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Abstract 
 

The cytochrome P450 heme-thiolate enzymes catalyse a multitude of oxidation reactions and, 

in humans, carry out drug metabolism. P450s perform hydroxylation, epoxidation, N-, O- and S-

dealkylation, sulfoxidation, alkyne oxidation and aldehyde oxidation of organic molecules (and 

many other reactions). These reactions are predominantly performed by the reactive intermediate 

Compound I, but other intermediates in the catalytic cycle may mediate some types of reactions. 

It would be appealing to exploit these enzymes as environmentally benign catalysts in the synthesis 

of fine chemicals. Their widespread use in industrial synthesis is, however, impractical given the 

high cost of the required cofactor NAD(P)H, but engineering P450s to instead use cheap H2O2 

would overcome this problem.  

CYP199A4 is a soluble bacterial P450 enzyme from Rhodopseudomonas palustris HaA2 that 

favours 4-methoxybenzoic acid and other para-substituted benzoic acids as substrates. It tightly 

binds these substrates and the para-substituent is rapidly oxidised. This enzyme has been used as a 

model system to study the mechanism of P450-catalysed reactions. While 4-methoxybenzoic acid 

is oxidatively demethylated at a rate of 1220 μM (μM-P450)-1 min-1, CYP199A4 displays no 

detectable activity towards the meta isomer, 3-methoxybenzoic acid. In vitro reactions were 

performed with a range of other meta-substituted benzoic acids (3-methylthio-, 3-methylamino-, 3-

formyl-, 3-methyl-, 3-isopropyl-, 3-tert-butyl- and 3-ethoxy-benzoic acid) to assess whether 

CYP199A4 had activity towards these substrates. These meta-substituted substrates, except for 3-

tert-butylbenzoic acid, were all metabolised by CYP199A4, but with low activity compared to the 

corresponding para isomers. Compared to the para isomers, the meta isomers had lower binding 

affinity and induced smaller type I spin-state shifts to high-spin. To rationalise CYP199A4’s 

preference for para- over meta-substituted benzoic acid substrates and to investigate the 

requirements for efficient monooxygenase activity, crystal structures were solved of CYP199A4 in 

complex with 3-methoxy-, 3-methylamino-, 3-methylthio-, and 3- and 4-methyl-benzoic acid. 

These structures revealed that the heme-bound water ligand to the heme is retained when these 

substrates bind (water occupancy 21-90%) and is hydrogen-bonded to the heteroatom (N, S, O) of 

the substrate. The corresponding para isomers displace the iron-bound water. 3-Ethoxybenzoic 

acid, which has a bulkier meta-substituent, shifted the spin-state to 85% high-spin and in the crystal 

structure the iron-bound water was removed. The meta-substituent of each substrate is held in close 

proximity to the iron. 3-Methoxybenzoic acid is positioned near the iron but is not oxidised. This 

was attributed to the fact that the C-H bonds are oriented away from the heme, whereas those of 

4-methoxybenzoic acid are ideally oriented for H-atom abstraction by Cpd I. These results 

emphasise that close proximity of the methyl carbon to the heme iron does not guarantee that 

hydroxylation will occur if the C-H bonds are not oriented appropriately for abstraction, and subtle 

modification of the substrate’s position relative to the heme can abolish catalytic activity.  
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X-ray crystallography, CW and HYSCORE EPR and other experiments were performed to 

elucidate the binding modes of 4-pyridin-2-yl-, 4-pyridin-3-yl- and 4-imidazol-1-yl-benzoic acid in 

the CYP199A4 active site. These heterocyclic aromatic compounds are not metabolised and induce 

substantially different type II UV-Vis spectra. 4-Pyridin-3-yl- and 4-imidazol-1-yl-benzoic acid red-

shifted the Soret band from 419 to 424 nm. They induced ‘normal’ type II spectra, characterised 

by a less intense α-band than β-band and an increase in δ-band intensity. The UV-Vis spectra of 

ferrous CYP199A4 in complex with these ligands indicated that 4-pyridin-3-ylbenzoic acid was 

directly ligated to the heme iron via the pyridine nitrogen, but the Fe-N bond between the iron and 

4-imidazol-1-ylbenzoic acid was ruptured upon heme reduction. 4-Pyridin-2-ylbenzoic acid 

induced a smaller Soret band red-shift (to 422 nm) when added to the ferric enzyme. It produced 

an ‘abnormal’ type II spectrum, with no decrease in the α-band intensity. 4-Pyridin-2-ylbenzoic 

acid also induced a smaller Soret band trough in the difference spectrum than 4-pyridin-3-ylbenzoic 

acid. HYSCORE EPR and X-ray crystallography revealed that 4-pyridin-3-yl- and 4-imidazol-1-yl-

benzoic acid were directly ligated to the ferric heme iron, but 4-pyridin-2-ylbenzoic acid was 

hydrogen-bonded to the heme-bound water. This study revealed that optical spectroscopy can 

distinguish between water-bridged and directly bound nitrogen donor ligands. 4-Pyridin-3-yl- and 

4-imidazol-1-yl-benzoic acid-bound CYP199A4 were both reduced to the ferrous form by 

ferredoxin, ferredoxin reductase and NADH. On the other hand, binding of 4-pyridin-2-ylbenzoic 

acid to CYP199A4 lowered the reduction potential and prevented heme reduction by even the 

powerful reductant dithionite. This implies that water-bridged nitrogen ligands may in some 

instances be more effective P450 inhibitors than those that bind directly to the iron.   

The T252E mutant of CYP199A4 was produced and characterised. This variant was no longer 

able to operate using NADH but was a more efficient peroxygenase (H2O2-utilising enzyme) than 

the wild-type (WT) enzyme. EPR indicated that the sixth axial ligand to the heme was a mixture of 

hydroxide and water. Crystal structures showed that this aqua/hydroxo ligand was tightly bound 

due to strong interactions with the carboxylate of E252. The axial aqua/hydroxo ligand was not 

displaced by substrates, even sterically bulky substrates, explaining the lack of substrate-induced 

spin-state shifts and the exceedingly slow rate of electron transfer from the ferredoxin to the P450. 

Because this ligand is not displaced by substrates, the active species could potentially be generated 

via light-driven oxidation of the water-bound ferric resting state to Compound I. Type II nitrogen 

ligands were also unable to displace the aqua/hydroxo ligand. 4-Pyridin-3-ylbenzoic acid, when 

added to the T252E mutant, induced an ‘abnormal’ type II spectrum, confirming that optical 

spectroscopy can distinguish between water-bridged and directly bound type II ligands. X-ray 

crystallography revealed that the T252 → E mutation only subtly altered the orientation of 

substrates in the CYP199A4 active site.   

In the absence of substrate, the heme signal of the T252E mutant was rapidly bleached by 50 

mM H2O2. When substrate was present, the T252E variant remained catalytically active for several 

hours. The T252E variant was able to perform a range of reactions using H2O2 (O-dealkylation, 
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hydroxylation/desaturation, epoxidation, sulfoxidation, alkyne oxidation and aldehyde oxidation). 

When the surrogate oxygen donor tert-butyl hydroperoxide was substituted for H2O2, the T252E 

mutant had negligible activity. t-BuOOH is presumably too bulky to access the heme iron in this 

P450. WT CYP199A4 and the T252A and D251N mutants also catalysed these reactions using 

H2O2 but afforded less product over a 4-hour period than the T252E mutant. H2O2- and NADH-

driven epoxidation of 4-vinylbenzoic acid catalysed by WT and mutant CYP199A4 proceeded with 

high enantioselectivity, yielding almost exclusively the (S)-enantiomer.  

In NADH-supported reactions, WT CYP199A4 catalysed O-demethylation of 4-

methoxybenzoic acid more efficiently than sulfoxidation of 4-methylthiobenzoic acid. In H2O2-

driven reactions, the T252E variant had higher activity towards sulfoxidation compared to O-

demethylation, hydroxylation, epoxidation, aldehyde oxidation and alkyne oxidation. This may 

indicate the involvement of a second oxidant in sulfoxidation (e.g. the FeIII–H2O2 species), allowing 

sulfoxidation to occur in the absence of Compound I as proposed by Shaik.  
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Chapter 1  
Introduction 
 

1.1   Introduction to the cytochromes P450 

 

Although nearly all organisms on Earth possess cytochrome P450 enzymes, this vast family 

of monooxygenases was not known to exist until 1958, when the first P450s were discovered by 

Klingenberg1 and Garfinkel2.3-4 These enzymes contain an essential heme b unit embedded within 

the active site and are vivid red in colour (Figures 1.1 and 1.2). The name ‘P450’ references this red 

colouration, P being an abbreviation of pigment. The name also references the absorption band at 

450 nm in the spectrum of the reduced CO-bound enzyme.5-6 The characteristic absorption peak 

at 450 nm arises from ligation of the heme by a cysteine thiolate ligand, which links the heme to 

the polypeptide chain. P450s cannot perform their signature chemistry without this crucial thiolate 

ligand.7-12   

 

 

 
Figure 1.1. P450s contain an essential heme b prosthetic group in the active site. 

 

 

The predominant role of these enzymes is to insert an oxygen atom into the unreactive C-H 

bonds of organic molecules, sourcing electrons from the nicotinamide cofactors NADH or 

NADPH and O2 from the atmosphere to perform this hydroxylation reaction (Equation 1.1).13  

 

R-H + O2 + H+ + NAD(P)H → R-OH + H2O + NAD(P)+                 (1.1)                     

 

P450s are exceptionally versatile enzymes which, in nature, catalyse a myriad of other 

oxidation and reduction reactions and can be engineered to perform unnatural reactions.14-17 

Additional reactions in the P450 repertoire include epoxidation, desaturation, O, S, N-dealkylation 

and sulfoxidation, among many others (Section 1.2).18-20  
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Figure 1.2. P450s are vivid red in colour and have a Soret absorbance peak at ~418 nm (black spectrum). The reduced, 

carbon monoxide-bound form has an intense absorption peak at ~450 nm (red spectrum).5  

 
In total, a considerable number of P450s have been identified to date in archaea, bacteria, 

animals, plants, fungi and viruses21, although certain species such as Escherichia coli lack any P450s.22 

Homo sapiens possess 57 P450s, rice (Oryza sativa) 356, the soybean 332, Mycobacterium marinum 47, 

the cannonball fungus (Sphaerobolus stellatus) 601 and baker’s yeast three.4, 22-25 By 2004 about 4000 

P450s were known26 and this number has since dramatically escalated. As of 2018, more than 

300 000 P450 enzymes are known22 and the expectation is that, by 2020, one million P450s will 

have been discovered.22, 27 Of the >300 000 identified thus far, >41 000 have been assigned names 

by the Standardized Cytochrome P450 Nomenclature Committee.22 This committee classifies each 

enzyme as a member of a family and subfamily, the assignment based predominantly on amino 

acid sequence similarities.26 Each name begins with ‘CYP’, and the number after this prefix denotes 

the family. A letter then indicates the subfamily, followed by a number identifying the specific 

enzyme.28 The enzyme named CYP199A4 is a member of family 199 and the fourth member of 

subfamily A (Figure 1.3). 

  

Figure 1.3. P450 nomenclature  

 

Cytochrome P450 enzymes assigned to a specific family share ≥40% sequence identity, while 

inclusion in the same subfamily requires that the P450s share ≥55% sequence identity.26 It can 

therefore be inferred that CYP199A4 and CYP199A2 have similar amino acid sequences (in fact, 

they share 86% sequence identity) and potentially have similar functions.29 There are exceptions to 

this rule, however.28 The CYP51 family encompasses P450s with low sequence similarity because 

they all catalyse an identical (and important) reaction.30 Members of this family, referred to as sterol 

14α-demethylases, all catalyse a critical demethylation step in the biosynthesis of sterol.31 This 

family is significant, being the only P450 family whose members are found in every kingdom of 

life: bacteria, protists, plants, animals and fungi.32 Trivial names exist for some P450s, some having 
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multiple names.28 The intensely studied33 camphor-hydroxylating P450 CYP101A1 from 

Pseudomonas putida is commonly referred to as P450cam.34 Although the amino acid sequences of 

different P450s may have little similarity, these enzymes share the same overall fold (Figure 1.4).35  

 
Figure 1.4. Structure of P450cam (PDB ID: 5CP4). Red cylinders represent α helices (labelled A-L), blue ribbons 

represent β sheets and the heme (yellow) is buried inside the enzyme.36-37  
 

P450s have vital roles in humans and other organisms.38 Human P450s are involved in steroid 

hormone biosynthesis and catalyse the metabolism of drugs in the liver, with the promiscuous P450 

CYP3A4 responsible for metabolising ~50% of pharmaceuticals.39-40 Another major drug-

metabolising P450 is CYP2D641; notably, it converts codeine into the active drug morphine.42-43 

P450 oxidation makes drugs more water soluble, aiding their excretion,44 so inhibiting human P450s 

could be a means of reducing the dose of costly pharmaceuticals patients must take.45 P450s may 

also unwittingly convert procarcinogens into carcinogens.46 In plants, P450s participate in 

secondary metabolite biosynthesis, having major roles in the biosynthesis of the anti-cancer drug 

Taxol and anti-malarial drug artemisinin.38, 47 Although mammalian P450s such as CYP3A4 can be 

highly promiscuous, bacterial P450s typically have narrow substrate ranges.48     

P450s also have economic value. They can be exploited as biocatalysts in the synthesis of 

pharmaceuticals and other valuable chemicals, and in environmental remediation.49 Interest in 

P450s stems from their ability to oxidise the usually unreactive C-H bonds of organic molecules at 

ambient temperature in water, and they are capable of carrying this out regio- and enantio-

selectively.47 This is an exceedingly difficult reaction to perform using chemicals. P450-catalysed 

reactions are thus environmentally benign, whereas chemical oxidation can require organic solvents 

and hazardous reagents such as toxic heavy metal catalysts and elevated temperatures and 



 

4 
 

pressures.50-51 Notably, a P450 is employed in the synthesis of the cholesterol-lowering drug 

pravastatin, produced by hydroxylation of compactin (Figure 1.5a).45, 52  

Although a particular P450 may accept only a limited range of substrates, P450s can be 

engineered to perform the desired oxidation of unnatural substrates.50, 53-56 This can be achieved by 

rationally redesigning the enzyme’s active site or by random mutagenesis (directed evolution).53, 57 

Protein engineering has yielded P450 mutants which are now used to generate commercial 

products.58 Sowden et al. engineered P450cam and P450BM3 to convert the inexpensive natural 

product valencene (from oranges) into nootkatone, a valuable natural product that has the flavour 

and aroma of grapefruit (Figure 1.5b).55 Nootkatone commands a price of £3-4000 kg-1.55, 58 By 

employing an enzyme (CYP102A1) to accomplish this chemical transformation, the product can 

be labelled ‘natural’, satisfying public demand for food and drink to contain natural ingredients 

rather than synthetic chemicals.58-59 Chemical methods of producing nootkatone rely on 

carcinogenic or corrosive reagents.51, 59 A company, Oxford Biotrans, has been founded to produce 

nootkatone and other natural products using engineered P450s.58  

P450s also have applications in the cut flower industry.60 Because no natural roses are blue, 

roses of this colour are desired. By recruiting the P450 CYP75A (flavonoid 3,’5’-hydroxylase) from 

pansies that produces a blue pigment, genetically modified blue roses (which are in reality closer to 

lilac in colour) have been developed which sell for a high price ($40 per rose).60-63 Given their ability 

to degrade pollutants, another proposed application of P450s is in environmental remediation. For 

example, the P450 enzyme XplA (CYP177A1) degrades the explosive hexahydro-1,3,5-trinitro-

1,3,5-triazine, used extensively by the military.64-65 P450s, therefore, can be exploited for a multitude 

of applications, including environmental remediation and the production of pharmaceuticals and 

fine chemicals.  
 

      
(a)                                                                       (b) 

Figure 1.5. Commercial P450 applications include the production of (a) the pharmaceutical pravastatin and (b) the 

grapefruit fragrance and flavour molecule nootkatone.45  

 

1.2   Diverse reactions catalysed by P450 enzymes 

 

As mentioned, the main reaction catalysed by P450s is hydroxylation13, but P450s also catalyse 

other reactions. Selected P450 reactions are shown in Figure 1.6.    
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Figure 1.6. Selected P450 reactions are shown in white boxes. P450s also perform many other types of reactions. 

Non-natural reactions performed by P450 mutants, which are not technically P450 enzymes because they do not 

absorb at 450 nm, are shown in the blue box. Figure continued on opposite page.  
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A. Hydroxylation: P450cam hydroxylates camphor66 and was engineered to hydroxylate ethane.56 B. O-Dealkylation: 

CYP2D6 converts ~15% of ingested codeine into morphine.43, 67 C. Alcohol oxidation: CYP2E1 converts ethanol 

into acetaldehyde.68 D. Aldehyde oxidation: CYP2E1 can further oxidise acetaldehyde to acetic acid.68 E. 

Epoxidation: Benzo[a]pyrene from cigarette smoke is converted by human P450s into the carcinogen benzo[a]pyrene-

7,8-diol-9,10-epoxide.46, 69-71 F. Desaturation: Desaturation of valproic acid generates a toxic metabolite.72-73 G. 

Nitroreductase activity: P450cam can reduce nitroaromatics to amines.74 H. Nitric oxide reduction: Fungal P450nor 

reduces NO to N2O.19, 75-76 I. C-C bond cleavage: P450BioI catalyses C-C bond cleavage of tetradecanoic acid.20, 77-78 

J. Acetylene oxidation: P450s can oxidise acetylene compounds to ketenes, which react with water to generate the 

carboxylic acid.79-81 K. S-Dealkylation: S-dealkylation is a rare P450 reaction.82 L. Sulfoxidation: The sulfoxidation 

of the antipsychotic drug Zotepine is catalysed by CYP3A4.83-84 M. Sulfone formation: Omeprazole, used to treat 

reflux, is oxidised to Omeprazole sulfone by CYP3A4.83 N. Oxidative dehalogenation: Oxidative dehalogenation of 

the antibiotic chloramphenicol.79, 85 O. Baeyer-Villiger oxidation: Tomato P450 CYP85A3 catalyses the Baeyer-

Villiger oxidation of castasterone.20 P. N-Oxidation: Rat liver P450s convert strychnine into the N-oxide.79, 86 Q. N-

Dealkylation: CYP3A4 converts a small portion of ingested cocaine into norcocaine.83, 87 R. Demethylation: CYP51 

demethylates lanosterol.88 S. L-tryptophan nitration: The P450 TxtE catalyses the nitration of L-tryptophan.89-90 T. 

Reductive dehalogenation: Under anaerobic conditions, CYP3A4 and CYP2A6 catalyse the reductive 

dehalogenation of the anaesthetic halothane.91  

 

U, V, X, W. Cyclopropanation, C-H amination, aziridination and sulfide imidation: Arnold and co-workers 

engineered P450BM3 to catalyse non-natural reactions.8, 14-17, 92 The P450BM3 mutants have serine or histidine as the heme 

ligand so the CO-bound forms do not absorb at 450 nm.92-93  
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1.3   The general P450 catalytic cycle 

 

(a) 

 

 

(b) 

Figure 1.7. (a) The P450 catalytic cycle,94-95 and (b), Groves’ radical rebound mechanism.96 Red circles represent 
oxygen atoms from the oxidant.  
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Substrate oxidation requires the transfer of two protons and two electrons to the enzyme at 

precise moments in the catalytic cycle. The electrons are transferred individually to the heme 

cofactor via electron transfer proteins (Section 1.5). Figure 1.7a illustrates the P450 catalytic cycle. 

The steps in the cycle were established by studying P450cam, the structure of which was solved in 

1985.97-99 Other P450s are thought to operate in the same fashion.94 In its ferric resting state (A), 

the P450 has water loosely bound as the sixth axial ligand and is inactive until the aqua ligand is 

displaced by the binding of an appropriate substrate (B).40 This weakens the ligand field, inducing 

a spin-state shift of the heme iron from low-spin (λmax = 420 nm) to high-spin (λmax = 390 nm) 

(Figure 1.8).23, 40 There is also an upshift in the reduction potential which leads to transfer of the 

first electron from the electron transfer proteins to the P450, reducing the iron to FeII (C).100  

 
 

Figure 1.8. Binding of a substrate (R-H) to a P450 typically displaces the heme-bound aqua ligand and induces a spin-

state shift from LS (S = 1/2) to HS (S = 5/2).40, 101  

 

O2 binds to the ferrous heme as the sixth ligand, yielding the ferrous dioxygen complex (FeII–

O2) (D). Binding of CO instead inhibits the enzyme.102 Upon delivery of a second electron the 

nucleophilic ferric-peroxo anion (F) is generated. The ferric-hydroperoxo intermediate, Compound 

0 (G), is then generated by delivery of a proton derived from the solvent to the distal oxygen. 

Protonation once again of the distal oxygen (to give FeIII–OOH2) induces heterolytic cleavage of 

the O–O bond with loss of water to yield Compound I (H), the ephemeral oxy-ferryl porphyrin 

radical cation species (Por·+FeIV=O). Cpd I is envisaged to be responsible for the majority of P450 

oxidations and was finally observed in 2010 by Rittle and Green, who mixed mCPBA with purified 

CYP119 to generate Cpd I;103 P450cam Cpd I has also been observed.104 Cpd I then abstracts a 

proton from the substrate to give a substrate radical cation and an Fe(IV)-OH species (I). The 

substrate radical recombines with the hydroxyl radical attached to the iron via Groves’ radical 

rebound mechanism96 (Figure 1.7b) to yield the hydroxylated product (J). The P450 is converted 

back into its resting state A upon exit of the product.  

