2! 17.672! 2656.44! 16.625! 35950.7! 4.70! 7642.72! 583! 76.95! 44859.71! 89.72!
! !AT2D3! 17.693! 1355.39! 16.647! 17111.78! 2.40! 7129.71! 545! 71.82! 39140.93! 78.28!
! !AT2D4! 17.679! 1684.15! 16.627! 20715.04! 2.98! 6946.18! 450! 69.98! 31492.64! 62.99!
! !AT2D5! 17.672! 678.58! 16.627! 8850.94! 1.20! 7365.96! 422! 74.18! 31303.86! 62.61!
! !AT2D6! 17.623! 119.58! 16.64! 1772.38! 0.21! 8370.26! 345! 84.22! 29055.49! 58.11!
! !

)) IS) IS) 3C44) 3C44) ))
Corr.)
3C44) Extraction) Conc.) )) ))

! !
Sample))

RT)
(min))

Area)
(uV*s))

RT)
(min))

Area)
(uV*s)) CF)

Area)
(uV*s)) vol.)(uL)) (ng/uL)) ng) %Area)left)

! !AT3D0! 17.691! 13010.32! 16.639! 201097.31! 23.06! 8722.25! 566! 87.74! 49659.27! 99.32!
! !AT3D1! 17.681! 2517.53! 16.63! 35483.01! 4.46! 7953.46! 579! 80.05! 46350.34! 92.70!
! !AT3D2! 17.673! 2120.63! 16.627! 26960.4! 3.76! 7174.17! 605! 72.26! 43718.89! 87.44!
! !AT3D3! 17.708! 1415.28! 16.658! 17668.18! 2.51! 7044.65! 569! 70.97! 40380.78! 80.76!
! !AT3D4! 17.669! 961.21! 16.62! 12756.56! 1.70! 7489.03! 450! 75.41! 33934.48! 67.87!
! !AT3D5! 17.679! 1026.68! 16.63! 12625.23! 1.82! 6939.28! 400! 69.91! 27965.87! 55.93!
! !AT3D6! 17.629! 144.71! 16.629! 2151.93! 0.26! 8391.50! 314! 84.43! 26511.36! 53.02!
! !
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Table E.3 Experimental details for the biodegradation of 1,4-dibutoxybenzene. 
Metabolite of 4-butoxyphenol observed in the treatment runs 
containing M9 media, 4-butoxyphenol and ATCC17453. 

 

  

Metabolite:*4,butoxyphenol*
! ! ! ! ! ! ! ! !

** IS* IS*
4,
butoxyphenol*

4,
butoxyphenol* **

Corr.4,
butoxyphenol* Extraction* Conc.* ** ** ** **

Sample**
RT*
(min)*

Area*
(uV*s)* RT*(min)* Area*(uV*s)* CF* Area*(uV*s)* vol.*(uL)* (ng/uL)* ng* %Area*left* avg*(ng)* sd*

M1D0! 17.703! 6184.02! 15.73! 4.3! 10.95! 0.393! 550! 0.55! 304.46! 0.61! 297.59! 23.38940351!
M1D1! 17.705! 1571.27! 15.77! 1810.73! 2.782! 650.794! 496! 7.05! 3499.27! 7.00! 3305.90! 238.7328287!
M1D2! 17.671! 3576.1! 15.69! 3692.37! 6.332! 583.091! 489! 6.38! 3118.95! 6.24! 5061.94! 1877.731141!
M1D3! 17.696! 1357.39! 15.71! 3504! 2.404! 1457.808! 455! 15.12! 6880.46! 13.76! 9492.76! 2577.113976!
M1D4! 17.683! 1399.25! 15.75! 6889.31! 2.478! 2780.490! 344! 28.34! 9750.14! 19.50! 10776.69! 1069.350956!
M1D5! 17.675! 1367.68! 15.75! 5267.64! 2.422! 2175.066! 266! 22.29! 5929.57! 11.86! 3917.88! 1769.05217!
M1D6! 17.704! 1944.66! 15.71! 43! 3.444! 12.487! 304! 0.67! 205.04! 0.41! 280.49! 98.0031874!