The site of hydroxylation depends on the intrinsic reactivity of the substrate’s C-H bonds and 

their proximity to the heme iron. If multiple C-H bonds are equally accessible, there will be a 

preference for hydrogen abstraction to occur at the weakest C-H bond. Benzylic, allylic, and tertiary 

C-H bonds are weaker than secondary and primary C-H bonds (Table 1.1). Thus, the order of 

reactivity of C-H bonds is:  

Benzyl / allyl > tertiary > secondary > primary.50, 79 
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Table 1.1. Bond dissociation energies at 298 K for benzylic, allylic, tertiary, secondary and primary C-H bonds, and 
C-H bonds adjacent to heteroatoms79, 105 

C-H bond type Bond dissociation energy (kJ.mol-1) 
Methane (CH3-H) 439 
Primary (CH3CH2-H) 423 
Secondary ((CH3)2CH–H) 413 
Tertiary ((CH3)3C–H) 404 
Benzylic (C6H5CH2–H) 376 
Allylic (CH2=CHCH2–H) 372 
Formaldehyde (O=HC–H) 369 
C-H adjacent to oxygen (HOCH2–H) 402 
C-H adjacent to nitrogen (H2NCH2–H) 386 

 

However, the positioning of the substrate in the active site has the most substantial influence 

over which site is oxidised; less reactive C-H bonds will react if in close proximity to the heme.50 

Thus, in some cases, P450s selectively attack the least reactive C-H bond of a substrate.47  

The need for two electrons from NAD(P)H delivered by redox partners can be eliminated by 

instead driving catalysis using peroxides (Equation 1.2).106 P450s and other enzymes which use 

H2O2 are known as peroxygenases.  

R-H + H2O2 → R-OH + H2O                                           (1.2) 

 

Binding of H2O2 to the ferric heme iron, giving FeIII–H2O2 (K), is thought to first generate 

Cpd 0 (G) and then Cpd I (H), bypassing much of the catalytic cycle.107-108 This is known as the 

peroxide shunt pathway. Free H2O2 has a high pKa (11.7)109, so it would be fully protonated at 

neutral pH and hence H2O2, not ⁻OOH, would be expected to bind to ferric heme.108-110 Oxidants 

such as tert-butyl hydroperoxide (tBuOOH),111 mCPBA and iodosylbenzene (PhIO) can also be 

used to drive catalysis.94, 106 These generate Cpd I but not Cpd 0.103, 107, 111 However, peroxides have 

low binding affinity, typically cause fast degradation of the heme (heme bleaching) and do not 

efficiently drive catalysis,112 although it has been discovered that a very small minority of P450s can 

utilise H2O2 efficiently (such as P450BSβ (CYP152A1), P450SPα (CYP152B1), P450CLA (CYP152A2) 

and P450 OleTJE (CYP152L1)).113  

In the oxidation of camphor by P450cam, one molecule of product is generated for almost 

every molecule of NADH and O2 consumed; the ‘coupling efficiency’ is nearly 100%i.66 This almost 

perfect coupling of reducing equivalents to product formation is unusual70; often a portion of the 

NAD(P)H/O2 consumed is wasted through unproductive side-reactions, referred to as 

‘uncoupling’. NAD(P)H can be wasted through three major uncoupling pathways.66 The first is the 

autoxidation shunt. In this pathway, the ferrous dioxygen species (D), which is unstable, decays 

with release of superoxide. Superoxide decomposes to H2O2.70 Autoxidation can occur when timely 

delivery of the second electron fails to occur.70, 114 The presence of substrate is known to extend 

the lifetime of the Fe–O2 species.70   

 
iCoupling efficiency = ([product generated]/[NAD(P)H consumed]) × 100% 
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In the second pathway, H2O2 is lost from the ferric-hydroperoxo species (G). H2O2 

uncoupling is promoted by water in the active site.114 A small substrate may permit access of water 

to the heme, resulting in incorrect protonation of the proximal oxygen to give FeIII–H2O2 (K).66 As 

H2O2 has low affinity for the heme iron, there is subsequent loss of H2O2.115 H2O2 uncoupling can 

also occur if proton delivery is delayed.66, 70  

Oxidase uncoupling is the third uncoupling pathway. In this pathway, Cpd I (H) is reduced 

to water by accepting two electrons (a second molecule of NAD(P)H is consumed) and two 

protons.114 This pathway does not generate toxic reactive oxygen species (ROS) but does waste 

NAD(P)H. Oxidase uncoupling takes place when no C-H bond is near the heme iron. It has been 

demonstrated to occur with fluorinated compounds since C–F bonds are inert,116-117 and when the 

substrate is not bound close enough to the heme iron.66   

Although Cpd I is recognised as being the oxidant that probably mediates most P450 

reactions, including hydroxylation, the participation of other intermediates has been postulated, yet 

remains to be proven (Table 1.2).118  

 

Table 1.2. Intermediates proposed to participate in P450 reactions, discussed in Section 1.994 

Intermediate Reactions proposed to possibly be mediated by 
each intermediate 

Ferric-peroxo anion (nucleophilic) Aldehyde oxidation119/deformylation120 
Ferric-hydroperoxo (nucleophilic 
or electrophilic) 

Deformylation, epoxidation33, 121-122, sulfoxidation123-124, 
hydroxylation (inserts OH+)125 

Cpd I (electrophilic) Hydroxylation and most/all other P450 reactions103, 126 
FeIII–H2O2 complex Sulfoxidation118 

            

1.4   Role of the conserved acid-alcohol pair 

 

Two protons are needed for conversion of the ferric-peroxo anion into Cpd I. In the majority 

of P450s, two residues in the I helix, referred to as the acid-alcohol pair, are vital for proper proton 

delivery. In both P450cam and CYP199A4, the acid-alcohol pair is T252 and D251, although some 

P450s possess serine (S) not threonine (T), and glutamate (E) not aspartate (D), and in some P450s, 

such as the P450 peroxygenases, these residues are absent altogether.127 P450eryF (CYP107A), for 

example, lacks the threonine.128 The role of the acid-alcohol pair has been interrogated using 

mutagenesis and X-ray crystallography.98, 129-132 

As mentioned, P450cam hydroxylates camphor with ~100% coupling efficiency. Mutation of 

T252 in P450cam to alanine (A), resulted in almost all the O2 consumed (~89%) being converted 

into H2O2 with negligible product formed, although the O2 and NADH consumption rate remained 

high.130-131 Mutation to valine or glycine also caused high levels of H2O2 uncoupling.130-131 The T → 

S mutant, however, was still highly coupled, implying that the hydroxyl moiety is crucial. It was 

concluded that the role of the Thr252 hydroxyl was to directly donate a proton to Cpd 0 to form 

Cpd I.130 This was disputed by a study involving a P450cam mutant in which the Thr252 hydroxyl 
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was replaced with a methoxy group, which cannot donate a proton.131 No H2O2 was produced and 

the coupling efficiency of the OMe mutant was 100%.131  

Crystal structures of the FeII–O2 complex of WT P450cam and the T252A mutant have now 

been solved (Figure 1.9a,b).98, 129 When dioxygen binds, two ordered water molecules (Wat354 and 

Wat443) appear close to the heme. These are thought to be the waters which protonate the 

oxygen.98, 129 The conserved threonine is believed to stabilise Cpd 0, and the hydrogen bond 

between Cpd 0 and the threonine is thought to alter the pKa of the distal oxygen (Figure 1.9c). This 

encourages protonation at the distal oxygen, not the proximal oxygen, so that Cpd I is formed.110, 

129  

Mutation of the conserved aspartate residue (D251) to asparagine (N) reduced the rate of 

camphor oxidation by a factor of 100.133 It is believed the role of the aspartate is to shuttle protons 

into the active site.110 

The threonine-to-alanine and aspartate-to-asparagine mutations have been used to investigate 

which intermediates mediate different P450 reactions.124 The threonine-to-alanine mutation is 

expected to block Cpd I formation and increase the persistence of Cpd 0 (G),33, 134 while the 

aspartate-to-asparagine mutation delays the protonation steps,129 increasing the lifetime of the 

ferric-peroxo anion (F).110, 133   

 

(a) (b)  (c)  

 

Figure 1.9. Crystal structures of the FeII–O2 complex of WT P450cam (a) and the T252A mutant (b). Camphor is 

depicted in yellow. (c) T252 stabilises the ferric-hydroperoxo species (Cpd 0). 

 

1.5   P450 electron transfer partners 

 

The electron transfer systems of P450s have been categorised into 10 classes135 based on the 

partner proteins which supply the two electrons. The majority belong to Classes I and II, with the 

remaining classes representing less common systems (Figure 1.10).135 Class I encompasses most 

bacterial and mitochondrial P450s,136 and these systems consist of a FAD (flavin adenine 

dinucleotide)-containing ferredoxin reductase and an iron-sulfur cluster-containing ferredoxin. In 

the bacterial CYP199A4 enzyme system, for example, the transfer partners are HaPuR (a FAD-

containing reductase) and HaPux (a [2Fe2S] ferredoxin).137-138 The ferredoxin reductase is 

responsible for accepting two electrons from NAD(P)H, and single electrons are subsequently 
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ferried from the reductase to the P450 by the ferredoxin. Distinct differences exist between 

bacterial and mitochondrial P450 systems.139 Bacterial Class I systems favour NADH as the 

electron source, whereas the mitochondrial partners source electrons from NADPH.135, 140-141 In 

mitochondrial systems, only the [2Fe2S] ferredoxin adrenodoxin (Adx) is soluble while the P450 is 

membrane-bound. The reductase, adrenodoxin reductase (AdR), is also attached to the membrane. 

Contrastingly, in bacterial Class I systems, all proteins are soluble. Bacterial ferredoxins such as 

HaPux typically contain [2Fe2S] clusters but can alternatively contain various other cluster types.135, 

142  

Class II corresponds to the microsomal P450 system.135, 142-143 Electrons are delivered to 

microsomal P450s (such as human CYP3A4) from NADPH via a single membrane-bound protein, 

cytochrome P450 reductase (CPR), without the involvement of an iron-sulfur ferredoxin.143 CPR 

contains both FAD and FMN (flavin mononucleotide) cofactors; two electrons are initially 

transferred from NADPH to the FAD cofactor; these electrons are delivered one-at-a-time to the 

P450 via the FMN cofactor.142 

Class IV contains the thermophilic P450 CYP119.135 In contrast to most P450s, CYP119 

operates at high temperatures and obtains its electrons not from NAD(P)H but from pyruvic 

acid.136, 144 Classes VII-X correspond to self-sufficient P450s which function without any additional 

electron transfer proteins.75 P450BM3 is an example of a bacterial self-sufficient P450145 belonging to 

Class VIII. Isolated from Bacillus megaterium, it consists of CPR fused to a P450 and is soluble.135, 146 

This enzyme is notable for its ability to oxidise arachidonic acid at a rate exceeding 17 000 

μmol (μmol-P450)-1 min-1 (abbreviated to min-1).147 The fungal membrane-bound CPR-P450 fusion 

protein P450foxy is another member of this class.75, 148  

Class IX consists of the soluble self-sufficient fungal enzyme P450nor which converts NO into 

N2O but is unable to catalyse hydroxylation reactions.19, 75, 135, 149 P450nor is abnormal in that it is 

supplied with two electrons directly from NADH, rather than single electrons delivered by redox 

partners.19  

Class X consists of self-sufficient P450s which function without redox partners and without 

NAD(P)H/O2.135 Allene oxide synthase (CYP74A), an enzyme that transforms fatty acid 

hydroperoxides into allene oxides, is an example of a Class X P450.135, 150  

P450s classified as peroxygenases such as P450SPα and P450BSβ also have no requirement for 

redox partners nor NAD(P)H/O2 because they instead utilise H2O2 to drive catalysis.127, 142 
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Figure 1.10. Selected P450 classes described in the text. 

 

1.6   Gating of the P450 catalytic cycle 

 

Commencement of the archetypal P450 catalytic cycle is gated to avoid NAD(P)H 

consumption when no substrate is bound.74 Continuous NAD(P)H consumption would lead to 

formation of high levels of superoxide and H2O2.151 When a substrate binds and removes the heme-

bound water, it causes a shift in the reduction potential and allows the first electron to be 

transferred. This starts the catalytic cycle.70, 151 When camphor binds to substrate-free P450cam, for 

example, there is a shift in the reduction potential from -303 mV to -173 mV.74 Before camphor 

binds, electron transfer from putidaredoxin, which has a reduction potential of -240 mV, to P450cam 

is thermodynamically unfavourable.74 Once substrate binds, reduction becomes thermodynamically 

favourable. This shift in the redox potential is invoked as the reason why electron transfer is 

accelerated in the presence of substrate.70, 152 Honeychurch et al. offered an alternative 

interpretation.100 They claim that electron transfer to substrate-free P450cam is in fact probably 

thermodynamically favourable because ligand (O2) binding to the reduced P450 should increase 

the reduction potential. According to Marcus theory, the driving force (ΔG˚) for the reaction and 

the reorganisation energy (λ) influence the electron transfer rate (ket). The reorganisation energy 

must be greater for the substrate-free enzyme since a water ligand is still bound and it has to convert 

from six- to five-coordinate.100 They argue that the larger λ is the major reason why electron transfer 

to substrate-free P450s is slow.100  
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1.7   Ligand binding modes 

 
(a)                (b)                (c)                (d)                (e) 

Figure 1.11. P450 resting state and ligand binding modes.101, 153-154 

 

The way in which a ligand interacts with the P450 active site can be inferred from UV-Vis 

difference spectra. Type I difference spectra result from binding of a substrate with release of the 

water ligand (Figure 1.11a,b). A type I difference spectrum has a trough at roughly 420 nm and a 

peak at 390 nm.153  

Nitrogen-containing molecules can potentially displace the water and directly bind to the heme 

iron (Figure 1.11c).155-156 Coordination by a strong-field nitrogen ligand red-shifts the Soret band, 

resulting in a type II difference spectrum having a peak at 425-440 nm and trough at ≤415 nm.153, 

157 The usual interpretation is that a ligand inducing a type II spectrum must be coordinated to the 

heme.158 It is now appreciated that this is sometimes incorrect.154 Nitrogen ligands may alternatively 

form a hydrogen-bond to the heme-bound aqua ligand (Figures 1.11d and 1.12), modifying the 

ligand field strength and inducing a type II spectrum.154, 159  

 
Figure 1.12. Fluconazole (yellow) bound to CYP121A1 (PDB: 2IJ7).159 

 

Conner et al. recently studied the binding of ‘17-click’ (Figure 1.11d), which incorporates a 

1,2,3-triazole moiety, to CYP3A4.154 Binding of this ligand induced a type II spectrum, implying 

direct nitrogen coordination to the heme. HYSCORE EPR unexpectedly revealed that the distal 

water was not displaced but instead remained in situ and was presumably hydrogen-bonded to the 

nitrogen. N-containing ligands can therefore induce a type II-like spectrum without coordinating 

to the iron.154 Although type II ligands are expected to inhibit the enzyme, it was found that 17-

click was oxidised by CYP3A4.154 Consequently, if a type II spectrum is observed, it appears ill-
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advised to assume that the nitrogen ligand must be coordinated to the heme iron without additional 

evidence.153-154  

Reverse type I spectra are mirror images of type I spectra, having a peak at 420 nm and a 

trough at 390 nm153 and arising from coordination of an alcohol or other weak ligand to the heme 

(Figure 1.11e).160 For example, substrate-free CYP125A1 exists partly in the high-spin, five-

coordinate state, but binding of the molecule LP10 promotes water coordination to the iron, thus 

inducing a reverse type I spectrum.161 

 

1.8   Origin of the spin-state shift and relationship to catalytic activity 

 

Measuring the spin-state shift induced by potential substrates identifies which compounds 

bind to the P450 and are likely to be efficiently metabolised. The explanation often given for a type 

I shift is displacement of the heme-bound water ligand.117, 162-164 Crystal structures of substrate-

bound P450s often show that the water ligand has been displaced.165 However, large shifts to HS 

have been observed even when the water ligand remains in situ.165 Adamantane induces a 99% shift 

from LS to HS when it binds to P450cam, yet the water ligand is still in situ in the crystal structure, 

its occupancy 100%.166 Norcamphor induces a spin-state shift of 46% but also fails to displace the 

water ligand.166 To rationalise this, Poulos et al. proposed that when these substrates bind and expel 

other active-site waters, it changes the protonation state of the distal ligand. When the enzyme is 

substrate-free, the ligand is proposed to be more hydroxide-like; when a substrate binds and the 

cluster of water is displaced, the active site would become more hydrophobic and the ligand would 

be fully protonated. OH⁻ is a stronger-field ligand that would stabilise the low-spin state, whereas 

the iron should be high-spin with H2O bound, a weak-field ligand.167 Altering the amounts of OH⁻ 

and H2O could therefore shift the heme to HS.166 Models of the P450cam active site have been 

synthesised to investigate the factors that control the spin-state.168-170 A model complex (Figure 

1.13a) with water as the sixth ligand was found to be entirely high-spin.168 A second complex was 

synthesised in which the water ligand was hydrogen-bonded to ether oxygens (Figure 1.13b). These 

interactions shifted the iron to LS. It was inferred that the P450cam resting state is LS due to the 

water ligand having hydroxide character resulting from hydrogen-bonding interactions with the 

water cluster.168 However, EPR experiments indicated that the sixth ligand is water not 

hydroxide.153, 171-172 Others have argued that changes in the conformation of the heme affect the 

spin-state.74, 165  
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(a) (b)  

Figure 1.13. P450 model complex (a) is entirely HS, whereas the hydrogen bonding in (b) results in a shift to LS. 

 

Spin-state shifts can be used to predict whether a ligand will be efficiently metabolised.173-174 

In general, for substrates which induce a large spin-state shift to the high-spin form, the NADH 

consumption and product formation rates are typically fast.74, 117, 175-176 A strong correlation was 

found, for example, between the degree to which various benzphetamine analogues shift the spin-

state to HS when they bind to rat liver P450s and the rate of substrate N-demethylation.175 A large 

shift to HS, however, does not always mean that the catalytic activity towards a substrate will be 

high and some studies have failed to find any relationship between the spin-state shift, NADH 

consumption rate and coupling efficiency.165, 177-178 α-Pinene induces a large (85%) shift to HS when 

it binds to P450cam, yet the coupling efficiency is extremely low.74, 177 Ortiz de Montellano also found 

that the rate of NADH consumption by P450cam was lower in some cases for substrates which 

induced a greater spin-state shift.178  

A shift in the spin-state reveals that a substrate binds but fails to reveal the strength of binding. 
162, 175, 177, 179 Often, substrates which bind with higher affinity induce larger spin-state shifts;180 d-

camphor, for example, binds tightly to P450cam (Kd = 0.84 μM)179 and induces an essentially 

complete (~95%) shift to HS.166 However, sometimes substrates bind tightly but fail to displace 

the heme-bound water or bind weakly yet efficiently displace the water.178 4-Methoxybenzamide 

and 4-methoxybenzoic acid both induce a ≥95% shift to HS when they bind to CYP199A4, yet 4-

methoxybenzamide binds ~2000 times more weakly than 4-methoxybenzoic acid (Kd = 660 vs. 0.28 

μM).181 4-Methoxyacetophenone binds reasonably tightly (Kd = 4.8 μM) yet induces less than a 5% 

shift to HS.181  
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1.9   P450 reaction mechanisms 

1.9.1   Hydroxylation 
 

There is extensive evidence that Cpd I mediates C-H hydroxylation.103 Rittle and Green 

demonstrated that Cpd I of CYP119 hydroxylated lauric acid.103 Additionally, the T252A mutant 

of P450cam, which is hypothesised to form Cpd 0 but not Cpd I, does not hydroxylate camphor.33 

Groves’ radical rebound mechanism, described earlier (Figure 1.7b), is the mechanism by which 

P450s are thought to perform substrate hydroxylation.  

In the past, concerns arose that the radical rebound mechanism may not be valid from 

experiments involving ‘radical clock’ substrates.125, 182 Researchers aimed to use radical clocks to 

ascertain the lifetime of the radical intermediate generated by H-atom abstraction from the 

substrate.183 After H-atom abstraction, these radical clock substrates either undergo rebound to 

give the unrearranged alcohol, or first rearrange and then undergo radical rebound to yield a 

rearranged alcohol product (Figure 1.14a), depending on the relative rates of radical rebound and 

rearrangement.182 The lifetime of the radical is deduced from the proportions of unrearranged and 

rearranged product, provided that the rearrangement rate of the radical is known.182  

Studies on the lifetime of the radical intermediate using bicyclo[2.1.0]pentane as a radical clock 

substrate yielded a reasonable value for the lifetime of the radical intermediate (50 ps).182-184 

However, this result appeared to be contradicted by subsequent studies.125, 185 Absurdly short radical 

lifetimes of τ = 70–200 fs, the lifetimes of transition states, not intermediates, were found using 

ultrafast radical clocks, and were used as an argument that radical intermediates were not formed.182 

Radical clock substrates designed to generate different products depending on whether radical or 

cationic intermediates were formed revealed that cationic intermediates were in some cases 

generated.185 The assumption that Cpd I was the sole oxidant was thus questioned. To explain 

cationic rearrangement products, it was proposed that a second oxidant, Cpd 0, may mediate 

hydroxylation by ‘OH+’ insertion (Figure 1.14b).125 Calculations reveal, however, that Cpd 0 is a 

weak oxidant.94 Cpd 0 has also been invoked as the oxidant in other P450 reactions, notably 

epoxidation and sulfoxidation.94 Given the vast array of reactions catalysed by P450s, it appears 

reasonable that multiple active oxidants may exist mediating different reactions.121 The theory that 

there is involvement of more than one oxidant in P450 reactions is known as the ‘two-oxidant’ 

theory.94, 186-188  

(a) (b)            

Figure 1.14. (a) Bicyclo[2.1.0]pentane was employed to measure the rate of radical recombination.183 (b) It was 

hypothesised that Cpd 0 participates in hydroxylation by inserting ‘OH+’.94  
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Shaik’s ‘two-state reactivity’ (TSR) theory was designed to explain these inconsistent 

experimental observations without invoking the participation of additional oxidants.187, 189-190 Cpd I 

is believed to exist in two spin-states: a LS (doublet) state, 2A2u, and a HS (quartet) state, 4A2u (Figure 

1.15).191 After H-atom abstraction, on the LS pathway radical rebound is barrier free, so discrete 

radical intermediates never form. In contrast, on the HS pathway the lifetime of the radical 

intermediates will be longer due to a barrier to radical rebound. Rearrangement products hence 

form on the HS, but not LS, pathway. The measured lifetime of the radical clocks thus depends on 

the proportions of LS and HS Cpd I, explaining the conflicting radical lifetimes measured. Cationic 

intermediates could form on the HS pathway by removal of an electron from the radical 

intermediate by Cpd II.192  

 

 

      

 

 

Figure 1.15. Mechanism of hydroxylation by LS and HS Cpd I. TSH is the transition state for H-atom abstraction, Irad 

is the radical intermediate, and 4TSreb is the transition state for radical rebound on the HS pathway. Contrastingly, on 

the LS pathway, radical rebound has no barrier. The electronic configuration of LS and HS Cpd I is shown on the left. 

Quartet (S = 3/2) and doublet (S = 1/2) states exist because the single electron in the porphyrin a2u orbital can have 

the same spin, or opposite spin, to the two unpaired electrons in the π*xz and π*yz orbitals.187, 191, 193  

 

 

Whereas the ‘two-oxidant’ theory assumes the participation of multiple oxidants in P450 

reactions,94, 123-125 the ‘two-state reactivity’ theory claims that Cpd I is the only oxidant. According 

to the TSR theory, if there appear to be multiple oxidants this arises from the differing reactivities 

of LS and HS Cpd I.94, 126  
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1.9.2   N, O, S-Dealkylation 

 

If a carbon alpha to a heteroatom (nitrogen, oxygen or sulfur) is hydroxylated, it affords a 

hemiaminal, hemiacetal or thiohemiacetal.18, 79, 192 This intermediate, being unstable, breaks down 

to give a dealkylated product. An aldehyde or ketone is liberated as a by-product; this by-product 

is formaldehyde in demethylation reactions162. Two mechanisms for these dealkylation reactions 

exist in the literature: the HAT (hydrogen atom transfer) and SET (single electron transfer) 

mechanisms.79, 192 The consensus is that O-dealkylation occurs in a manner identical to alkane 

hydroxylation, first involving H-atom abstraction and then radical rebound to give the unstable 

hemiacetal.79, 192 This is the HAT mechanism. S- and N-dealkylation could plausibly also occur via 

a HAT mechanism (Figure 1.16a).194 

An electron can be more readily removed from N and S than the more electronegative oxygen, 

so N- and S-dealkylation could instead proceed via a SET mechanism (Figure 1.16b).18, 79, 192, 194-195 

In this mechanism, a sulfur or nitrogen radical cation is first formed via removal of a single electron 

from N or S by Cpd I. A proton (H+) is then removed from the neighbouring carbon to give a 

substrate radical, followed by radical rebound yielding the unstable thiohemiacetal or hemiaminal.  

 

 

(a) 

 

(b) 

Figure 1.16. Proposed mechanisms of N, O, S-dealkylation (X = N, O, S).18, 79, 192, 194, 196 (a) Dealkylation could be 

initiated by hydrogen abstraction (HAT mechanism). (b) Alternatively, a single electron transfer from the heteroatom 

to Cpd I could be the first step.  

 

 

 



 

20 
 

1.9.3   Sulfoxidation 

 

N-dealkylation is a common reaction performed by P450s and N-oxidation is less common. 

S-dealkylation, on the other hand, is rare82; P450s prefer to convert sulfides into sulfoxides.83, 117, 197-

198 Multiple mechanisms for sulfoxidation have been proposed. Cpd I could abstract a single 

electron from the sulfur to give a sulfur radical cation; transfer of oxygen would then yield the 

sulfoxide. Alternatively, Cpd I could transfer the oxygen to the sulfur directly, as depicted in Figure 

1.17.18, 192  

 

 

 

Figure 1.17. Proposed mechanisms of sulfoxidation mediated by Cpd I.94, 118, 199 

 

It has been inferred that Cpd 0 may contribute to sulfoxidation or be entirely responsible for 

it.123-124, 126, 192 N,N-dimethyl-4-(methylthio)aniline (Figure 1.18) can undergo sulfoxidation or N-

dealkylation.124 Volz et al. used this substrate to try to identify the active oxidant in sulfoxidation.124 

WT P450BM3 gave a mixture of sulfoxidation and N-dealkylation products in a 15:1 ratio. The 

threonine-to-alanine mutation, expected to prevent Cpd I formation, strongly favoured 

sulfoxidation, increasing the ratio to 60:1.124 This implied that the reactions were mediated by two 

oxidants. Cpd I presumably mediates N-dealkylation, while Cpd 0, which should be more abundant 

in the mutant enzyme, apparently mediates sulfoxidation.124 However, calculations have indicated 

that Cpd 0 is a weak oxidant.118, 126, 200 Shaik has offered multiple alternative explanations for the 

results of Volz et al.118, 126, 134 The two different oxidants could be the two spin-states of Cpd I.124, 126, 

201 If LS and HS Cpd I mediate different reactions and the mutation altered the amounts of LS and 

HS Cpd I, this could lead to differing amounts of sulfoxidation and N-dealkylation. Another 

possibility is that structural changes in the enzyme’s active site could have resulted in the sulfur 

being held closer to the heme, giving an altered ratio of sulfoxidation to N-dealkylation.124, 134, 202    
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Figure 1.18. Volz et al. suggested that two different oxidants mediate N-dealkylation and sulfoxidation: Cpd 0 and 

Cpd I, or LS and HS Cpd I.124 

 

Cryle and De Voss also propose that sulfoxidation is mediated by Cpd 0.123
 They investigated 

the sulfoxidation of thia fatty acids by P450BM3 and found that the rate of sulfoxidation was not 

decreased whatsoever by the threonine-to-alanine mutation, implicating Cpd 0 in sulfoxidation.123 

P450BM3 performed fatty acid hydroxylation and thia fatty acid sulfoxidation with opposite 

enantioselectivity, again hinting at the involvement of different oxidants (Figure 1.19).123 However, 

Park et al. found that model ferric-hydroperoxo complexes were incapable of catalysing 

sulfoxidation.203  

Shaik has subsequently proposed that the FeIII–H2O2 complex may be the second oxidant in 

sulfoxidation, not Cpd 0.118 DFT calculations revealed that the FeIII–H2O2 species should be a 

competent sulfoxidation catalyst (Figure 1.20).118 The ability of the FeIII–H2O2 complex to mediate 

sulfoxidation would explain the results of Kerber et al.204, who found that FeIII–corrolazine together 

with H2O2 catalysed sulfoxidation, despite the authors concluding that Cpd I was not being formed. 

 

 

Figure 1.19. Cryle and De Voss found that P450BM3 performed fatty acid hydroxylation and thia fatty acid sulfoxidation 

with opposite enantioselectivity.123  
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Figure 1.20. Shaik’s proposed mechanism of sulfoxidation mediated by the FeIII–H2O2 intermediate, which is a 

concerted asynchronous reaction.94, 118  
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1.9.4   Aldehyde oxidation  

 

Cytochrome P450s can convert aldehydes into carboxylic acids.205 It is debated whether this 

is mediated by the ferric-peroxo anion or Cpd I, and three mechanisms have been proposed.206 As 

the aldehyde C-H bond is weaker than alkane C-H bonds (Table 1.1), aldehyde oxidation could 

proceed readily via the normal hydroxylation mechanism.206 In this mechanism, Cpd I abstracts the 

aldehyde H, subsequent radical rebound then yielding the carboxylic acid (Figure 1.21a).205-208 DFT 

studies have revealed that radical rebound is barrier-free for both the LS (doublet) and HS (quartet) 

states.207, 209 Aldehydes react with water to form hydrates so there is the potential for the enzyme to 

react with this hydrate.206 In this second mechanism, H-atom abstraction from the hydrate by Cpd 

I followed by radical rebound gives a geminal triol.206 Dehydration then gives the carboxylic acid 

(Figure 1.21b).206 A further proposal is that nucleophilic attack by the ferric-peroxo anion could 

lead to aldehyde oxidation to the acid (Figure 1.21c).18, 119, 206  

 

(a) 

 

(b) 

 

(c) 

Figure 1.21. Three proposed mechanisms of aldehyde oxidation to the carboxylic acid involving Cpd I (a, b) or the 

ferric-peroxo anion (c).18, 206 

 

Experiments designed to identify the active oxidant in aldehyde oxidation yielded conflicting 

results. Raner et al. found that the threonine-to-alanine mutation strongly impaired CYP2B4’s 

ability to convert aldehydes into carboxylic acids,210 implicating Cpd I in aldehyde oxidation.119 On 

the other hand, mutating the conserved threonine of CYP260B1 to alanine had minimal impact on 

the enzyme’s ability to oxidise cinnamaldehyde to cinnamic acid, hinting at the involvement of the 

ferric-peroxo anion, not Cpd I.119 Cytochromes P450 can also catalyse the deformylation of 



 

23 
 

aldehydes, a reaction believed to be mediated by the nucleophilic ferric-peroxo anion (Figure 

1.22).120, 211    

 

 

Figure 1.22. Proposed mechanism of aldehyde deformylation.191 

 
1.9.5   Epoxidation 
 

P450s metabolise olefins predominantly to epoxides, but are also known to form aldehyde 

rearrangement products and ‘suicide complexes’, in which the enzyme is permanently inactivated.79, 

193 That the epoxidation reaction is not concerted is inferred from the fact that these by-products 

are not generated by incubation of P450s with epoxides.182 Figure 1.23a illustrates the proposed 

mechanism of epoxidation by Cpd I.79  

According to the TSR theory, epoxidation via the doublet pathway occurs with barrierless ring 

closure, and therefore rearrangement products do not form. Conversely, on the quartet pathway, 

there is a barrier, enabling by-products to form.79  

There is experimental evidence that implies that Cpd 0 is involved in epoxidation,33, 121 though 

its involvement is unproven and controversial.94 Figure 1.23b shows this mechanism.121  

Vaz et al. inferred that Cpd 0 mediated epoxidation based on their observation that substituting 

the conserved threonine in CYP2E1 with alanine substantially accelerated the rate of alkene 

epoxidation.121 More recently, Kim et al. argued that the epoxidation of 4,5-desepoxypimaricin by 

P450 PimD (CYP161A2) is mediated solely by Cpd 0, not Cpd I.122 In the crystal structure of 

pimaricin-bound CYP161A2, the alkene is not suitably positioned to react with Cpd I but is 

appropriately placed to react with the distal oxygen of Cpd 0.122 The enzyme was capable of utilising 

H2O2 to perform the epoxidation reaction, but no epoxidation occurred when iodosylbenzene or 

peracetic acid were used as oxygen donors, which are assumed to generate Cpd I but not Cpd 0. 

This was interpreted as evidence that Cpd 0 is the active epoxidising agent.122 

Jin et al. found that the T252A variant of P450cam could still epoxidise the alkene group in 5-

methylenylcamphor despite its inability to hydroxylate camphor (a Cpd I-mediated reaction), 

implying that Cpd 0 must mediate epoxidation.33 However, it has been concluded from the results 

of DFT studies that Cpd 0 has high barriers to epoxidation so it is not expected to participate.212 

Shaik has argued that the above alkene, being bulky, can prevent loss of H2O2 from the active site 

of P450cam, allowing formation of Cpd I via an alternative route.213 Park et al. also demonstrated 

that model ferric-hydroperoxo complexes did not catalyse epoxidation.203 
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 (a)  

(b)  

Figure 1.23. (a) Mechanism of olefin epoxidation by Cpd I.79 (b) Concerted epoxidation mechanism involving Cpd 
0.121 

 

1.9.6   Alkyne oxidation 

(a)  

(b)

R *H

FeIV

O

FeIII N

O

R *H

FeIII N

O

R

*H

H

alkylated heme  

Figure 1.24. Mechanism of (a) alkyne oxidation and (b) P450 inactivation by terminal acetylenes.214   
 

P450s convert terminal alkynes (acetylenes) into carboxylic acids. The proposed mechanism 

is shown in Figure 1.24a.79 This involves initial formation of a ketene followed by hydrolysis giving 

the carboxylic acid.79 Hypothetically, the enzyme could convert the alkyne into an oxirene, though 

this is thought not to occur as oxirenes are strained and anti-aromatic.79, 215 Another reaction that 

can occur is alkylation of the heme which inactivates the P450 (Figure 1.24b).79, 102, 214-215   
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1.9.7   Desaturation 

 

 

Figure 1.25. Proposed desaturation mechanisms (blue pathways) 

 

P450s can catalyse the desaturation of alkanes216, a reaction not as common as hydroxylation 

and first incorrectly thought to arise from dehydration of hydroxylated products. 217-218 When 

desaturation occurs, hydroxylated products are frequently also formed, these commonly being the 

major metabolites.18, 217 There are some cases, though, where only the desaturated metabolite is 

formed; the Phe185Ile mutant of CYP199A4 converts 4-ethylbenzoic acid exclusively into the 

desaturation product 4-vinylbenzoic acid.219 The proportions of hydroxylation and desaturation 

products can vary, with CYP4B1 and CYP2B1 both metabolising valproic acid but giving 

dramatically different ratios of hydroxylation to desaturation.217  

Desaturation could occur by two possible mechanisms after H-atom abstraction by Cpd I, 

provided that radical rebound does not happen first to give the alcohol (Figure 1.25).79, 219 One 

possibility is that Cpd II (FeIV–OH) abstracts a second hydrogen atom (H·), if two C-H bonds are 

close to the heme, to yield the desaturated product. If the substrate is oriented in the active site 

such that it hinders radical rebound219, an electron could be removed from the substrate radical to 

yield a carbocation, followed by removal of a proton (H+) by FeIII–OH to give the desaturated 

product.  
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1.10   Converting P450s into peroxygenases through protein engineering 
 

Although P450s are appealing catalysts, they have qualities that hinder their use in industrial 

applications,62 such as their requirement for NAD(P)H and electron transfer proteins.113 The 

exorbitant cost of NAD(P)H is a major obstacle to the use of P450s in industry.62 NADPH costs 

215 000 US dollars per mole (0.74 kg).220-221 NADH is also expensive but less so than NADPH, 

costing 3000 US dollars per mole.220 The cost makes it unfeasible to use NAD(P)H in 

stoichiometric amounts. If a whole-cell system is used, the cells supply the NAD(P)H.62 However, 

there are disadvantages to using a whole-cell system.222 The substrate may be toxic or not enter the 

cells, and undesirable side-products may be generated by other enzymes in the cells,223-224 making it 

preferable to use the purified enzyme although this means that NAD(P)H must now be supplied. 

Methods of recycling NAD(P)H exist which can reduce the cost of using these cofactors.220, 225 

However, the use of an NAD(P)H regeneration method (such as an enzyme that converts 

NAD(P)+ back into NAD(P)H) may be undesirable because it complicates the system, requires 

extra expense, produces waste products and product isolation may be problematic.220, 225 A further 

limitation may be the poor stability/activity of the cofactor-regenerating enzyme.220, 225   

As stated earlier, the requirement for NAD(P)H can be avoided by instead using H2O2. It has 

the advantage of being inexpensive, 50% H2O2 having a price of only 450 US dollars per tonne.226 

P450s could viably be used in the synthesis of commercial products if H2O2 was substituted for 

NAD(P)H.227 P450s, however, are not efficient peroxygenases and H2O2 is destructive. It can 

destroy the heme and also oxidise the cysteine ligand, abolishing the enzyme’s activity.228 They can, 

however, be engineered to utilise H2O2 more effectively.54, 227  

Mutation of Phe87 to Ala or Gly was found to enable P450BM3 to utilise H2O2, whereas the 

WT enzyme could not.229-230 For example, the rate of H2O2-driven oxidation of p-

nitrophenoxydodecanoic acid (12-pNCA) catalysed by the F87A mutant was 162 min-1, while WT 

P450BM3 had negligible activity.229 Cirino and Arnold found that the F87A mutant was also able to 

use H2O2 to oxidise myristic, lauric and capric acid with higher activity than the WT enzyme, 

although the product formation rates did not compare favourably to those of the NADPH-driven 

reactions.230 Cirino and Arnold proceeded to develop mutants with further improved peroxygenase 

activity; the mutant dubbed ‘21B3’ oxidised 12-pNCA at a rate of 800 min-1 and oxidised fatty acids 

more efficiently than the F87A mutant.112 Nevertheless, it was highly susceptible to destruction by 

H2O2, failing to produce product beyond 5 minutes in 10 mM H2O2.112 Directed evolution also 

improved the heat tolerance of the ‘21B3’ mutant.231 Additionally, Cirino et al. reported that the 

ability of P450BM3 to use H2O2 could be enhanced by mutation of all methionine residues to 

norleucine, though the reason for this improvement remains unclear.232 In 1999, Joo et al. reported 

that they had engineered P450cam by random mutagenesis to use H2O2 to oxidise naphthalene,54 but 

doubt was cast over their results when the purified mutants were later shown to have negligible 

activity.233 
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Heme enzymes exist which do utilise H2O2 efficiently: chloroperoxidase (CPO), aromatic 

peroxygenase (APO), cytochrome c peroxidase (CcP), catalase, dye-decolourising peroxidase 

(AauDyP) and others.234 A characteristic feature of these H2O2-dependent heme proteins that is 

absent from P450s is the presence of an acid-base residue (histidine, aspartate or glutamate) above 

the heme (Figure 1.26).234 This residue  is thought to facilitate Cpd I generation using H2O2.234-235 

In HRP, this residue is His42 and in CcP it is His52, whereas in CPO the acid-base residue is 

Glu183. The essential role of these residues was emphasised by mutagenesis studies; when His52 

in CcP was mutated to leucine, the rate of Cpd I formation decreased by a factor of 105.236 Similarly, 

upon mutation of His42 in HRP to alanine, a 106-fold decrease in the rate of Cpd I formation was 

observed.237 Such a substantial decrease in activity was not observed when His42 was replaced with 

glutamate, however, demonstrating that Glu also acts as an acid-base catalyst.238-239 The mechanism 

by which the histidine, glutamate or aspartate residue facilitates Cpd I formation, offered by Poulos 

and Kraut,240 is illustrated in Figure 1.26f. After H2O2 binds to the heme iron, becoming more 

acidic,241-242 the acid-base residue is expected to first deprotonate the proximal oxygen to yield Cpd 

0 (FeIII–OOH).235 This residue then protonates the distal oxygen to give FeIII–O–OH2
+, which 

converts into Cpd I.235 As no acid-base residue exists in a suitable position in the active site of 

P450s, this explains their inability to utilise H2O2 efficiently.234 The conserved threonine would not 

act as a general acid-base catalyst.234 

 

 

(f)  

Figure 1.26. Crystal structures of H2O2-utilising enzymes: (a) chloroperoxidase (PDB ID: 1CPO), (b) aromatic 

peroxygenase (PDB: 2YPI), (c) cytochrome c peroxidase (PDB: 1CCA), (d) horseradish peroxidase (PDB: 1ATJ) and 

(e) dye-decolourising peroxidase (PDB: 4AU9).234, 243 (f) Proposed mechanism of Cpd I generation in chloroperoxidase 

(CPO).235 

 

Despite P450s having no acid-base residues suitably located in the active site, a minority of 

P450s, belonging to the CYP152 family, do effectively utilise H2O2.234 P450SPα (CYP152B1), P450BSβ 

(CYP152A1), P450CLA (CYP152A2), CYP152K6, P450Exα (CYP152N1) and P450 OleTJE 
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(CYP152L1), which metabolise fatty acids, are six P450 peroxygenases.234, 244-246 P450BSβ, for 

example, metabolises myristic acid using H2O2 at a rate of 1400 min-1.247 Recently, Onoda et al. 

reported that P450Exα hydroxylates myristic acid at an even more rapid rate (kcat = 1900 min-1).245 It 

has been argued that P450 peroxygenases may have predated O2-consuming P450s given that 

hydrogen peroxide was abundant but O2 scarce early in Earth’s history.54, 248-249 These P450 

peroxygenases exhibit high affinity for H2O2 (for P450BSβ, the Km value for binding of H2O2 is 21 

μM while for P450SPα the Km value is 72 μM), and thus operate efficiently in the presence of low 

H2O2 concentrations.234 This eliminates the need for high H2O2 concentrations which would more 

rapidly degrade the enzyme. In contrast, the F87A mutant of P450BM3, an enzyme which evolved 

to utilise NADPH rather than H2O2, possesses weak affinity for H2O2 (Km = 24 000 μM).229  