** IS* IS*
4,
butoxyphenol*

4,
butoxyphenol* **

Corr.*4,
butoxyphenol* Extraction* Conc.* ** **

! !
Sample**

RT*
(min)*

Area*
(uV*s)* RT*(min)* Area*(uV*s)* CF* Area*(uV*s)* vol.*(uL)* (ng/uL)* ng* %Area*left*

! !M2D0! 17.692! 6143.94! 15.69! 58.51! 10.88! 5.38! 450! 0.60! 271.53! 0.54!
! !M2D1! 17.684! 2713.16! 15.8! 2178.4! 4.80! 453.42! 598! 5.08! 3039.07! 6.08!
! !M2D2! 17.672! 2656.44! 15.77! 3938.7! 4.70! 837.32! 583! 8.92! 5200.09! 10.40!
! !M2D3! 17.693! 1355.39! 15.721! 4081.78! 2.40! 1700.69! 545! 17.55! 9564.63! 19.13!
! !M2D4! 17.679! 1684.15! 15.73! 7715.04! 2.98! 2587.01! 450! 26.41! 11884.23! 23.77!
! !M2D5! 17.672! 678.58! 15.74! 850.94! 1.20! 708.17! 422! 7.63! 3219.24! 6.44!
! !M2D6! 17.623! 119.58! 15.71! 12.38! 0.21! 58.47! 345! 1.13! 391.25! 0.78!
! !

** IS* IS*
4,
butoxyphenol*

4,
butoxyphenol* **

Corr.4,
butoxyphenol* Extraction* Conc.* ** **

! !
Sample**

RT*
(min)*

Area*
(uV*s)* RT*(min)* Area*(uV*s)* CF* Area*(uV*s)* vol.*(uL)* (ng/uL)* ng* %Area*left*

! !M3D0! 17.691! 13010.32! 15.71! 23.11! 23.06! 1.00! 566! 0.56! 316.77! 0.63!
! !M3D1! 17.681! 2517.53! 15.733! 2359.6! 4.46! 528.90! 579! 5.84! 3379.35! 6.76!
! !M3D2! 17.673! 2120.63! 15.702! 4060.4! 3.76! 1080.47! 605! 11.35! 6866.78! 13.73!
! !M3D3! 17.708! 1415.28! 15.72! 5168.18! 2.51! 2060.66! 569! 21.15! 12033.18! 24.07!
! !M3D4! 17.669! 961.21! 15.75! 3956.56! 1.70! 2322.79! 450! 23.77! 10695.70! 21.39!
! !M3D5! 17.679! 1026.68! 15.74! 1085.23! 1.82! 596.48! 400! 6.51! 2604.83! 5.21!
! !M3D6! 17.629! 144.71! 15.71! 5.93! 0.26! 23.12! 314! 0.78! 245.17! 0.49!
! !

! ! ! ! ! ! ! ! ! ! ! ! !
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Table E.4 Experimental details for the biodegradation of 1,4-dibutoxybenzene. 
Metabolite of 1,4-dihydroxybenzene observed in the treatment runs 
containing M9 media, 4-butoxyphenol and ATCC17453. 

  

Metabolite:*dihydroquinone* ! ! ! ! ! ! ! ! !
* * * * * * * * *

** IS* IS* dihydroquinone* dihydroquinone* **
Corr.*
Dihydroquinone* Extraction* Conc.* ** ** ** **

Sample**
RT*
(min)*

Area*
(uV*s)* RT*(min)* Area*(uV*s)* CF* Area*(uV*s)* vol.*(uL)* (ng/uL)* ng* %Area*left* avg*(ng)* sd*

MM1D0! 17.703! 6184.02! 14.6! 5.45! 10.95! 0.50! 550! 0.55! 305.04! 0.61! 293.00! 31.40606884!
MM1D1! 17.705! 1571.27! 14.66! 4.44! 2.78! 1.60! 496! 0.57! 280.53! 0.56! 350.38! 61.5338266!
MM1D2! 17.671! 3576.1! 14.59! 409.44! 6.33! 64.66! 489! 1.20! 584.82! 1.17! 863.79! 253.5720078!
MM1D3! 17.696! 1357.39! 14.589! 202.91! 2.40! 84.42! 455! 1.39! 634.04! 1.27! 867.41! 241.5157543!
MM1D4! 17.683! 1399.25! 14.61! 1589.31! 2.48! 641.44! 344! 6.96! 2394.74! 4.79! 7086.96! 8021.131813!
MM1D5! 17.675! 1367.68! 14.6! 7869.64! 2.42! 3249.46! 266! 33.03! 8786.31! 17.57! 17808.62! 9342.966755!
MM1D6! 17.704! 1944.66! 14.66! 1247.43! 3.44! 362.25! 304! 4.17! 1267.90! 2.54! 12659.05! 10159.49223!
** IS* IS* dihydroquinone* dihydroquinone* ** Corr.dihydroquinone* Extraction* Conc.* ** **