From crystal structures of P450BSβ
250, P450SPα

247 and P450 OleTJE
251, insight was gleaned into 

how these P450s utilise H2O2 effectively. As mentioned in Section 1.4, a characteristic feature of 

these peroxygenase P450s is that they lack the highly conserved acid-alcohol pair present in most 

P450s and in its place they instead all contain an arginine (Arg) and proline (Pro).127, 249 Mutation of 

this conserved arginine to alanine was found to largely abolish the activity of P450BSβ, implying that 

it has a critical role.252 The R242A mutant bound myristic acid less tightly, kcat was reduced to only 

0.83 min-1, and the enzyme’s affinity for H2O2 was also dramatically reduced (Km = 4400 μM).252 

Crystal structures explain these observations. When these enzymes bind fatty acid substrates, the 

fatty acid carboxylate interacts via a salt bridge with the conserved arginine (Figure 1.27a–e).234 

These interactions position the fatty acid carboxylate directly above the heme. In fact, the fatty acid 

carboxylate is at a similar distance from the heme as the catalytic glutamate in APO and CPO.234 

This strongly implies that the substrate carboxylate also acts as an acid-base catalyst to generate 

Cpd I.234 Figure 1.27f illustrates the proposed catalytic cycle of P450BSβ. Compelling evidence that 

the carboxylate has a vital role is that these P450s oxidise fatty acid substrates only (e.g. myristic 

acid), failing to metabolise compounds without a terminal carboxylate.234  

Whereas P450BSβ predominantly hydroxylates fatty acids, and P450SPα solely hydroxylates fatty 

acids, P450 OleTJE chiefly decarboxylates fatty acids, transforming them into alkenes with release of 

CO2.249 Figure 1.28 illustrates one of the proposed mechanisms by which P450 OleTJE 

decarboxylates fatty acids.245, 253 Decarboxylation is thought to proceed via initial H-atom 

abstraction, plausibly followed by single electron transfer from the substrate radical to Cpd II to 

yield a carbocation which subsequently decomposes, eliminating CO2.254 Although OleTJE 

predominantly decarboxylates, rather than hydroxylates, fatty acid substrates, Hsieh et al. found 

that OleTJE was capable of hydroxylating non-native substrates.254 With the assistance of 

carboxylate-containing decoy molecules that facilitate Cpd I formation, OleTJE hydroxylated 

unnatural substrates such as the radical clock substrate norcarane.254 Their explanation for OleTJE’s 

tendency to decarboxylate rather than hydroxylate fatty acid substrates is that these substrates must 

be fixed rigidly in the active site, preventing the substrate from rearranging into a position 

appropriate for radical rebound to occur.254  
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(a)  (b) (c)  

(d) (e)  

 

(f)  

 

Figure 1.27. Crystal structures of (a) fatty acid-bound P450BSβ (PDB: 1IZO), (b) P450SPα (PDB: 3AWM), (c) 

CYP152K6 (PDB: 6FYJ), (d) CYP152N1 (PDB: 5YHJ) and (e) arachidic-acid bound P450 OleTJE (PDB: 4L40). The 

mechanism (f) by which Cpd I is assumed to be generated involves the fatty acid carboxylate as an acid-base catalyst.255  

 

 

 
 

Figure 1.28. One of the proposed mechanisms by which P450 OleTJE decarboxylates fatty acid substrates.245 
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Figure 1.29. Role of the substrate carboxylate in P450SPα Cpd I formation proposed by Shaik.235 Others have proposed 

that it acts as an acid-base catalyst (Figure 1.27f).  

 

While it has been inferred that the fatty acid carboxylate acts as a general acid-base catalyst to 

facilitate Cpd I formation, Shaik has proposed that Cpd I is formed via a different route.213, 256 

Rather than deprotonate the FeIII–H2O2 complex to give Cpd 0, Shaik postulated that the fatty acid 

carboxylate instead stabilises the initial FeIII–H2O2 complex. The O–O bond of this complex is 

then cleaved homolytically to generate a hydroxyl radical and FeIV–OH.256 The role of the fatty acid 

carboxylate is to then trap the hydroxyl radical (via hydrogen bonding interactions) such that it is 

optimally positioned to abstract a proton from FeIV–OH to give Cpd I (Figure 1.29).256 In this 

mechanism, Cpd 0 is bypassed.256   

These P450s are not useful biocatalysts for organic synthesis given that they only oxidise fatty 

acids, accepting no other substrates.227, 234, 257 Shoji et al. overcame this limitation by recruiting ‘decoy 

molecules’: small carboxylate-containing molecules with short carbon chains.257 P450SPα and 

P450BSβ bind these decoy molecules in the active site, with the carboxylate interacting with the 

arginine, but do not oxidise them.255 The decoy molecule carboxylate is thought to act as the acid-

base catalyst needed for Cpd I generation. 

Because these decoy molecules do not fully occupy the active site and are not themselves 

oxidised, unnatural substrates can enter the active site and are then oxidised.255, 257-258 Using this 

approach, Shoji et al. were able to use P450SPα and P450BSβ to oxidise a range of non-native 

substrates lacking carboxylate groups such as styrene, ethylbenzene and thioanisole.258-260 Without 

decoy molecules, the P450s did not oxidise these substrates. At high concentrations, acetic acid 

could also be used successfully as a decoy molecule.261 Furthermore, chiral decoy molecules could 

be used to influence the stereochemistry of the product.260 For example, chiral decoy molecules 

manipulated the enantioselectivity of styrene epoxidation by P450SPα (Figure 1.30a,c). Using (R)-

ibuprofen as the decoy molecule yielded (S)-styrene oxide in 63% ee, while use of (S)-ibuprofen 

gave a small excess of (R)-styrene oxide.260  

Shoji et al. also succeeded in using P450SPα to oxidise unnatural substrates without decoy 

molecules.227 To do this, they placed a carboxylate above the heme by mutation of an alanine 

residue to glutamate (Figure 1.30b).227 The A245E mutant efficiently catalysed styrene epoxidation 

using H2O2 (kcat = 280 min-1).227 Shoji et al. also prepared mutants of P450cam, P450BM3 and CPY119 

in which the conserved active-site threonine was replaced with glutamate.227 The WT enzymes had 

essentially no peroxygenase activity but this mutation enabled the use of H2O2.227 Notably, the 
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T268E mutant of P450BM3 epoxidised styrene in the presence of 60 mM H2O2 at a rate of 110 

min-1.227 Based on these results, Shoji et al. have predicted that introducing a carboxylate near the 

heme by mutation of the conserved threonine to glutamate should allow any P450 to operate using 

H2O2 instead of NAD(P)H/O2.227 

 

(a) (b)  

 
(c) 

 

Figure 1.30. Crystal structures of (a) P450SPα with the decoy molecule (R)-ibuprofen bound ( PDB ID: 3VM4) and 

(b) the A245E mutant of P450SPα (PDB ID: 3VOO). A water (W4) is thought to act as the general acid-base catalyst 

to facilitate Cpd I formation.227 (c) Use of (R)-ibuprofen as a decoy molecule.260 

 

To address the issue of fast P450 degradation by H2O2, P450s could be engineered by directed 

evolution to be less susceptible to inactivation when exposed to H2O2.232 Cherry et al. succeeded in 

using directed evolution to improve the hydrogen peroxide stability of a fungal peroxidase by a 

factor of 100.262 Because methionine oxidation may lead to loss of enzyme activity, Cirino et al. 

aimed to improve the H2O2 tolerance of P450BM3 by replacing all methionine residues with 

norleucine.232 This, however, failed to improve the H2O2 stability of P450BM3.  

Rapid destruction can be avoided by exposing the P450 biocatalyst to only low levels of H2O2. 

The enzyme would be inactivated less rapidly if small quantities of H2O2 were supplied and 

continuously replenished than if a large quantity of H2O2 were added all-at-once at the start of the 

reaction.263-270 Seelbach et al. demonstrated that chloroperoxidase (CPO) remained active for longer 

(and the product yield was increased) when the H2O2 concentration was held at a steady, low level 

(50 μM) by using a sensor to monitor the H2O2 level and replenish it as required.268, 271 Munro and 

co-workers used an alternate strategy to supply low levels of H2O2 to a P450: they fused a H2O2-

generating enzyme (alditol oxidase) to P450 OleTJE.264 Gandomkar et al. similarly used a H2O2-
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generating enzyme (α-hydroxyacid oxidase (α-HAO)) to continuously replenish the H2O2 

consumed by P450CLA (Figure 1.31).265  

 
Figure 1.31. Gandomkar et al. used α-hydroxyacid oxidase (α-HAO) to replenish H2O2 consumed by P450CLA to 

maintain low H2O2 levels.265 

 

Zhang et al. recently demonstrated that an Au-loaded TiO2 photocatalyst could be used to 

supply a peroxygenase enzyme with low levels of H2O2.263 This catalyst oxidises water and uses the 

electrons to reduce O2 to H2O2.263 FAD and FMN have also been used as photocatalysts to generate 

H2O2 in situ (Figure 1.32).272-273 Following light excitation, flavin oxidises EDTA 

(ethylenediaminetetraacetic acid) and the reduced flavin converts O2 into H2O2.272   
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Figure 1.32. Urlacher et al. used FAD or FMN as photocatalysts to generate H2O2 to drive P450 reactions.272   

 

In summary, P450s would be more widely embraced as industrial catalysts if they could be 

engineered to efficiently utilise H2O2 (without being rapidly inactivated by the peroxide).  

 

1.11   CYP199A4 from Rhodopseudomonas palustris HaA2 

 

CYP199A4 is a P450 from the bacterium Rhodospeudomonas palustris HaA2 that displays high 

catalytic activity. It has a narrow substrate range, preferring to oxidise para-substituted benzoic 

acids such as 4-methoxybenzoic acid, which it binds tightly (Kd = 0.28 μM).117, 162, 219 This substrate 

induces a >95% spin-state shift and is converted by the enzyme into 4-hydroxybenzoic acid at the 

rapid rate of 1220 min-1.117 In nature, the role of CYP199A4 may be to degrade aromatic acids so 

that they can be used as a carbon source by Rhodopseudomonas palustris for growth.274 

CYP199A4 could be exploited as a biocatalyst.117 It can produce the flavouring vanillic acid 

by demethylating 3,4-dimethoxybenzoic acid at the para position,137 and oxidises cinnamic acid 

derivatives which have medicinal properties.275 This enzyme is readily crystallised and has been 

extensively studied by X-ray crystallography to elucidate the binding mode of substrates and 

rationalise its activity (Figure 1.33).29, 117, 219  
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Figure 1.33. 4-Methoxybenzoic acid bound in the active site of CYP199A4 (PDB code: 4DO1). 4-Methoxybenzoic 

acid is in yellow and the chloride ion in purple. The water molecule interacting with 4-methoxybenzoic acid is shown 

as a red sphere. Hydrogen bonds are represented by black dashed lines and a salt bridge by a pink dashed line.   

 

CYP199A4 has been studied as a model system to investigate the mechanism of P450 

reactions.276-277 The use of para-substituted benzoic acid substrates with different functional groups, 

such as ethyl, methoxy, methylthio, vinyl, ethynyl and formyl groups, allows a variety of P450 

reactions to be studied. These reactions are hydroxylation, O-dealkylation, sulfoxidation, 

epoxidation, acetylene oxidation and aldehyde oxidation (Section 1.9). By comparing the activity 

of WT CYP199A4 to that of the acid-alcohol pair mutants (the T252A and D251N mutants), the 

involvement of more than one oxidant in P450 reactions can be investigated.276  

 
1.12   Thesis aims  
 

Initially, the substrate range of CYP199A4 will be explored. CYP199A4 is known to oxidise 

para-substituted benzoic acid substrates, such as 4-methoxy-, 4-methylthio- and 4-methylamino-

benzoic acid, but not 3-methoxybenzoic acid. The activity of CYP199A4 towards meta-substituted 

benzoic acids other than 3-methoxybenzoic acid has never been tested and will be explored in 

Chapter 3. Docking and X-ray crystallography will be used to identify the binding mode of these 

meta-substituted benzoic acids. This will allow the enzyme’s strong preference for para- over meta-

substituted benzoic acid substrates to be rationalised. These results will yield insight into the 

requirements for efficient catalysis to occur.  

In Chapter 4, the binding modes of three nitrogen ligands which induce different type II 

spectra will be investigated. X-ray crystal structures of CYP199A4 in complex with these inhibitors 

will be solved and other experiments, including CW and HYSCORE EPR, will be performed to 

rationalise the different optical spectra that these ligands induce. This chapter will seek to determine 

whether optical spectroscopy can distinguish between type II ligands that form a direct Fe-N bond 

with the heme iron and those which have alternative binding modes.  
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In Chapter 5, the structure of the T252E mutant of CYP199A4 in complex with 4-

methoxybenzoic acid will be elucidated by X-ray crystallography. Enzyme activity assays will be 

performed to assess whether the T252E mutant retains any ability to use NADH/O2 to drive 

catalysis. Its tolerance towards H2O2 and its ability to utilise H2O2 to drive 4-methoxybenzoic acid 

O-demethylation will then be explored to establish whether this mutant is an efficient 

peroxygenase. Its peroxygenase activity will be compared to that of the WT enzyme and its 

substrate binding properties will be investigated.   

In Chapter 6, the activity of the T252E mutant towards different P450 reaction types 

(sulfoxidation, aldehyde oxidation, olefin epoxidation, alkyne oxidation, O-dealkylation and 

hydroxylation/desaturation) will be studied. Both NADH- and H2O2-supported reactions will be 

performed with the T252E mutant, WT enzyme and D251N and T252A mutants, and the 

enantioselectivity will be measured. By comparing the activity of the T252E mutant, WT enzyme 

and T252A and D251N mutants towards these different reaction types, we can explore whether 

multiple oxidants participate in P450 reactions. For example, Shaik has postulated based on 

theoretical calculations that the FeIII–H2O2 complex should be capable of rapidly mediating 

sulfoxidation.118  
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Chapter 2  
Experimental 

 
2.1   General 

2.1.1   Materials 

 
Substrates, inhibitors, reagents and derivatisation agents were purchased from Sigma-Aldrich, 

Tokyo Chemical Industry Co, Ltd, Fluorochem Ltd, Maybridge, Alfa Aesar, Merck Millipore, and 

Enamine Ltd.ii HPLC grade solvents, TFA and salts were from Sigma-Aldrich, Ajax Finechem and 

Chem-Supply. Hydrogen peroxide (30% w/w) was purchased from Chem-Supply and tBuOOH 

(70% w/w) from Sigma-Aldrich. Bovine liver catalase and HRP were supplied by Sigma-Aldrich 

and Astral Scientific. NADH disodium salt trihydrate was purchased from VWR International, 

LLC. Antibiotics (chloramphenicol, kanamycin and ampicillin) were from Gold Biotechnology 

(GoldBio.com) and Astral Scientific. Tris, dithiothreitol (DTT), Tween 20, lysozyme and isopropyl 

β-D-1-thiogalactopyranoside (IPTG) were from Astral Scientific. Crystallisation reagents and 

Paratone-N oil were from Hampton Research and MicroMounts, MicroLoops and MicroTools 

were purchased from MiTeGen, LCC. E. coli BL21 (DE3) competent cells were from New England 

Biolabs. pET28a, pETDuet and pACYCDuet vectors were from Novagen (Merck). The 

composition of the E. coli growth media and buffers is described in Table 2.1. Substrate, product 

and IS (internal standard) stock solutions were prepared in DMSO or EtOH. Ferredoxin reductase 

(HaPuR) was supplied by Associate Professor Stephen Bell.137 HaPuR was quantified using A454 = 

10.0 mM-1 cm-1. WT CYP101B1 and CYP101A1 (P450cam) were supplied by Md Raihan Sarkar and 

A/Prof Bell.  

 

2.1.2   Instruments   

 

Cells were lysed using a Vibra-Cell VC 505 ultrasonic processor (Sonics & Materials, USA) 

with a CV334 probe at 70% amplitude. A Cary 60 UV-Vis spectrophotometer (Agilent 

Technologies) coupled to a Peltier unit was used to record UV-Vis spectra and kinetic traces at 30 

± 0.5 ˚C; a quartz cuvette was used with a path length of 10 mm. 1H NMR spectra were recorded 

in DMSO-d6 at 500 MHz or 600 MHz using an Agilent Technologies 500/54 Premium Shielded 

spectrometer or an Oxford 600 MHz spectrometer. Analytical high-performance liquid 

chromatography was performed using a Kinetex XB-C18 reversed-phase liquid chromatography 

column (100 Å pore size, 250 × 4.6 mm, 5 μm; Phenomenex). A gradient of 0-50% or 20-95% 

AcCN in water (with 0.1% TFA) over 20 minutes was used to elute the samples at a rate of 1 mL 

 
iiSubstrates and products were all at least 95% pure.   
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min-1 and the eluate was monitored at 254 nm. The instrument used was either a Shimadzu 

Prominence HPLC system or an Agilent 1260 Infinity system. Preparative-scale HPLC was 

performed using a Kinetex EVO C18 reversed-phase column (100 Å pore size, 150 × 21.2 mm, 5 

μm; Phenomenex) using a flow rate of 5 mL min-1. A Lux Cellulose-1 chiral column (1000 Å pore 

size, 100 × 4.6 mm, 3 μm; Phenomenex) was used for enantioselective separation of chiral 

products. Separation was achieved by isocratic elution (15% or 20% AcCN in Milli-Q water 

containing 0.1% TFA) at a flow rate of 0.4-0.8 mL min-1. Gas chromatography-mass spectrometry 

(GC-MS) was performed using a Shimadzu GC-17A gas chromatograph with a GCMS-QP5050A 

mass spectrometer detector in electron ionisation (EI) mode; the column used was a DB-5MS 

column (30 m × 0.25 mm, 0.25 μm; Agilent). The interface and injection port temperatures were 

set to 280 and 250 ˚C. For the first 3 min the column temperature was held at 120 ˚C and then 

increased to 200 ˚C at a rate of 5 ˚C min-1. The column was held at this temperature for 2 min, and 

the temperature was then increased to 250 ˚C at a rate of 20 ˚C min-1. Analysis was also performed 

using a Shimadzu GC-2010 gas chromatograph equipped with an autoinjector and a GCMS-

QP2010S detector; the column used was again a DB-5MS UI column. The interface and injection 

port temperatures were held at 280 and 250 ˚C. The column was held at 120 ˚C for 3 min, and the 

temperature was then increased to 240 ˚C at a rate of 7.5 ˚C min-1 and held at 240 ˚C for 6 min.  

 

2.2   Protein production and purification 
 

Table 2.1. Composition of E. coli growth media and buffers 

Medium or buffer Constituents (L-1)  

LB broth (Lennox)  Sodium chloride (5 g), Bacto yeast extract (5 g), Bacto tryptone 

(10 g)  

Trace elements Na2EDTA (20.1 g), FeCl3.6H2O (16.7 g), CaCl2.H2O (0.74 g), 

CoCl2.6H2O (0.25 g), ZnSO4.7H2O (0.18 g), MnSO4.4H2O (0.132 

g), CuSO4.5H2O (0.10 g)  

Super optimal broth 

(SOB)278 

Tryptone (20 g), yeast extract (5 g), NaCl (0.584 g), KCl (0.186 g), 

MgCl2 (0.952 g), MgSO4 (1.204 g) 

Super optimal broth with 

catabolite repression 

(SOC)278 

SOB with 20 mM glucose 

LB agar  Sodium chloride (5 g), Bacto yeast extract (5 g), Bacto tryptone 

(10 g), Agar No. 1 (15 g) 

Buffer T 50 mM Tris-HCl buffer, pH 7.4, 1 mM DTT (dithiothreitol) 
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2.2.1   Expression and purification of the T252E mutant and other variants of CYP199A4 

 

pET28a plasmid DNA containing the T252ECYP199A4 gene (100 ng) and pACYCDuet plasmid 

DNA containing the ferrochelatase gene (100 ng) were added to E. coli BL21 (DE3) competent 

cells (50 μL) on ice. Co-expression of ferrochelatase has been shown to improve heme 

incorporation into P450 proteins (Figure 2.1).279-280 The mixture was incubated on ice for 50 min 

and then subjected to heat shock at 42 ˚C for 45 s before it was cooled on ice for 2 min. Sterilised 

SOC medium (200 μL) was added and the mixture was incubated at 37 ˚C and 180 rpm for 1 h. 

The bacteria were then plated on an LB agar plate containing chloramphenicol (34 mg L-1) and 

kanamycin (30 mg L-1) and incubated at 37 ̊ C overnight (for ~20 h). The pET28a plasmid harbours 

a kanamycin resistance gene and the pACYCDuet plasmid a chloramphenicol resistance gene.  

Colonies of the bacteria were introduced into six 750 mL volumes of LB broth containing 

kanamycin (30 mg L-1) and chloramphenicol (34 mg L-1) (LBkan/cm) and the bacteria were incubated 

for ~16 h at 37 ̊ C and 95 rpm, followed by incubation for 30 min at a reduced temperature (18 ˚C). 

Subsequently, 2% v/v EtOH and 0.02% v/v benzyl alcohol were added to induce the expression 

of chaperones which improve protein folding.281-282 The medium was also supplemented with iron 

required for heme synthesis: 2 mM ferric ammonium citrate and 2 mL of trace elements solution 

(Table 2.1). The culture continued to be incubated for 30 minutes at 18 ˚C, after which ~30 μM 

IPTG (isopropyl β-D-1-thiogalactopyranoside) was added to induce protein expression. After 

incubating the culture for ~72 hours at 18 ˚C and 95 rpm, it was centrifuged (5000 g, 10 min, 4 ˚C) 

to collect the cell pellet (Figure 2.1), which was stored frozen at -20 ˚C. 

Before cell lysis, the frozen cell pellet was first thawed at 30 ˚C and suspended in 200 mL of 

buffer T (Table 2.1). To extract the P450, the cells were lysed by sonication (sixty 20 s pulses) on 

ice with manual stirring. Between each 20 s pulse was a 40 s interval to prevent overheating. The 

lysate was centrifuged (35 000 g, 30 min, 4 ˚C) to separate the protein-containing supernatant from 

the cellular debris, which was discarded. The P450 was then isolated by precipitation with 

ammonium sulfate. Precipitated protein was collected by centrifugation (20 400 g, 15 min, 4 ˚C). 

The 0-30% fraction was discarded and the 30-60% ammonium sulfate fraction, which contained 

the P450, was retained and dissolved in buffer T. Ammonium sulfate was removed from the protein 

using a Sephadex G-25 coarse grain column (250 mm × 40 mm; GE Healthcare), with buffer T 

used as the eluent. The protein solution was then purified by ion-exchange chromatography using 

a DEAE Fast Flow Sepharose column (XK 50, 200 × 40 mm; GE Healthcare) (flow rate: 6 mL 

min-1). A gradient elution (100-400 mM KCl in buffer T) was performed. Fractions containing the 

P450 were pooled and concentrated by ultrafiltration using a Vivacell 100 centrifugal concentrator 

with a 10 kDa molecular weight cut-off membrane (Sartorius). Salt removal was achieved using a 

Sephadex G-25 medium grain size-exclusion column (250 mm × 40 mm; GE Healthcare), with 

buffer T used as the eluent. The protein solution was concentrated to ~10 mL and ion-exchange 

chromatography using a Source Q column (XK26, 80 x 30 mm; GE Healthcare) was performed to 
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further purify the protein. A gradient of 0-160 mM KCl in buffer T was used to elute the protein 

at a rate of 6 mL min-1. The purity of the fractions was assessed by measuring the Reinheitszahl, 

RZ = Abs420 nm/Abs280 nm, and fractions with a RZ value >1.8 were combined and concentrated to 

>40 μM.iii If the protein was still not sufficiently pure (when RZ <1.8), it was passed down a HiPrep 

Sephacryl S-200 HR size-exclusion column (60 cm x 16 mm; GE Healthcare). The protein was 

eluted using buffer T (flow rate: 1 mL min-1). The concentrated protein was centrifuged at 7000 

rpm for 10 min to remove particulate matter and autoclaved glycerol was added to a final 

concentration of 40-50% v/v. The purified protein was stored at -20 ̊ C following filtration through 

a 0.2 μm filter to sterilise the solution. WT CYP199A4 and the T252A and D251N variants were 

produced by the same method except that they were not co-expressed with ferrochelatase and no 

ammonium ferric citrate was added to the LB medium (only trace elements). The final RZ value 

was >1.9 for all CYP199A4 variants. Before use, glycerol was first removed from the purified 

protein using a PD-10 desalting column (GE Healthcare). The extinction coefficients used to 

quantify the CYP199A4 isoforms are given in Section 2.3.2. 

 
Figure 2.1. Heme incorporation into P450s can be improved by co-expression of ferrochelatase.279 The cell pellets 

were noticeably redder when T252ECYP199A4 was co-expressed with ferrochelatase (right) than when the P450 was 

expressed without ferrochelatase (left). In this experiment, the growth medium was supplemented with either 2 mL of 

trace elements (TRACE) or 2 mM ferric ammonium citrate (FAC). After this initial experiment, the T252ECYP199A4 

mutant was always co-expressed with ferrochelatase and the growth medium was supplemented with both trace 

elements and FAC.  

 

2.2.2   Production and purification of HaPux ([2Fe2S] ferredoxin) 

 

A pETDuet plasmid containing the HaPux gene (and an ampicillin resistance gene) was 

transformed into E. coli BL21 (DE3) competent cells (New England Biolabs) and the bacteria were 

incubated overnight at 37 ˚C on an LB agar plate containing 100 mg L-1 ampicillin. Colonies of the 

E. coli were introduced into seven 750 mL volumes of LB medium containing ampicillin (100 mg 

L-1) and the bacteria were incubated for ~8 hours at 37 ˚C and 120 rpm. Subsequently, the 

temperature and speed of rotation were reduced to 18 ˚C and 105 rpm. After 30 minutes, 2% v/v 

EtOH, 0.02% v/v benzyl alcohol, 2.25 mL of trace elements solution and 1 mM ferric ammonium 

citrate were added. The culture was incubated for an additional 30 minutes and protein expression 

 
iiiAromatic amino acids in proteins are responsible for the absorption peak at 280 nm. If the 280 nm peak is large 
relative to the P450 Soret peak it therefore indicates the presence of contaminating protein.283 
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was then induced by ~30 μM IPTG. The culture was incubated for 40 hours at 18 ˚C and 105 rpm 

before the bacteria were collected by centrifugation (8000 rpm, 10 min, 4 ˚C) and stored at -20 ˚C. 

To extract the ferredoxin, the cell pellet was first thawed and resuspended in 200 mL of a 

mixture consisting of Tris-HCl buffer (10 mM, pH 7.4), 20% v/v glycerol and 2 mM DTT. To the 

stirred cell mixture were added 1 mg mL-1 lysozyme, 1% v/v Tween 20 (detergent) and 1% v/v β-

mercaptoethanol and, after mixing for a 60-min period, the cells were lysed by sonication on ice 

for 1 h (20 s on, 40 s off). After centrifugation (40 000 g, 35 min, 4 ˚C), the cell debris was discarded 

and the protein solution was purified by ion-exchange chromatography using a DEAE Fast Flow 

Sepharose column (XK 50, 200 × 40 mm; GE Healthcare). A gradient of 200-450 mM KCl in 

buffer T was used to elute the ferredoxin at a rate of 6 mL min-1. The pooled fractions containing 

HaPux were concentrated and salt was removed using a Sephadex G-25 medium grain size-

exclusion column (250 mm × 40 mm; GE Healthcare), using buffer T as the eluent. The solution 

was again concentrated and further purified on a Source Q column (XK26, 80 x 30 mm; GE 

Healthcare), eluting the protein at a rate of 6 mL min-1 using a gradient of 0-0.5 M KCl in buffer 

T. Fractions containing HaPux were combined, concentrated and further purified on a HiPrep 

16/60 Sephacryl S-200 HR column (GE Healthcare), using buffer T as the eluent and a flow rate 

of 1 mL min-1. The purity was assessed by measuring the Abs325/Abs280 ratio. Fractions with a ratio 

>0.49 were combined and concentrated. Autoclaved glycerol (~40-50% v/v) was added (to 

prevent freezing when the solution was stored at -20 ˚C) and the ferredoxin solution was filter-

sterilised using a 0.2 μm filter. HaPux was quantified using ε416 = 11.2 mM-1 cm-1.137 

 

2.3   In vitro assays 

2.3.1   CO binding assay284-285 

 

The UV-Vis spectrum of a ~10-15 μM solution of the P450 (500 μL) in Tris-HCl buffer (50 

mM, pH 7.4) was recorded from 250 to 700 nm. A few grains of sodium dithionite were added and 

the spectrum of the reduced P450 was recorded. To form the P450-CO adduct (Figure 2.2), Tris-

HCl buffer (50 mM, pH 7.4; 350 μL) through which CO had been bubbled for ~10 s was added 

and the spectrum was recorded. If necessary, more dithionite was added to reduce the P450. If the 

Soret peak shifted completely to 450 nm, P450 concentration could be determined from the Fe(II)-

CO versus Fe(II) difference spectrum using ε450-490 = 91 mM-1 cm-1.286 The assay was repeated with 

0.2 mM 4-methoxybenzoic acid added to the P450 solution.287 

 
 

Figure 2.2. Coordination of CO to the P450 after reduction with dithionite shifts the Soret peak to ~450 nm. Inactive 

P450 instead absorbs at 420 nm.284 
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2.3.2   Pyridine hemochromogen assay 

 

When the T252ECYP199A4 enzyme was reduced with dithionite under CO, the Soret peak failed 

to shift completely to 450 nm. The CYP199A4 variants were therefore also quantified by the 

hemochromogen method.288-289 A ~10 μM P450 solution was prepared in Tris-HCl buffer (50 mM, 

pH 7.4) and the UV-Vis spectrum was recorded from 250 to 700 nm. A baseline was then recorded 

of a 1:1 mixture of Tris-HCl buffer and a solution containing 40% pyridine, 0.2 M NaOH and 500 

μM K3[Fe(CN)6]. To 500 μL of the P450 solution was then added 500 μL of the solution containing 

40% pyridine, 0.2 M NaOH and 500 μM K3[Fe(CN)6] and the UV-Vis spectrum was recorded. To 

form reduced pyridine hemochromogen, 10 μL of 0.5 M Na2S2O4 in 0.5 M aqueous NaOH was 

then added (Figure 2.3). Spectra were recorded until the intensity of the peak at 557 nm failed to 

increase further and heme was then quantified using ε557 = 34.7 mM-1 cm-1 (Figure 2.4). Once the 

P450 concentration was known, the extinction coefficient of the Soret band (ε419) was calculated 

for the native P450 using Beer’s law. The extinction coefficient was measured eight times for each 

CYP199A4 isoform and is reported in Table 2.2. 

 
Figure 2.3. Formation of pyridine hemochromogen by treating dithionite-reduced P450s with alkaline pyridine. 
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Figure 2.4. UV-Vis spectra of native T252ECYP199A4 in Tris-HCl buffer (black), oxidised pyridine hemochromogen 

(red) and reduced pyridine hemochromogen (green). [Heme] was determined from the intensity of the peak at ~557 

nm in the spectrum of reduced pyridine hemochromogen using ε557 = 34.7 mM-1 cm-1. 
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Table 2.2. Extinction coefficients of CYP199A4 isoforms determined by the hemochromogen method. Values given 

are the mean ± SD, with n = 8.   

CYP199A4 variant Extinction coefficient (ε419 / mM-1 cm-1) 
WT† 125 ± 3  

T252E 119 ± 2 
T252A 120 ± 4 
D251N 122.8 ± 0.6 

†The extinction coefficient determined from the CO binding assay (Section 2.3.1) was 122.6 mM-1 cm-1 and the 

literature value for WT CYP199A4 is 119 mM-1 cm-1.137  

 

2.3.3   Spin-state shifts 

 

Binding of a substrate typically displaces the heme-bound water shifting the heme iron from 

LS (λmax = ~418 nm) to HS (λmax = ~390 nm).74, 101, 173 Some substrates shift the spin-state fully to 

HS, whereas others only induce a partial shift.101 To measure the spin-state shift, 1 μL aliquots of 

a 100 mM substrate stock solution in EtOH or DMSO were successively added to 500 μL of ~1 

μM P450 in Tris-HCl buffer (50 mM, pH 7.4), recording the UV-Vis spectrum after each addition, 

until there was no further shift. The fraction of the P450 enzyme in the high-spin state (% HS) was 

estimated by visually comparing the spectrum of the substrate-bound enzyme to a series of spectra 

of P450cam which show varying percentages of HS and LS enzyme (Figure 2.5).219  

 

(a) (b)
300 400 500 600

0.00

0.04

0.08

0.12

0.16

0.20

A
bs

o
rb

an
ce

Wavelength (nm)

WT
CYP199A4

WT
CYP199A4

 + 4-methoxyBA

WT
CYP199A4

 + veratric acid

 

 

Figure 2.5. (a) Spectra of P450cam. The spectrum of ~100% HS P450cam is that of camphor-bound P450cam and the 

~0% HS spectrum is that of substrate-free P450cam, the other spectra being sums of different percentages of these two 

spectra.219 (b) Examples of substrate-induced spin-state shifts. 4-Methoxybenzoic acid induces a ≥95% spin-state shift 

when it binds to CYP199A4 (blue), while veratric acid induces a 70% spin-state shift (red).137 
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2.3.4   Binding constant analysis 

 

Titrations were performed to determine substrate binding affinity (Kd) (Figure 2.6).283 Using a 

UV-Vis spectrophotometer, a baseline was recorded of 2.5 mL of ~2 μM P450 in Tris-HCl buffer 

(50 mM, pH 7.4). Aliquots (0.5-5 μL) of 1, 10, or 100 mM substrate stock solutions in 

EtOH/DMSO were then added using a 5 μL Hamilton syringe. After each addition of substrate, 

the difference spectrum was recorded from 300 to 600 nm. Binding of a substrate induces a type I 

difference spectrum with a peak at ~390 nm and trough at ~420 nm (or, for inhibitors, a type II 

difference spectrum with a peak at 425–440 and trough at <415 nm).153 Aliquots were added until 

no further spectral shift occurred and no more than 10 μL of each stock was added to avoid diluting 

the enzyme. Titrations were performed in triplicate. The peak-to-trough absorbance difference, 

ΔA (Apeak minus Atrough), was then plotted against substrate concentration. For coloured substrates 

whose absorption interfered with the peak at ~390 nm, only the decrease in absorbance at ~420 

nm was used to determine the binding constant (ΔA = Abs460nm-Abs420nm).  

For tight-binding ligands (ligands with Kd ≤ 5 × P450 concentration) the data were fitted to 

the Morrison (tight-binding) equation (Equation 2.1).290 

∆𝐴

∆𝐴௠௔௫

=
([𝐸] + [𝑆] + 𝐾ௗ) − ඥ([𝐸] + [𝑆] + 𝐾ௗ)ଶ − 4[𝐸][𝑆]

2[𝐸]
                                        (𝟐. 𝟏) 

 

In this equation, ∆A is the peak-to-trough absorbance difference, ∆Amax is the ∆A at infinite 

substrate concentration, [E] is the P450 concentration and [S] is the concentration of substrate 

added to the P450. Kd is the dissociation constant of the P450-ligand complex. For all other 

substrates, the data were fitted to the hyperbolic (Michaelis-Menten) equation (Equation 2.2).iv  

∆𝐴 =
∆𝐴௠௔௫ × [𝑆]

𝐾ௗ + [𝑆]
                                                                                  (𝟐. 𝟐) 

If binding of a ligand failed to induce any appreciable spin-state shift, Kd could not be 

accurately determined by this method. In these cases, purified enzyme was sent to the University 

of New South Wales (UNSW) where Giang T. H. Nguyen and Dr William A. Donald determined 

Kd values using a mass spectrometry method.291 

 

 
ivThe hyperbolic equation is not valid for tight-binding ligands.  
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Figure 2.6. UV-Vis spectral changes induced by binding of the substrate 3-methylthiobenzoic acid to CYP199A4 

(inset) and the plot of ΔA against [substrate]. ΔA is defined as Apeak – Atrough = A389nm – A419nm.  

 

2.3.5   In vitro NADH activity assays 

 

In vitro NADH turnovers117 were performed at 30 ˚C and contained 0.5 μM CYP199A4 (WT 

or mutant), 5 μM HaPux, 0.25 μM HaPuR and 100 ng μL-1 bovine liver catalase in oxygenated Tris-

HCl buffer (50 mM, pH 7.4) in a total volume of 1.2 mL. Catalase was added to remove H2O2 

generated via uncoupling which could oxidise reactive substrates such as thioethers.292 The 

absorbance at 340 nm was set to zero and the mixture was incubated at 30 ˚C for 2 min before 

NADH was added to a concentration of ~320 μM, corresponding to an absorbance of ~2.0. The 

rate of NADH background oxidation (the ‘leak’ rate) was measured before initiating the reaction. 

To start the reaction, 1 mM substrate was added from a 100 mM stock in EtOH/DMSO and 

NADH depletion was monitored at 340 nm (Figure 2.7a). (NADH absorbs strongly at 340 nm 

while NAD+ has no absorption at the same wavelength.293) The rate of NADH consumption (N) 

by the P450 enzyme in units of (μM-NADH) (μM-P450)-1 min-1 was calculated from the slope of 

the graph of Abs340 versus time using an extinction coefficient of ε340 = 6.22 mM-1 cm-1 (Equation 

2.3). The units are abbreviated to min-1. 

𝑁 =  

𝛥𝐴𝑏𝑠ଷସ଴

𝛥𝑡𝑖𝑚𝑒
 × 1000 × 2

6.22 
                                                                     (𝟐. 𝟑) 

All experiments were performed at least three times and the mean and standard deviation 

reported. Control reactions were also performed in which either the P450 or NADH was omitted 

from the turnover mixture (replaced with the same volume of buffer).     

A modified method was used for the T252E mutant. The rate of NADH consumption by the 

T252E mutant was exceedingly slow (Figure 2.7b) and therefore half the amount of NADH (~160 

μM rather than 320 μM) was added to each reaction. After substrate was added, NADH 

consumption was monitored by UV-Vis spectroscopy at 30 ˚C for the first ~15 min. The reaction 

mixture was then left at room temperature until all NADH had been consumed. NADH 

consumption rates reported for the T252E mutant are the initial rates over the first 10 min. 



 

44 
 

(a)
0 1 2 3 4

0.0

0.5

1.0

1.5

2.0

2.5

All NADH consumed

A
bs

3
40

Time (min)

NADH added

Substrate added to initiate reaction

 (b)
1 2 3 4

0.0

0.5

1.0

1.5

2.0

WTA
bs

34
0

Time (min)

T252E

 

Figure 2.7.  (a) In vitro reactions were initiated by addition of 1 mM substrate and the rate of NADH consumption 

was monitored at 340 nm. (b) Comparison of the rate of NADH consumption by WT CYP199A4 (red; N = 1340 ± 

28 min-1)117 and the T252E variant (black; N = 8.6 ± 0.5 min-1), with 4-methoxybenzoic acid as the substrate. Note 

that the NADH leak rate (~9 min-1) was not subtracted from the NADH consumption rates. 

 

2.3.6   In vitro H2O2-driven turnovers  

 

Reaction mixtures contained 3 μM CYP199A4 (WT, D251N, T252E or T252A isoform), 1 

mM substrate from a 100 mM stock in EtOH or DMSO and 6 or 50 mM H2O2 in Tris-HCl buffer 

(50 mM, pH 7.4) in a total volume of 600 μL. Thioethers can be oxidised to sulfoxides with H2O2.294 

Therefore, a reduced concentration of H2O2 (6 mM instead of 50 mM) was used when the substrate 

was a thioether to minimise background oxidation. For all other substrates, a H2O2 concentration 

of 50 mM was used. Reaction mixtures were incubated for 2 minutes at 30 ˚C prior to addition of 

the appropriate concentration of H2O2 to initiate the reaction.v Each reaction was performed in 

triplicate or duplicate at 30 ˚C. At time points of 0, 20, 60 and 240 minutes, aliquots of the reaction 

mixture (132 μL) were removed and immediately quenched by mixing with 10 μL of 10 mg mL-1 

catalase to rapidly decompose any remaining H2O2 (Equation 2.4)296-297 and 66 μL of AcCN to 

denature the enzyme.vi  

2𝐻ଶ𝑂ଶ (𝑎𝑞)  
஼௔௧௔௟௔௦௘
ሱ⎯⎯⎯⎯⎯ሮ  2𝐻ଶ𝑂 (𝑙)  +  𝑂ଶ (𝑔)                                                            (𝟐. 𝟒) 

After quenching the reaction, IS was added (2 μL of 10 mM 9-hydroxyfluorene (9-OHFlu)) 

and the mixture was centrifuged at 13000 rpm for 3 minutes to remove particulate matter prior to 

analysis by HPLC. Control reactions performed without P450 were used to assess whether any 

background oxidation was occurring when the substrate was exposed to H2O2. If product was 

detected in these controls, it was subtracted from that in the turnover mixtures when quantifying 

the amount of product generated by the P450 enzyme. In the absence of enzyme, 4-vinyl-, 4-ethyl-, 

4-methoxy- and 4-ethynyl-benzoic acid were not oxidised by H2O2,298 and minimal background 

oxidation of 4-formylbenzoic acid occurred.   

 
v H2O2 was added from a 200 mM stock freshly prepared before each experiment from a 30% w/w stock. The 

concentration of the 30% w/w stock was measured spectrophotometrically using ε240 = 43.6 M-1 cm-1.295 
vi Negligible amounts of product were detected in reactions that were quenched immediately after H2O2 was added to 

initiate the reaction, confirming the effectiveness of the quenching method.   
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Control reactions were performed to confirm that the substrate was not being oxidised by 

reactive oxygen species (ROS) generated by a Fenton-type reaction arising from free 

iron or free heme from degraded protein. The first control reaction contained an 

equivalent amount of denatured T252ECYP199A4, which had first been heated at 80 ˚C 

for 45 minutes (Figure 2.8). A second control reaction was performed with 

CYP101B1: a P450 from Novosphingobium aromaticivorans DSM12444 which does not 

bind para-substituted benzoic acids. CYP101B1 was quantified using ε417 = 113 mM-1 

cm-1.299 

Figure 2.8. Heat-denatured T252ECYP199A4 

 

2.3.7   In vitro tBuOOH-driven turnovers  

 

Reaction mixtures contained 3 μM P450, 50 mM tBuOOH and 1 mM substrate in Tris-HCl 

buffer (50 mM, pH 7.4) in a total volume of 990 μL. Reactions were performed at 30 ˚C and were 

initiated by addition of substrate. After 1 hour, 20 μL of 3 M HCl and 15 μL of 10 mM 9-OHFlu 

were added, followed by extraction with EtOAc (2 × 400 μL). Samples were evaporated under N2 

and the residue redissolved in 500 μL of AcCN and 1000 μL of Tris-HCl buffer and analysed by 

HPLC.  