! !
Sample**

RT*
(min)*

Area*
(uV*s)* RT*(min)* Area*(uV*s)* CF* Area*(uV*s)* vol.*(uL)* (ng/uL)* ng* %Area*left*

! !MM2D0! 17.692! 6143.94! 14.58! 24.22! 10.88! 2.23! 450! 0.57! 257.35! 0.51!
! !MM2D1! 17.684! 2713.16! 14.63! 54.57! 4.80! 11.36! 598! 0.66! 396.58! 0.79!
! !MM2D2! 17.672! 2656.44! 14.67! 489! 4.70! 103.96! 583! 1.59! 926.26! 1.85!
! !MM2D3! 17.693! 1355.39! 14.66! 243.33! 2.40! 101.38! 545! 1.56! 851.88! 1.70!
! !MM2D4! 17.679! 1684.15! 14.64! 1505.04! 2.98! 504.67! 450! 5.59! 2517.45! 5.03!
! !MM2D5! 17.672! 678.58! 14.62! 7750.94! 1.20! 6450.51! 422! 65.03! 27442.22! 54.88!
! !MM2D6! 17.623! 119.58! 14.61! 1264.44! 0.21! 5971.46! 345! 60.24! 20782.93! 41.57!
! !** IS* IS* dihydroquinone* dihydroquinone* ** Corr.dihydroquinone* Extraction* Conc.* ** **
! !

Sample**
RT*
(min)*

Area*
(uV*s)* RT*(min)* Area*(uV*s)* CF* Area*(uV*s)* vol.*(uL)* (ng/uL)* ng* %Area*left*

! !MM3D0! 17.691! 13010.32! 14.64! 22.43! 23.06! 0.97! 566! 0.56! 316.60! 0.63!
! !MM3D1! 17.681! 2517.53! 14.64! 43.01! 4.46! 9.64! 579! 0.65! 374.04! 0.75!
! !MM3D2! 17.673! 2120.63! 14.65! 464.66! 3.76! 123.65! 605! 1.79! 1080.29! 2.16!
! !MM3D3! 17.708! 1415.28! 14.67! 354.34! 2.51! 141.28! 569! 1.96! 1116.32! 2.23!
! !MM3D4! 17.669! 961.21! 14.61! 6097.22! 1.70! 3579.51! 450! 36.33! 16348.69! 32.70!
! !MM3D5! 17.679! 1026.68! 14.6! 7725.23! 1.82! 4246.06! 400! 42.99! 17197.31! 34.39!
! !MM3D6! 17.629! 144.71! 14.63! 1287.11! 0.26! 5019.12! 314! 50.72! 15926.31! 31.85!
! !

! ! ! ! ! ! ! ! ! ! ! ! !
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Table E.5 Measured distances between dialkoxybenzenes and iron heme 
moiety of wild type P450cam.  

Dialkoxybenzene 

Distance between iron-heme of WT P450cam and 
α -carbon of dialkoxybenzene/metabolite as 
highlighted in the example in Figure 2.3 (Å) 

3c{n5,n5} 6.82±0.37; 5.13±0.09 

3c{4,4} 7.48 ± 0.38; 4.96±0.09 

3c{3,3} 6.51±0.83; 5.56±0.10 

3c{4,n5} 6.92±1.45; 5.99±1.42 

3c{n5,6} 6.49±1.00; 5.54±1.14 

3c{3,6} 7.36±0.88; 5.20±1.01 

4-allyloxyphenol 5.17±0.68 

4-pentoxyphenol 6.13±0.77 

4-butoxyphenol 5.87±0.67 

4-propoxyphenol 5.77±0.33 

 