 

2.3.8   Analysis of metabolites 

 

Products were identified and quantitated by HPLC and GC-MS. To prepare turnover mixtures 

for HPLC, 132 μL of the in vitro turnover mixture was mixed with 66 μL of AcCN and 2 μL of 

internal standard (10 mM 9-OHFlu in EtOH) and centrifuged to remove particulate matter. HPLC 

analysis was performed as described in Section 2.1.2. Products were identified by co-elution with 

pure authentic samples of the expected oxidation products. Calibration curves were constructed to 

quantify the product (Figure 2.9). Solutions of product with concentrations of 20, 50, 100, 200 and 

500 μM were prepared for HPLC analysis in the same way as the turnovers. For minor products, 

a 5 μM solution was also prepared. A plot of product peak area/IS peak area vs. product 

concentration was then constructed. The calibration factor is the slope of this graph and has units 

of μM-1. If authentic samples of the oxidation products were unavailable, calibration curves were 

constructed using structurally similar compounds to estimate the amount of product. Pure 

authentic 4-oxiran-2-ylbenzoic acid and 4-ethylsulfinylbenzoic acid were unavailable so these 

products were quantified using 4-(1-hydroxyethyl)benzoic acid and 4-methylsulfinylbenzoic acid, 

respectively. 3-Hydroxymethylbenzoic acid was quantified using the substrate, 3-methylbenzoic 

acid. 4-Oxiran-2-ylbenzoic acid and the aldehyde rearrangement product were also calibrated by 

GC-MS using TMS-derivatised 4-vinylbenzoic acid.276 Table 2.3 lists the HPLC and GC calibration 

factors.   
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Figure 2.9. Calibration curve for quantifying 4-(1-hydroxyethyl)benzoic acid 

 

Samples were prepared for GC-MS analysis by first adding 10 μL of internal standard (10 mM 

9-OHFlu) and 3 μL of 3 M HCl to 990 μL of the turnover mixture. After extraction with EtOAc 

(3 × 400 μL), the organic extracts were pooled, dried over anhydrous MgSO4 and solvent was 

evaporated under N2. The residue was redissolved in anhydrous AcCN (150 μL) and the substrate, 

product(s) and internal standard were converted into TMS derivatives by treatment with excess 

derivatisation reagent (>35 μL BSTFA + TMCS, 99:1) (Figure 2.10). The mixtures were left for 2 

hours at 37˚C prior to analysis by GC-MS. GC-MS analysis was performed using the instruments 

and methods described in Section 2.1.2. TMS derivatives decompose upon exposure to moisture 

and hence were analysed after formation without storage.300 Calibration curves were constructed 

to quantify reaction products.    

 
Figure 2.10. Mechanism of derivatisation of an alcohol by BSTFA. Alcohols, carboxylic acids and amines (among 

other functional groups) react with BSTFA to generate TMS derivatives, which are more volatile, thermally stable and 

less polar than the underivatised compound leading to improved peak shape.300-301 Mass spectra of TMS derivatives 

exhibit a prominent [M – 15]+ peak corresponding to loss of a -CH3 group from the TMS group.302  

 

For the 3-methylaminobenzoic acid turnovers, a modified method was used. After extraction, 

the dry samples were redissolved in anhydrous EtOAc (300 μL) and 45 μL of derivatisation reagent 

(BSTFA + TMCS, 99:1) was added and the samples left for 36 h to fully convert 3-aminobenzoic 

acid into the doubly derivatised form. Samples were then analysed by GC-MS. The column was 

held at 120 ˚C for 3 min, and the temperature was then increased to 140 ˚C at a rate of 5 ˚C min-1 

and held at 140 ˚C for 9 min. The temperature was then raised to 240 ˚C at 5 ˚C min-1. 
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Table 2.3. HPLC and GC calibration factors used to quantify P450 oxidation products† 

Analysis method Compound  Calibration 
factor (μM-1) 

HPLC 4-Hydroxybenzoic acid 0.0110 
4-(1-Hydroxyethyl)benzoic acida  0.00339 
4-(2-Hydroxyethyl)benzoic acid 0.00452 
4-Vinylbenzoic acid 0.0117 
4-Acetylbenzoic acid 0.0150 
4-Methylsulfinylbenzoic acidb 0.00559 
Terephthalic acid 0.00807 
Vanillic acid (4-hydroxy-3-methoxybenzoic acid) 0.00746 
Isovanillic acid (4-methoxy-3-hydroxybenzoic acid) 0.00761 
4-Carboxyphenylacetic acid 0.00298 
3-Hydroxybenzoic acid 0.00105 
Isophthalic acid  0.000742 
3-Methylsulfinylbenzoic acid  0.00153 
3-Methylbenzoic acidc  0.000602 

GC-MS 4-Vinylbenzoic acid (singly derivatised)d  0.00627 
3-Aminobenzoic acid (doubly derivatised) 0.00120 

 
† With only one exception, the R2 value for all calibration plots was >0.99. a 4-(Oxiran-2-yl)benzoic acid was quantified 

using 4-(1-hydroxyethyl)benzoic acid. b 4-Ethylsulfinylbenzoic acid was quantified using 4-methylsulfinylbenzoic acid. 
c 3-Methylbenzoic acid was used to quantify 3-hydroxymethylbenzoic acid. d 4-Vinylbenzoic acid (singly derivatised) 

was used to quantify 4-oxiran-2-ylbenzoic acid and the aldehyde rearrangement product.  
 

2.3.9   Enantioselective HPLC analysis 

 

Chiral products generated by WT and mutant forms of CYP199A4 were analysed using 

enantioselective HPLC as described in Section 2.1.2 (using a Lux Cellulose-1 chiral column and 

eluting the samples with 15% or 20% AcCN in Milli-Q water containing 0.1% TFA at a flow rate 

of 0.4-0.8 mL min-1). Turnover mixtures were prepared for HPLC analysis by mixing 132 μL of 

the turnover mixture with 66 μL of acetonitrile. The enantiomers of 4-ethylsulfinylbenzoic acid 

could not be separated satisfactorily using this method. Instead, the 4-ethylthiobenzoic acid 

turnovers were extracted with EtOAc (3 × 400 μL), evaporated to dryness and sent to Professor 

James de Voss at the University of Queensland (UQ) for chiral analysis. Chiral analysis was 

performed by de Voss after conversion of the compounds into the methyl esters with 

diazomethane. The column used was a cellulose carbamate coated silica column (OD-H, 10 µm, 

250 × 4.6 mm, CHIRALCEL®). The enantiomers were eluted with 5% isopropyl alcohol in hexane 

at 0.8 mL min-1. The eluate was monitored at 270 nm. 
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2.3.10   Analysis of catalytic activity  

 

Coupling efficiency (C) is the percentage of NADH consumed that was channelled into 

substrate oxidation (Equation 2.5). 

C =  
[𝑝𝑟𝑜𝑑𝑢𝑐𝑡]

[𝑁𝐴𝐷𝐻 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑]
 × 100%                                                             (𝟐. 𝟓) 

The product formation rate (PFR) was calculated from the NADH consumption rate (N) and 

the coupling efficiency (C) (Equation 2.6). When the coupling efficiency is 100%, the PFR is equal 

to the rate of NADH consumption.303 If high levels of uncoupling occur, the rate of product 

formation is substantially slower than NADH consumption. The PFR has units of (μM-product) 

(μM-P450)-1 min-1 (abbreviated to min-1).  

PFR = 𝑁 ×
C

100
                                                                              (𝟐. 𝟔) 

 

2.3.11   Quantification of H2O2 

 

Hydrogen peroxide formation during in vitro NADH turnovers was quantitated using the 

HRP/phenol/4-AP assay.117, 304 This assay detects H2O2 at levels as low as 1 μM.304 In vitro NADH 

activity assays were performed without catalase and H2O2 was quantified immediately after all 

NADH had been consumed. The turnover mixture (400 μL) was mixed with 200 μL of 50 mM 

phenol and 200 μL of 5 mM 4-AP in Tris-HCl buffer (50 mM, pH 7.4). After the absorbance of 

the mixture at 510 nm had been set to zero, 1 μL of 20 mg mL-1 HRP in Milli-Q water was added. 

The concentration of H2O2 was calculated from the absorbance of the resulting mixture at 510 nm.  

      
Figure 2.11. HRP catalyses the formation of quinoneimine, a vivid pink dye, from H2O2, phenol and 4-

aminoantipyrine.305-306 HRP first catalyses the oxidation of phenol to quinone, which then reacts with 4-AP.305 

Quinoneimine is quantified using ε510 = 6580 M-1 cm-1.117 

 

If H2O2 is present, it reacts rapidly with phenol and 4-aminoantipyrine to generate pink-

coloured quinoneimine dye, catalysed by HRP (Figure 2.11).305 Quinoneimine was quantified using 

ε510 = 6580 M-1 cm-1 (Equation 2.7).117 

[𝑄𝑢𝑖𝑛𝑜𝑛𝑒𝑖𝑚𝑖𝑛𝑒 𝑑𝑦𝑒] =
𝐴ହଵ଴ × 10଺

6580
𝜇𝑀                                                          (𝟐. 𝟕) 

 

The formation of one quinoneimine molecule requires two molecules of H2O2. The 

concentration of H2O2 in the original (undiluted) turnover mixture is therefore given by four times 

the calculated quinonimine concentration (Equation 2.8).  

[𝐻ଶ𝑂ଶ] = 4 × [𝑄𝑢𝑖𝑛𝑜𝑛𝑒𝑖𝑚𝑖𝑛𝑒 𝑑𝑦𝑒]ୢ୧୪୳୲ୣୢ ୫୧୶୲୳୰ୣ =
𝐴ହଵ଴ × 10ଷ

1.645
𝜇𝑀                          (𝟐. 𝟖) 



 

49 
 

2.3.12   Detection of H2O2 after incubation with turnover components 

 

If NADH consumption by the P450 is slow, H2O2 generated via uncoupling may be lost 

before the reaction is complete. To investigate how rapidly H2O2 is lost, ~300 μM H2O2 was added 

to a control turnover mixture (1.2 mL) containing 5 μM HaPux, 0.25 μM HaPuR and 0.5 μM 

CYP199A4 in Tris-HCl buffer (but no NADH, substrate or catalase) and the mixture was 

incubated at 30 ˚C for 60 min. H2O2 levels were measured (as already described) at time points of 

2, 10, 20, 40 and 60 minutes. Measurements were made in triplicate. H2O2 was also incubated with 

the individual components of the turnover mixture in Tris-HCl buffer.  

 

2.3.13   Heme bleaching assay264 

 

A 600 μL aliquot of T252ECYP199A4 or WTCYP199A4 solution (3 μM) in Tris-HCl buffer (50 mM, 

pH 7.4) was used to baseline the spectrophotometer. H2O2 (1, 10, 20, 40, or 60 mM) was added 

and the UV-Vis spectrum was recorded after 1 min. Heme prosthetic group destruction was 

monitored by recording UV-Vis spectra at 2 min intervals. The assay was repeated in the presence 

of 1 mM 4-methoxybenzoic acid using 60 mM H2O2.   

 

2.4   Product synthesis 
 

If authentic samples of expected oxidation products could not be obtained from a commercial 

source, where possible they were chemically synthesised. The chemically synthesised compounds 

were then used to confirm the identity of the P450 oxidation products by co-elution.    

Synthesis of 4-oxiran-2-ylbenzoic acid: Racemic epoxide was synthesised using the method 

of Lane and Burgess (Scheme 2.1).307 To a stirred mixture of 4-vinylbenzoic acid (0.148 g, 1 mmol) 

and MnSO4.4H2O (2.23 mg, 0.01 mmol) in tBuOH (23 mL) at 20 ˚C was added dropwise a 

H2O2/NaHCO3 buffer solution at 1 ˚C over 4 h.  The solution consisted of H2O2 (1.05 mL, 9.57 

M, 10 mmol) in 0.2 M NaHCO3-HCl buffer, pH 8 (17 mL). Reaction progress was monitored by 

GC-MS. The reaction mixture was then diluted with water (10 mL), acidified to pH 3 with HCl 

and extracted with hexane (5 × 30 mL). The organic extracts were washed with brine (2 × 20 mL), 

dried over anhydrous Na2SO4 and filtered. Solvent was removed under reduced pressure to yield a 

white solid. The mass of the TMS-derivatised product agreed with the calculated mass of 

derivatised 4-oxiran-2-ylbenzoic acid (m/z of 236.15 AMU vs. calculated m/z of 236.09 AMU). The 

crude epoxide (estimated by GC-MS to be ~78% pure) was used to confirm the identity of the 

P450 oxidation product by co-elution. Attempts to purify the epoxide by semi-prep HPLC, using 

20% AcCN in H2O with 0.1 TFA as the eluent, resulted in partial ring-opening of the epoxide to 

give the corresponding diol (m/z of 398.2 AMU). The epoxide could therefore not be used for 

calibration.  
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Scheme 2.1. Synthesis of racemic 4-oxiran-2-ylbenzoic acid 

 

Synthesis of 3-methylsulfinylbenzoic acid: mCPBA (0.59 mmol) in chloroform (60 mL) 

was added portionwise to 3-methylthiobenzoic acid (0.59 mmol) in chloroform (60 mL) (Scheme 

2.2). The mixture was stirred for 10 min at room temperature.308 The solvent was removed under 

reduced pressure and the crude product purified by semi-prep HPLC and freeze-dried to yield a 

white solid. The mass of the TMS-derivatised product agreed with the expected mass (m/z of 

256.10 AMU vs. calculated m/z of 256.06 AMU).  

 
Scheme 2.2. Synthesis of 3-methylsulfinylbenzoic acid 

 

Synthesis of 4-ethylsulfinylbenzoic acid: To 4-ethylthiobenzoic acid (1 mM) in Tris-HCl 

buffer (50 mM, pH 7.4) was added 200 mM H2O2 (Scheme 2.3).294 After 2 h the reaction was 

quenched with catalase.   

 
Scheme 2.3. Synthesis of 4-ethylsulfinylbenzoic acid 

 

2.5   Docking of ligands into CYP199A4 
 

To identify the likely binding mode of 3-methylaminobenzoic acid in the binding pocket of 

CYP199A4, the ligand was docked into a crystal structure of CYP199A4 (PDB ID: 5U6W) using 

ICM-Pro software, version 3.8-6a (Molsoft LLC, San Diego CA).309 First, the CYP199A4 crystal 

structure from the PDB was converted into an ICM object; this resulted in automatic addition of 

hydrogens to the crystal structure and optimisation of their orientation. Charges were also 

automatically assigned to residues which should be protonated/deprotonated at neutral pH and 

the orientation of histidine, proline, asparagine, glutamine and cysteine residues was also 

optimised.310-311 The general guideline is that waters should be deleted from the crystal structure 

before docking ligands unless they are involved in ligand binding.310 An active-site water molecule 

was retained which is known to interact via a H-bond with the carboxylate of bound benzoic acid 

substrates.29, 117, 219 The co-crystal ligand (4-methylaminobenzoic acid) was then removed from the 

active site of the enzyme. Next, the binding site was defined by selecting the option to ‘Make Box 

Around Existing Ligand’ or by using ICMPocketFinder. After defining the ligand binding pocket, 
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the 4-methylaminobenzoic acid ligand was modified to 3-methylaminobenzoic acid using the ICM 

3D Fully Interactive Ligand Editor. When the modified ligand was re-docked into the binding 

pocket (using the ‘Redock Ligand in Current Receptor’ function), the top scoring (lowest-energy) 

pose had the 3-methylamino substituent pointing down towards the heme. A positional restraint 

was imposed on the nitrogen atom in order to dock the ligand in an alternative configuration with 

the 3-methylamino moiety pointing away from the heme. The docking ‘score’ was then used to 

evaluate the docked poses.310, 312 A docking score is deemed to be ‘good’ if it is more negative 

than -32.313 Several other ligands were docked into CYP199A4 using the same method.   

 

2.6   X-ray crystallography  

 

A HiPrep Sephacryl S-200 HR size-exclusion column (60 cm x 16 mm; GE Healthcare) was 

used to purify the protein (T252E or WT CYP199A4) for crystallisation. The protein was eluted 

using Tris-HCl buffer (50 mM, pH 7.4) at a flow rate of 1 mL min-1. The purified protein (RZ >2) 

was concentrated to 40 mg mL-1 (900 μM) in 50 mM Tris-HCl buffer (pH 7.4) by ultrafiltration 

using a Microsep Advance centrifugal device (10 kDa MWCO, Pall Corporation). Substrate was 

then added to a concentration of 1-4 mM from a 100 mM stock in DMSO or EtOH. 4-1H-

Imidazol-1-ylbenzoic acid was insoluble in these solvents but could be dissolved in Tris-HCl buffer 

(50 mM, pH 9.5). For poorly soluble ligands, a co-concentration method was used instead of adding 

the ligand directly to concentrated protein.283, 314 These ligands (4-pyridin-2-yl- and 4-pyridin-3-yl-

benzoic acid) were added to dilute protein (~10 μM) to a concentration of ~3 mM from a 100 mM 

stock solution in DMSO. The mixture was incubated at 4 ˚C for 2 hours, and the protein-ligand 

complex was then concentrated to 30-40 mg mL-1. 

Crystallisation screening trials were first performed using the Hampton Research Crystal 

Screen HT kit to identify favourable crystallisation conditions for the SF and SB forms of the 

T252E mutant. Screening was performed using a 96-well sitting-drop Intelli-Plate (Art Robbins 

Instruments, USA), and the crystal tray was set up using an Art Robbins Phoenix crystallisation 

robot. Sitting drops of 1 μL of crystallisation reagent mixed with 1 μL of T252E protein (with or 

without 2 mM 4-methoxybenzoic acid) were equilibrated with a 75 μL reservoir of crystallisation 

reagent at 16 ˚C. Most conditions yielded no crystals but three conditions gave crystals (Figure 

2.12) which appeared to be small or of poor quality so these were not used for X-ray 

crystallography. The conditions that produced crystals were condition No. 10 (0.2 M ammonium 

acetate, 0.1 M sodium acetate trihydrate buffer (pH 4.6) and 30% w/v polyethylene glycol 4000), 

condition No. 23 (0.2 M magnesium chloride hexahydrate, 0.1 M HEPES sodium buffer (pH 7.5) 

and 30% v/v polyethylene glycol 400), and condition No. 74 (0.2 M ammonium sulfate, 0.1 M 

MES monohydrate (pH 6.5) and 30% w/v polyethylene glycol monomethyl ether 5000). 
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Figure 2.12. Crystals of substrate-free and 4-methoxybenzoate-bound T252ECYP199A4 obtained using crystallisation 

reagents No. 10, 23 and 74 in the Hampton Research Crystal Screen HT kit.  

 

Good quality crystals (Figure 2.13) were subsequently obtained using optimised conditions for 

the WT enzyme reported by Coleman et al.: 0.2 M magnesium acetate, 100 mM Bis-Tris buffer 

(adjusted with acetic acid to pH 5.0-5.75) and 20-32% w/v polyethylene glycol (PEG) 3350.117, 277 

Crystallisation of the protein was accomplished using the hanging-drop vapour-diffusion method 

using a 24-well crystallisation tray. Hanging drops of 1.2-2 μL of protein mixed with an equal 

volume of crystallisation reagent were equilibrated with a 500 μL reservoir of the crystallisation 

reagent at a temperature of 16 ˚C. Under these conditions, clusters of red plate-like crystals 

appeared within half a day to one week. 

 
Figure 2.13. Magnified images of crystals of 4-methoxybenzoate-bound T252ECYP199A4 grown under optimised 

conditions. Refer to Appendix E for crystal dimensions.  

 

Single crystals were mounted onto MicroMounts or MicroLoops (MiTeGen LLC, New York, 

USA) and dragged through Parabar 10312 oil (Paratone-N, Hampton Research, California, USA) 

before they were flash-frozen in liquid N2. High-resolution X-ray diffraction data (360 images per 

crystal) were obtained at 100 K at the Australian Synchrotron, beamlines MX1 or MX2, in 

Melbourne, Australia.315-316 The exposure time was 1 s, oscillation angle 1˚ and wavelength 0.9537 

or 0.7108 Å. iMosflm317 was used to index and integrate the data, and the data were then scaled and 

merged using Aimless318 (part of the CCP4 suite of programs).319 PhaserMR in the CCP4 suite of 

programs was used to solve the structure by the molecular replacement method.320 A high-

resolution (1.54-Å resolution) structure of CYP199A4 (PDB: 5UVB, with the heme, chloride, 4-

cyclopropylbenzoate substrate and waters deleted) was used as the search model.277 Positive density 

in the difference map revealed the position of the Glu252 side-chain and the ligand in the active 

site. Coordinates and restraints for the ligand were generated using Phenix eLBOW321 and the 

protein model was manually rebuilt in Coot.322 Refinement was performed using phenix.refine,323-

324 and this was followed by multiple rounds of manual rebuilding in Coot and refinement to 

improve the model. Solvent was added automatically using phenix.refine and positive density in 
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the anion binding site of CYP199A4 was modelled as a chloride ion.29 The Fe-S(Cys) and Fe-OH2 

bond lengths were not restrained during refinement. The occupancy of the substrate and water 

ligand, if present, was refined using phenix.refine. In the final stages of refinement, waters were 

manually deleted if they were in low electron density or unrealistically close to other waters or 

residues.325-326 Composite omit maps327 and feature-enhanced maps328 were generated using Phenix 

to verify the presence of the ligand in the enzyme’s active site. The validation tool MolProbity was 

used to assess the quality of the model before the structure was deposited into the Protein Data 

Bank (www.rcsb.org).329 Fully refined structures should satisfy the following quality criteria: Rwork 

<25%, Rfree <25%, Ramachandran favoured >98%, poor rotamers <1%, RMSD bond lengths 

<0.02 Å, RMSD bond angles <2 ˚.329-331 Images of the refined crystal structures were generated 

using PyMOL.332  
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Chapter 3 
Investigation of CYP199A4’s preference for para- over meta-

substituted benzoic acid substrates 
 

3.1   Introduction 
 

Investigations into the substrate range of CYP199A4 revealed that the enzyme avidly binds 

and rapidly oxidises para-substituted benzoic acid substrates.29, 117, 137, 162, 181, 219, 275, 333 The fastest 

reaction catalysed by CYP199A4 is O-demethylation of 4-methoxybenzoic acid, performed at a 

rate of 1220 min-1 with a coupling efficiency of 91%.117, 162 CYP199A4 is also able to bind and 

oxidise the bulkier substrate 3,4-dimethoxybenzoic acid (veratric acid). Demethylation occurs only 

at the para position, affording 4-hydroxy-3-methoxybenzoic acid; the meta substituent is not 

attacked.137 CYP199A4 does not hydroxylate the aromatic ring of these substrates and also fails to 

oxidise benzoic acid itself.162 

Crystal structures of substrate-bound CYP199A4 have been solved to elucidate the orientation 

of substrates in the binding pocket and explain CYP199A4’s tendency to attack only the para 

substituent (Figure 3.1).29, 117, 219 These crystal structures revealed that the benzoate moiety, held 

perpendicular to the heme, forms hydrogen-bonding interactions with residues in the binding 

pocket.29 The substrate carboxylate interacts with the hydroxyl groups of S95 and S244 and forms 

a salt bridge with the guanidinium of R92.29 Additionally, it interacts with a water which is 

hydrogen-bonded to S244 and R243.29 If the substrate carboxylate is replaced with alternate 

functional groups, it abolishes the enzyme’s ability to tightly bind the substrate.181, 333 Van der Waals 

interactions exist between the benzene ring and L98, A248, V181, and F185 and also between the 

para substituent and F182 and F298.29 Consistent with the ≥95% shift to high-spin observed when 

4-methoxybenzoic acid binds, the crystal structure (PDB ID: 4DO1) revealed that the iron-bound 

water is completely displaced by this substrate (Figure 3.1, cyan). The para methoxy group is held 

in close proximity to the heme iron (the methyl carbon is 4.1 Å from the iron) and thus 

hydroxylation occurs at this position.29 When veratric acid binds (PDB: 4EGN), its benzoate 

moiety and para methoxy group occupy virtually identical positions to those of 4-methoxybenzoic 

acid (Figure 3.1, yellow).219 While the para methoxy group is close to the heme, the meta methoxy 

group of veratric acid is oriented away from the heme and is too far (8.1 Å) from the iron to react.219 

Hydrogen atoms must be close to the Cpd I ferryl oxygen to be abstracted so oxidation is not 

expected to occur at sites further than 6 Å from the heme iron.334-335  

CYP199A4’s activity towards multiple other substituted benzoic acid substrates has been 

investigated (Figure 3.2).117, 137, 162, 181, 219, 275, 333 2,4-Dimethoxybenzoic acid was again solely oxidised 

at the para position.162 On the other hand, 2- and 3-methoxybenzoic acid were not oxidised at all.162 

The NADH consumption rate with 3-methoxybenzoic acid was reasonably fast (498 min-1) but 
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virtually all the reducing equivalents were lost via uncoupling.162 As only minute quantities of H2O2 

were formed, it was inferred that the reducing equivalents were predominantly channelled into 

oxidase uncoupling.162 3-Methoxybenzoic acid binds substantially less tightly than 4-

methoxybenzoic acid (Kd = 69 μM vs. 0.22 μM) and induces only a small spin-state shift to high-

spin (40%), implying that the substrate is not bound close enough to the heme to efficiently displace 

the water.162 Other 3-substituted benzoic acids also fail to induce large shifts in the spin-state when 

they bind to CYP199A2, which shares 86% sequence identity with CYP199A4.29, 336 As an example, 

3-chlorobenzoic acid induces a substantially smaller spin-state shift than the para isomer 4-

chlorobenzoic acid (10% vs. 80%).336 A crystal structure of 3-methoxybenzoate-bound CYP199A4 

is not available. Based on these results, Coleman proposed that 3-methoxybenzoic acid binds in 

the active site with the meta substituent pointing away from the heme iron, as is the case when 

veratric acid binds, rather than towards the heme.162 The meta substituent would be held too far 

from the iron to react.162 3,5-Dimethoxybenzoic acid, which must bind with one meta methoxy 

group pointing away from the heme and one methoxy group pointing towards it, was oxidised with 

low efficiency (the product formation rate was 7 min-1).162  

 
Figure 3.1. Binding modes of 4-methoxybenzoic acid (cyan; 4DO1) and veratric acid (yellow; 4EGN) in the binding 

pocket of CYP199A4. F182 rotates to accommodate the meta methoxy group of veratric acid, which points away from 

the heme. When substrate binds to CYP199A4, a chloride ion (purple sphere) binds at the entrance to the active site.29 

This chloride is thought to prevent excess water entering the active site.29 Hydrogen bonds are represented by dashed 

lines and the donor-acceptor distances are 2.5-3.1 Å.   

 

CYP199A4 also catalyses reactions other than O-dealkylation such as sulfoxidation of 4-

methylthiobenzoic acid (PDB ID: 5KT1), N-dealkylation of 4-methylaminobenzoic acid (PDB ID: 

5U6W), hydroxylation of 4-methylbenzoic acid, and oxidation of 4-formylbenzoic acid to the 

corresponding carboxylic acid (terephthalic acid).117, 276-277 It also oxidises bulkier substrates such as 

4-ethoxy- (PDB ID: 5U6T), 4-tert-butyl- and 4-isopropyl-benzoic acid (PDB ID: 5KDB).117, 277  

To date, 3-methoxybenzoic acid is the only monosubstituted benzoic acid substrate with a 

substituent at the meta position that has been tested with CYP199A4. We will therefore investigate 

CYP199A4’s activity towards benzoic acid substrates with alternative substituents at the meta 
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position to assess whether 3-substituted benzoic acids all bind with the meta substituent pointing 

away from the heme. The substrates tested will be 3-methylamino-, 3-methylthio-, 3-methyl-, 3-

formyl-, 3-ethoxy-, 3-isopropyl- and 3-tert-butyl-benzoic acid (Figure 3.3). Docking and X-ray 

crystallography will be used to clarify the binding mode of these substrates and rationalise 

CYP199A4’s preference for para-substituted compared to meta-substituted benzoic acids. These 

experiments should lead to greater understanding of the substrate range of this enzyme and the 

factors that determine whether efficient monooxygenation will occur.   
 

 
Figure 3.2. Selected reactions catalysed by CYP199A4.117, 137, 162, 181, 219, 275, 277 Product formation rates (PFR) and 

coupling efficiencies (C) are given.  
 

 
Figure 3.3. New substrates investigated with CYP199A4 in this study 
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3.2    Results  

3.2.1   Catalytic activity of CYP199A4 towards 3-methylamino-, 3-methylthio-, 3-methyl- 

and 3-formyl-benzoic acid   

 

Initially, the catalytic activity of CYP199A4 towards 3-methylamino-, 3-methylthio-, 3-methyl- 

and 3-formyl-benzoic acid was explored. Compared to 3-methoxybenzoic acid, which induces a 

40% spin-state shift upon binding to CYP199A4162 (Figure 3.4a), 3-methylamino-, 3-methylthio-, 

3-methyl- and 3-formyl-benzoic acid all induced smaller type I shifts: 10%, 30%, 30% and 10%, 

respectively (Table 3.1, Figure 3.4b–e). These spin-state shifts are drastically smaller than those 

reported for the corresponding para isomers. 4-Methylamino-, 4-methylthio- and 4-methyl-benzoic 

acid all induce 70% shifts to high-spin117, consistent with the para substituent being held in close 

proximity to the heme and removing the iron-bound water. By way of contrast, 4-formylbenzoic 

acid induces a smaller spin-state shift (25%)276, though this is still larger than that induced by 3-

formylbenzoic acid. Note that binding of 3-methylaminobenzoic acid and 3-formylbenzoic acid 

induced a small (0.5 nm) red-shift in the position of the Soret band (Figure A1, Table A1).  

 

Table 3.1. Binding data and catalytic activity of CYP199A4 towards meta-substituted benzoic acids. Turnover data for 

para-substituted benzoic acid substrates is included for comparison; this data was published by others and is referenced. 

Values given are the mean ± SD, with n ≥3. The NADH consumption rate (N) and product formation rate (PFR) are 

given in units of μM (μM-P450)-1 min-1. C is the coupling efficiency. The NADH leak rate was ~9 min-1. This leak rate 

was not subtracted from the NADH consumption rates.  
 

Substrate % HS Kd (μM) N (min-1) PFR (min-1) C (%) H2O2 (%) 

3-methoxyBA 117 40% 69 ± 2 498 ± 5 –a –a 2 ± 0.7 

4-methoxyBA 117 ≥95% 0.22 ± 0.02 1340 ± 28 1220 ± 120 91 ± 2  2 ± 0.2 

3-methylaminoBA 10% 31 ± 1 255 ± 2 175 ± 1 69 ± 1 3.9 ± 0.2 

4-methylaminoBA 117 70% 1.6 ± 0.07 923 ± 200 669 ± 15 64 ± 2 3 ± 0.6 

3-methylthioBA 30% 33 ± 0.5 56 ± 0.2 37 ± 1 66 ± 2 ~1 

4-methylthioBA 117 70% 2.3 ± 0.3 1430 ± 180 1180 ± 130 83 ± 3 2 ± 0.4 

3-methylBA b 30% 89 ± 3 78 ± 1 38 ± 1 48 ± 1 1.1 ± 0.5 

4-methylBA 219  70% 0.66 ± 0.05 444 ± 8   397 ± 22 89 ± 4 –c 

3-formylBA 10% 420 ± 30 11 ± 0.2d 0.9 ± 0.1 8 ± 1 –c 

4-formylBA 25% 276 48 ± 2 276 134 ± 1 110 ± 2 83 ± 1 1.5 ± 0.3 276 

 
a Coleman et al. reported that no product was formed. b 2-Methylbenzoic acid induced only a 5% spin-state shift and 

displayed low binding affinity (Kd = 610 ± 70 μM); the NADH consumption rate was only 13.1 ± 0.3 min-1 and no 

product was detected by either HPLC or GC-MS analysis of the turnover mixture. c Not measured. d The NADH 

consumption rate reported is the average rate over the first 15 minutes.  

 

The small spin-state shifts induced by these meta-substituted benzoic acids imply that the 

substrate is not bound in a suitable orientation relative to the heme to efficiently displace the iron-

bound water. If the meta substituent was oriented towards the heme, we might expect to observe 
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larger spin-state shifts due to steric displacement of the water. The small spin-state shifts 

additionally suggest that NADH consumption by CYP199A4 in the presence of these substrates 

will be slow because electron transfer is gated by displacement of the water.100, 117, 152, 337 If these 

substrates bind exclusively with the meta substituent pointing away from the heme, we would also 

expect no product to be formed. 
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Figure 3.4. Spin-state shifts of CYP199A4 induced by (a) 3-methoxybenzoic acid162, (b) 3-methylaminobenzoic acid, 

(c) 3-methylthiobenzoic acid, (d) 3-methylbenzoic acid and (e) 3-formylbenzoic acid. In black is the substrate-free 

form and in red is the substrate-bound enzyme. In blue is 4-formylbenzoic acid-bound CYP199A4 for comparison.  

 

Based on the weak binding reported for 3-methoxybenzoic acid, the substrates investigated 

here were predicted to bind weakly to CYP199A4. 3-Methylaminobenzoic acid was found to have 

20-fold lower affinity for CYP199A4 than the corresponding para isomer (Kd = 31 μM vs. 1.6 μM,117 

Figure 3.5a) and 3-methylthiobenzoic acid binds 14-fold less tightly than the corresponding para 
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isomer (Kd = 33 vs. 2.3 μM, Figure 3.5b). 3-Methylbenzoic acid has lower affinity than 3-

methylamino- and 3-methylthio-benzoic acid (Kd = 89 μM, Figure 3.5c), and binds more than 100-

fold less tightly than 4-methylbenzoic acid. 3-Formylbenzoic acid binds even more weakly than the 

other meta-substituted benzoic acids studied (Kd = 420 μM, Figure 3.5d) and it has ~9-fold lower 

affinity than the corresponding para isomer. This data indicates that the meta-substituted benzoic 

acids fit poorly in the CYP199A4 active site compared to the corresponding para isomers. It has 

been proposed that this weaker binding is due to steric clashes between the meta substituent and 

active site residues.162  
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     (a) 3-methylaminobenzoic acid                    (b) 3-methylthiobenzoic acid 

                       (2.1 μM, trough: 417 nm)              (2.2 μM, peak: 389 nm, trough: 419 nm)  
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(c) 3-methylbenzoic acid                              (d) 3-formylbenzoic acid                         

(2.2 μM, peak: 390 nm, trough: 421 nm)    (3.7 μM, peak: 386 nm, trough: 416 nm) 

  

Figure 3.5. UV-Vis titrations to determine the dissociation constant of CYP199A4 with benzoic acid substrates. The 

concentration of enzyme used and the peak and trough wavelengths are given under each graph. ΔA is defined as Apeak 

minus Atrough. Due to 3-methylaminobenzoic acid’s interfering absorption (a), the peak height at 390 nm could not be 

accurately measured. Only the decrease at 417 nm was used to calculate the dissociation constant. These substrates all 

induce type I difference spectra even though 3-methylamino- and 3-formyl-benzoic acid red-shift the Soret band.  

 

In vitro NADH activity assays were performed to evaluate whether these substrates are 

metabolised by CYP199A4 (Table 3.1). The rate of NADH consumption by CYP199A4 with 3-

methylaminobenzoic acid was substantially slower than the NADH consumption rate reported for 

the para isomer (255 vs. 923 min-1) (Figure A2). However, HPLC analysis of the turnover mixture 



 

60 
 

unexpectedly revealed the presence of a metabolite, consistent with 3-aminobenzoic acid, which 

would arise from N-dealkylation of the substrate. As this compound was resolved poorly by HPLC 

under standard conditions (Figure 3.6), its identity was confirmed by GC-MS analysis of the TMS-

derivatised turnover mixture (Figure 3.7). Both the retention time and mass of the product were 

identical to those of authentic 3-aminobenzoic acid. The mass spectrum of the TMS-derivatised 

product exhibited a molecular ion peak at m/z = 281.20, consistent with the calculated mass of 

doubly derivatised 3-aminobenzoic acid (m/z = 281.1267) (Figure A3). The coupling efficiency and 

product formation rate were calculated to be 69% and 175 min-1, respectively. N-Dealkylation of 

3-methylaminobenzoic acid by CYP199A4 thus occurs at a four-fold lower rate than N-

dealkylation of 4-methylaminobenzoic acid (Table 3.1). Minimal levels of H2O2 were detected in 

the turnover mixtures; only 3.9% of the NADH was wasted via H2O2 uncoupling.  
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Figure 3.6. HPLC analysis of the CYP199A4 reaction with 3-methylaminobenzoic acid. In black is the in vitro 

turnover, in red and orange are control reactions omitting the P450 or NADH, in blue is authentic 3-aminobenzoic 

acid (broad bulge between 5.5 and 9.5 min) and in green is the 3-methylaminobenzoic acid (substrate) control (RT = 

15.3 min). The eluate was monitored at 254 nm and elution was performed using a 0-50% gradient of AcCN in H2O 

with 0.1% TFA. Absorbance is given in milli-Absorbance Units (mAU) in all HPLC chromatograms in this thesis.   
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Figure 3.7. GC-MS analysis of the CYP199A4 reaction with 3-methylaminobenzoic acid after TMS derivatisation. In 

black is the in vitro turnover, in red is the substrate control (singly derivatised substrate has a RT of 18.1 min and 

doubly derivatised substrate a RT of 21.2 min), and in blue is the 3-aminobenzoic acid product control (doubly 

derivatised, RT = 21.1 min).  
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Although 3-methylthiobenzoic acid induced a 3-fold larger spin-state shift than 3-

methylaminobenzoic acid, the NADH consumption rate with 3-methylthiobenzoic acid was 

substantially slower. CYP199A4 consumed NADH at a rate of only 56 min-1 with 3-

methylthiobenzoic acid (Figure A2). This is ~25-fold slower than the NADH consumption rate 

with 4-methylthiobenzoic acid.117 Again, a metabolite was unexpectedly detected via HPLC and 

GC-MS analysis of the turnover mixture and was identified as the sulfoxide by co-elution with 

chemically synthesised 3-methylsulfinylbenzoic acid (Figure 3.8, Figure A4, Scheme 2.2). No other 

peaks which might correspond to the sulfone or dealkylation product were detected. This is 

consistent with reports that sulfoxidation is a common P450 reaction but S-dealkylation is rare.197 

Presumably the sulfoxide does not preferentially bind to the P450 given that there was no further 

oxidation to the sulfone. We were unable to separate the enantiomers of 3-methylsulfinylbenzoic 

acid by chiral HPLC, so the enantioselectivity of the reaction is unknown. 3-Methylsulfinylbenzoic 

acid from a commercial source was used for calibration and the coupling efficiency and product 

formation rate were calculated to be 66% and 37 min-1, respectively. Thus, CYP199A4 oxidises 3-

methylthiobenzoic acid at a ~30-fold slower rate than it oxidises 4-methylthiobenzoic acid (Table 

3.1). Only minor amounts of H2O2 generated via uncoupling were detected in the reaction mixture 

(~3 μM).  

However, we reasoned that when the rate of NADH consumption is slow, as it is here, H2O2 

generated via uncoupling may be lost before the reaction is complete. Indeed, we found that when 

~300 μM H2O2 was incubated with a control turnover mixture containing HaPux, HaPuR and 

CYP199A4 in Tris-HCl buffer (but no NADH, substrate or catalase), almost all H2O2 was lost over 

a 60-minute period (Figure A5a). It appeared that the [2Fe-2S] ferredoxin HaPux was consuming 

the H2O2 (Figure A5b). Therefore, the amount of H2O2 detected at the end of a slow reaction is 

likely to be an underestimate of the actual amount of H2O2 generated.  
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Figure 3.8. HPLC analysis of the CYP199A4 reaction with 3-methylthiobenzoic acid. In black is the in vitro turnover, 

in red is a control reaction performed without P450, and in blue is chemically synthesised 3-methylsulfinylbenzoic 

acid (RT = 3.5 min). The 3-methylthiobenzoic acid substrate appears at RT = 17.5 min. The eluate was monitored at 

254 nm and elution was performed using a 20-95% gradient of AcCN in H2O with 0.1% TFA.   
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NADH was consumed at a rate of 78 min-1 by CYP199A4 with 3-methylbenzoic acid, 

compared to a rate of 444 min-1 with the para isomer (Figure A2).219 CYP199A4 has previously 

been reported to convert the para isomer exclusively into 4-hydroxymethylbenzoic acid.219 

CYP199A4 similarly converted 3-methylbenzoic acid into a single product (Figure 3.9, Figure A6). 

The mass of the TMS-derivatised product (m/z = 296.10) is consistent with the calculated mass of 

doubly derivatised 3-hydroxymethylbenzoic acid (m/z = 296.1264) (Figure A7). The product could 

also conceivably be 4-hydroxy-3-methylbenzoic acid, arising from hydroxylation of the benzene 

ring (Figure A8). However, the retention time of authentic 4-hydroxy-3-methylbenzoic acid was 

substantially different to that of the P450 product, discounting the possibility that the substrate 

was hydroxylated at the para position of the aromatic ring (Figure A9). The product of the P450 

reaction was subsequently confirmed to be 3-hydroxymethylbenzoic acid via co-elution with 

synthesised 3-hydroxymethylbenzoic acid, which was obtained by reduction of 3-formylbenzoic 

acid with sodium borohydride (Figures A10, A11). As a pure sample of 3-hydroxymethylbenzoic 

acid was not available for calibration, the substrate was instead used. The estimated coupling 

efficiency for this reaction was 48%, and the product formation rate 38 min-1. CYP199A4 therefore 

oxidises 3-methylbenzoic acid at a ~10-fold slower rate than it hydroxylates 4-methylbenzoic acid 

(Table 3.1). We further investigated whether CYP199A4 had any activity towards the ortho isomer 

(Table A2). CYP199A4 displayed weak affinity for 2-methylbenzoic acid (Kd = 611 μM) and only 

a small spin-state shift (~5%) was observed (Figure A12). In line with the small spin-state shift 

induced by this substrate, the NADH consumption rate was only 13 min-1, barely faster than the 

leak rate (~9 min-1). No product was detected by GC-MS or HPLC analysis of the turnover mixture 

(Figures A13–A15). This result reaffirms that CYP199A4 does not oxidise ortho-substituted benzoic 

acids. 
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Figure 3.9. GC-MS analysis of the CYP199A4 in vitro reaction with 3-methylbenzoic acid. In black is the in vitro 

turnover, in red is a control reaction omitting the P450 and in green is the derivatised 3-methylbenzoic acid substrate 

control (RT = 5.1 min). The product, presumed to be 3-hydroxymethylbenzoic acid, appears at 12.3 min.  

 

CYP199A4 consumed NADH with 3-formylbenzoic acid at a rate (11 min-1) roughly equal to 

the leak rate and only minor amounts of product (isophthalic acid) were detected (Figures 3.10 and 
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A2). No product was detected when the P450 was omitted from the reaction mixture, so it does 

not appear that the product arose simply from air oxidation of the aldehyde.338-339 The coupling 

efficiency and product formation rate were only 8% and 0.9 min-1, respectively. For comparison, 

CYP199A4 converts 4-formylbenzoic acid into terephthalic acid at a rate of 110 min-1 with a 

coupling efficiency of ~83% (Figure 3.11). CYP199A4’s activity towards 4-formylbenzoic acid has 

been previously investigated.276 This again demonstrates CYP199A4’s preference for para- over 

meta-substituted benzoic acid substrates.  
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Figure 3.10. HPLC analysis of the CYP199A4 in vitro reaction with 3-formylbenzoic acid. In black is the in vitro 

turnover, in red is a control reaction performed without P450, and in blue is authentic isophthalic acid (RT = 7.1 

min). The substrate appears at RT = 9.1 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 

220 nm. * The sample of authentic isophthalic acid was contaminated with 6% terephthalic acid (RT = 6.1 min).   
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Figure 3.11. HPLC analysis of the CYP199A4 in vitro reaction with 4-formylbenzoic acid. In black is the in vitro 

turnover, in red is a control reaction performed without P450, and in blue is authentic terephthalic acid (RT = 6.1 

min). The substrate appears at RT = 8.9 min. Gradient: 20-9% AcCN in H2O with 0.1% TFA. Detection wavelength: 

254 nm.  

 

3.2.2   Docking substrates into the active site of CYP199A4 

 

The finding that CYP199A4 oxidises 3-methylamino-, 3-methylthio-, and 3-methyl-benzoic 

acid was unexpected. This result led us to speculate that the orientation of these substrates in the 
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binding pocket of CYP199A4 may differ from that of 3-methoxybenzoic acid. We therefore 

decided to dock 3-methylaminobenzoic acid into the active site of CYP199A4 to predict the likely 

binding mode of this substrate. The methylamino moiety must spend some portion of time at a 

suitable distance from the heme to be oxidised.  

ICM-Pro software (Molsoft)309 was used to dock 3-methylaminobenzoic acid into CYP199A4 

(PDB: 5U6W). The top-scoring pose had the 3-methylamino moiety pointing down towards the 

heme, with the methyl carbon only 4.1 Å from the iron (Figure 3.12, Table A3). This binding mode 

could rationalise why the substrate was hydroxylated at this position. An alternative, poorer-scoring 

pose had the meta substituent pointing away from the heme. Docking scores are given in Table A4.  

 

Figure 3.12. 3-Methylaminobenzoic acid docked into the active site of CYP199A4 (PDB ID: 5U6W). The top-scoring 

pose is depicted in green and a higher-energy (lower-scoring) pose is shown in orange.  

 
3-Methylthio- and 3-methyl-benzoic acid were also docked into the binding pocket of 

CYP199A4, and again the top-scoring poses had the meta substituent pointing towards the heme 

(Figure 3.13a,b, Tables A5, A6). The position of the benzene ring was shifted relative to that of the 

para isomers (Figure A16). The sulfur of 3-methylthiobenzoic acid and methyl group of 3-

methylbenzoic acid were 4.2 Å and 4.0 Å from the heme iron, respectively. On the other hand, 

when veratric acid was docked into the active site, the top-scoring poses had the meta substituent 

pointing away from the heme, consistent with the crystal structure orientation (Figures 3.13c and 

A17, Table A7). Thus, ICM-Pro software correctly predicted the binding mode of veratric acid. 

For comparison, we docked 2- and 3-methoxybenzoic acid into the active site with the expectation 

that these substrates would bind with the methoxy substituent oriented away from the heme. 2-

Methoxybenzoic acid did prefer to bind with the ortho methoxy group pointing away from the heme 

(Figure A18, Table A8). However, the top-scoring pose of 3-methoxybenzoic acid had the meta 

substituent pointing towards the heme, with the methyl group 4.0 Å from the iron (Figure 3.13d, 

Table A9). This result was unexpected given that CYP199A4 does not metabolise 3-

methoxybenzoic acid.162 To more satisfactorily answer the question of how these different meta-

substituted benzoic acids bind, we decided to solve the crystal structures of these substrates bound 

to CYP199A4 (Section 3.2.3). 
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(a) (b)   

(c) (d)  
 

Figure 3.13. Benzoic acids docked into CYP199A4 (PDB ID: 5U6W). The docked substrates are (a) 3-

methylthiobenzoic acid, (b) 3-methylbenzoic acid, (c), veratric acid and (d) 3-methoxybenzoic acid. The top-scoring 

pose is shown in green, and lower-scoring poses in orange.  
 

3.2.3   X-ray crystal structures of 3-methoxy-, 3-methylthio-, 3-methylamino-, 3-methyl- and 

4-methyl-benzoic acid-bound CYP199A4 

(a) (b)  

Figure 3.14. (a) 3-Methylthio- and (b) 3-methoxy-benzoate-bound CYP199A4 crystals under magnification. Refer to 
Appendix E for crystal dimensions.  
 

CYP199A4 was co-crystallised with 3-methoxy-, 3-methylthio-, 3-methylamino-, and 3-

methyl-benzoic acid (Figure 3.14) and X-ray diffraction data were collected at the MX1 and MX2 

beamlines at the Australian Synchrotron315-316 at 100 K. CYP199A4 was also co-crystallised with 4-

methylbenzoic acid since the crystal structure of this complex had not previously been solved. 

Crystal structures of CYP199A4 in complex with the other para isomers have been reported in the 

literature.29, 117 High-resolution crystal structures of these protein-ligand complexes were solved at 

resolutions of 1.60-1.89 Å (Figure 3.15) and deposited into the PDB. Data collection and 

refinement statistics and PDB accession codes are presented in Table A10.  
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(a) (b)  

(c)   

(d)  (e)  

 

Figure 3.15. Crystal structures of (a) 3-methoxy-, (b) 3-methylamino-, (c) 3-methylthio-, (d) 3-methyl- and (e) 4-

methyl-benzoate-bound CYP199A4. The 2mFo-DFc electron density of the substrate and iron-bound water ligand is 

shown as grey mesh. The electron density map is either a composite omit map327 or a polder omit map340. The contour 

level is given in Table A10. Hydrogen bonds are represented by black dashed lines. In grey is the heme, active-site 

residues are yellow, the substrate is green, waters are represented by red spheres, and the chloride ion is purple.  
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The RMSD between Cα atoms of the superimposed structures is ≤0.178 Å, indicating that 

the overall protein fold is virtually identical for all five complexes. These crystal structures also had 

a highly similar fold to previously reported structures of CYP199A4 (Figure A19). The 

crystallographic poses of 3-methoxy-, 3-methylthio-, 3-methylamino-, and 3-methyl-benzoic acid 

agree with the top-scoring docked poses (Figure A20); the RMSD between the crystal structure 

poses and docked poses was <0.54 Å. These substrates bind with the meta substituent close to the 

heme. Despite not being oxidised, the meta substituent of 3-methoxybenzoic acid also points down 

towards the heme (Figure 3.15a).  

Consistent with the small spin-state shifts induced by 3-methoxy-, 3-methylamino-, and 3-

methylthio-benzoic acid, the crystal structures show that a partial-occupancy water ligand is present 

in the sixth coordination position of the heme (Figure 3.15, Table 3.2). P450 crystal structures in 

which the iron-bound water has partial occupancy have previously been reported.159, 166 A hydrogen 

bond potentially exists between the water ligand and the heteroatom (N, S, or O) of the meta 

substituent. This hydrogen bond between the nitrogen of 3-methylaminobenzoic acid and the 

heme-bound aqua ligand (3.1 Å) explains the small (0.5 nm) Soret band red-shift that is observed 

when this substrate binds to CYP199A4.154 The occupancy of the water ligand in these crystal 

structures approximately matches the measured fraction of low-spin heme (Table 3.2). The 3-

methylaminobenzoate-CYP199A4 complex is 90% low-spin and the occupancy of the water ligand 

in the crystal structure is also 90% (Figure 3.15b). The 3-methylthiobenzoate-CYP199A4 complex 

is 70% low-spin and the refined water occupancy is 77% (Figure 3.15c), while the 3-

methoxybenzoate-CYP199A4 complex is 60% low-spin and the water ligand occupancy is 50%. 4-

Methylbenzoic acid, on the other hand, induces a large spin-state shift to high-spin (70%) and a 

water ligand is not observed in the crystal structure (Figure 3.15e). In the 3-methylbenzoic acid 

crystal structure, the occupancy of the water ligand is low (21%) even though this substrate induces 

only a small shift to high-spin. 3-Methylbenzoic acid has a hydrophobic substituent, so it cannot 

form a hydrogen bond with the water ligand (Figure 3.15d). 

 

Table 3.2. Refined occupancies of the heme-bound water ligand 

Crystal structure Occupancy of iron-
bound water ligand 

Spin-state shift (% 
HS) 

3-methoxybenzoic acid 50% 40% 
3-methylthiobenzoic acid 77% 30% 
3-methylaminobenzoic acid 90% 10% 
3-methylbenzoic acid 21% 30% 
4-methylbenzoic acid no sixth ligand 70% 

 

Figure 3.16 shows the active site of 3-methylthiobenzoate-bound CYP199A4 superimposed 

with  the 4-methylthiobenzoic acid crystal structure solved by Coleman.117 Only subtle differences 

in the positions of active-site residues are observed. While the methylthio moiety of 3-

methylthiobenzoic acid is rotated out of the plane of the benzene ring by 13˚, that of 4-
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methylthiobenzoic acid is rotated 34˚ out of the benzene plane (Table 3.3). The benzene ring of 3-

methylthiobenzoic acid is shifted up away from the heme relative to the benzene ring of 4-

methylthiobenzoic acid, as was predicted by the docking software (Figure A16). This avoids a steric 

clash between the meta substituent and the heme (Figure A21). In both structures, the methylthio 

moiety is held close to the heme, though the sulfur of 3-methylthiobenzoic acid is nearer to the 

iron than that of 4-methylthiobenzoic acid (4.3 vs. 5.0 Å). The methyl group of 3-methylthiobenzoic 

acid is also held in close proximity to the heme iron (4.4 Å), yet no S-dealkylation was observed in 

the in vitro turnovers.  

In the crystal structure of 4-methylthiobenzoate-bound CYP199A4, the heme iron is five-

coordinate.117 As mentioned, in the 3-methylthiobenzoate-CYP199A4 structure, a 0.77-occupancy 

water ligand is present (Fe–O distance 2.3 Å). The sulfur of 3-methylthiobenzoic acid is 3.3 Å from 

the water and the water ligand must be stabilised by an interaction with the sulfur. In the 3-

methylthiobenzoic acid structure, there is more space above the heme than in the 4-

methylthiobenzoic acid structure, allowing the heme iron to remain hexacoordinate (Figure 3.16).  

Computational chemists have calculated that the Fe=O bond length of Cpd I is 1.62 Å341-342. 

The Cpd I Fe=O bond length of several P450s has also been measured using EXAFS (Extended 

X-Ray Absorption Fine Structure) and found to be 1.67 Å.343 To estimate distances between the 

ferryl oxygen of Cpd I and the bound substrate, an oxygen atom was introduced 1.62 Å above the 

heme iron opposite and aligned with the Fe-S bond. The measured distance between the Cpd I 

oxygen and the sulfur of 3-methylthiobenzoic acid is 3.2 Å (Table 3.3). This is slightly shorter than 

the distance between the Cpd I oxygen and the sulfur of 4-methylthiobenzoic acid (3.4 Å). For the 

meta isomer the FeIV=O–S angle is 126.2˚, whereas for the para isomer the angle is larger (162.5˚).   

 

Figure 3.16. Overlaid crystal structures of 4-methylthio- (cyan) and 3-methylthio-benzoate-bound CYP199A4 

(yellow). The waters and chloride in the 3-methylthiobenzoic acid structure are labelled. 
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In Figure 3.17, the active site of 3-methylaminobenzoate-bound CYP199A4 is overlaid with 

the 4-methylaminobenzoate-CYP199A4 structure. A water ligand to the heme is present in the 3-

methylaminobenzoate-CYP199A4 structure at 90% occupancy (Fe–O distance 2.2 Å), and this 

water interacts with the substrate nitrogen (3.1 Å). The nitrogen and methyl group of 3-

methylaminobenzoic acid are 4.2 and 4.4 Å from the heme iron, respectively. Distances were also 

measured between the substrate and the Cpd I oxygen. The distance between the Cpd I oxygen 

and methyl carbon of 3-methylaminobenzoic acid is 3.1 Å. This distance is similar to that between 

the Cpd I oxygen and methyl carbon of 4-methylaminobenzoic acid (3.0 Å). The FeIV=O–CMe angle 

is similar for both the meta and para isomers (129.9 vs. 124.6˚). Even though the nitrogen is also 

close to the Cpd I oxygen (3.0 Å), no N-oxidation of 3-methylaminobenzoic acid occurred.  

 

Figure 3.17. Overlaid crystal structures of 4-methylamino- (cyan) and 3-methylamino-benzoate-bound CYP199A4 

(yellow). The waters and chloride in the 3-methylaminobenzoic acid structure are labelled. 

 

The 3-methoxybenzoate- and 4-methoxybenzoate-bound CYP199A4 crystal structures are 

overlaid in Figure 3.18. In both structures, the methoxy group is held above the heme. The O and 

CMe of 3-methoxybenzoic acid are equidistant from the heme iron (4.4 Å), and the methoxy group 

is rotated 20˚ out of the plane of the benzene ring. In contrast, the methoxy group of 4-

methoxybenzoic acid lies almost in the plane of the benzene ring, and the CMe is closer to the iron 

(4.1 Å) than that of 3-methoxybenzoic acid, preventing the heme iron from remaining 

hexacoordinate. 

Distances were also measured between the substrate and ferryl oxygen of Cpd I. The CMe and 

O of 3-methoxybenzoic acid are both 3.1 Å from the Cpd I oxygen, whereas the CMe and O of 4-

methoxybenzoic acid are 2.7 and 3.6 Å from the ferryl oxygen. The FeIV=O–CMe angle is roughly 

the same for both 3-methoxy- and 4-methoxy-benzoic acid (136.3 vs. 140.7˚).  
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Figure 3.18. Overlaid crystal structures of 4-methoxy- (cyan) and 3-methoxy-benzoate-bound CYP199A4 (yellow). 

The waters and chloride in the 3-methoxybenzoic acid structure are labelled. 

 

The methyl group of both 3-methyl- and 4-methyl-benzoic acid is held close to the heme iron 

(4.4 vs. 4.5 Å) and hydroxylation accordingly occurs at this position (Figure 3.19). A low-occupancy 

water ligand is present in the 3-methylbenzoate-CYP199A4 structure with an Fe–O distance of 2.5 

Å, but no water ligand was detected in the 4-methylbenzoic acid structure (Figure 3.15d,e). Again, 

the benzene ring of 3-methylbenzoic acid is shifted away from the heme relative to that of 4-

methylbenzoic acid, though the carboxylate groups are held in similar positions. The methyl of 3-

methylbenzoic acid is held slightly further from the ferryl oxygen than that of 4-methylbenzoic acid 

(3.2 vs. 3.0 Å). The FeIV=O–CMe angle is larger for 4-methylbenzoic acid than for 3-methylbenzoic 

acid (154.4 vs. 130.4˚) (Table 3.3). 

 
 

Figure 3.19. Overlaid crystal structures of 4-methyl- (cyan) and 3-methyl-benzoate-bound CYP199A4 (yellow). The 

waters and chloride in the 3-methylbenzoic acid structure are labelled. 
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Table 3.3. Distances between the heme iron and meta-substituted benzoic acid substrates. Values are also given for 

the corresponding para isomers for comparison.277 Angles and distances were measured between the substrate and the 

hypothetical position117 of the Cpd I oxygen (inserted 1.62 Å above the heme iron). Substrate names are abbreviated: 

3-S = 3-methylthioBA; 4-S = 4-methylthioBA; 3-N = 3-methylaminoBA; 4-N = 4-methylaminoBA; 3-O = 3-

methoxyBA; 4-O = 4-methoxyBA; 3-Me = 3-methylBA; 4-Me = 4-methylBA.  

 

Distance (Å)       
(X = S, N, or O) 

3-S 4-S 3-N 4-N 3-O 4-O 3-Me 4-Me 

CMe - Fe 4.4 4.5 4.4 4.1 4.4 4.1 4.4 4.5 
CMe - O=FeIV 3.1 3.3 3.1 3.0 3.1 2.7 3.2 3.0 
X - Fe 4.3 5.0 4.2 4.2 4.4 5.2 - - 
X - O=FeIV 3.2 3.4 3.0 2.8 3.1 3.6 - - 
Fe - OH2 ligand 2.3 - 2.2 - 2.4 - 2.5 - 
X - OH2 ligand 3.3 - 3.1 - 3.2 - - - 
CMe - OH2 ligand 3.2 - 3.2 - 3.1 - 3.1 - 
Angle (˚)         
FeIV=O-CMe 136.8 131.9 129.9 124.6 136.3 140.7 130.4 154.4 
FeIV=O-X 126.2 162.5 126.8 148.6 130.0 158.3 - - 
Dihedral angle CMe-
X-C3-C4  

13.1 33.9 32.7 50.0 20.0 2.1 - - 

 

      
Refer to Figure A22 and Tables A11–A13 for measurements of the Fe-S distance and displacement of the iron out of 

the heme plane. The heme iron is displaced further below the porphyrin plane in structures lacking a heme-bound 

water ligand. 

 

3.2.4   Spin-state shifts induced by bulky meta-substituted benzoic acids and turnover data 
 

The crystal structures of 3-methoxy-, 3-methylamino-, and 3-methylthio-benzoate-bound 

CYP199A4 revealed that although the meta substituent is positioned close to the heme, the water 

ligand is not displaced. We therefore hypothesised that substrates with bulkier meta substituents 

would be more likely to efficiently displace the water ligand and that CYP199A4 would display 

higher activity towards these substrates. Various bulky substrates (3-ethoxybenzoic acid, 3-

isopropylbenzoic acid, and 3-tert-butylbenzoic acid) were docked into the active site of CYP199A4 

(Figure 3.20, Tables A14–A16). The top-scoring poses have the meta substituent positioned close 

to the heme (Table 3.4). However, docking 3-tert-butylbenzoic acid into CYP199A4 resulted in a 

steric clash between the tert-butyl group and a heme nitrogen (Figure 3.20c). This indicates that this 

substrate may be too bulky to fit into the active site. We subsequently measured the spin-state shifts 

induced by these substrates. The minimal spin-state shift (<5%) induced by 3-tert-butylbenzoic acid 

implies that the bulky tert-butyl group hinders binding (Figure 3.21a). In contrast, 3-ethoxybenzoic 

acid induced an almost complete shift to HS (85%), indicating efficient removal of the water 
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(Figure 3.21b). A crystal structure of this complex was later solved which confirmed the water had 

been expelled (vide infra). 3-Isopropylbenzoic acid induced a smaller spin-state shift (40%) (Figure 

3.21c). The binding affinity of 3-ethoxybenzoic acid and 3-isopropylbenzoic acid was measured 

(Figure 3.22). 3-Ethoxybenzoic acid was found to bind substantially less tightly than the para isomer 

(Kd = 82 ± 2 vs. 0.17 μM). 3-Isopropylbenzoic acid binds even more weakly than 3-ethoxybenzoic 

acid (Kd = 411 μM), indicating a poor fit to the binding pocket.  

(a) (b)  

(c)  
Figure 3.20. Bulky meta-substituted benzoic acids docked into CYP199A4 (PDB ID: 5U6W). The docked substrates 

are (a) 3-ethoxybenzoic acid, (b) 3-isopropylbenzoic acid, and (c) 3-tert-butylbenzoic acid. The top scoring pose is 

shown in green, and lower scoring poses in orange. A significant steric clash is indicated by a red star.  

 

O

O

OHCMeCEt

O

OH

H3C

H3C

CH3

O

OH
H3C

H3C

           

Table 3.4. Selected distances in Å between the docked ligands and active-site residues/heme.  

Docked ligand Distance (Å)  
3-ethoxyBA CMe - Fe 4.2 
 CEt - Fe 3.6 
   
3-isopropylBA CH3 - Fe 3.3, 4.5 
 (CH3)2HC - Fe 3.8 
   
3-tert-butylBA CH3 - Fe  3.0, 3.4, 4.7 

 CH3 - closest heme N 2.1 
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Figure 3.21. Spin-state shifts of CYP199A4 induced by (a) 3-tert-butylbenzoic acid, (b) 3-ethoxybenzoic acid, and (c) 

3-isopropylbenzoic acid. 
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         (a) 3-ethoxybenzoic acid                           (b) 3-isopropylbenzoic acid  

(2.9 μM, peak: 391 nm, trough: 421 nm)      (3.9 μM, peak: 390, trough: 421 nm) 

 

Figure 3.22. UV-Vis titrations to determine the dissociation constant of CYP199A4 with (a) 3-ethoxybenzoic acid 

and (b) 3-isopropylbenzoic acid.  
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In vitro NADH turnovers were performed (Table 3.5). The NADH consumption rate was not 

increased above the leak rate in the presence of 3-tert-butylbenzoic acid and no product was 

detected by HPLC analysis of the reaction mixture (Figure 3.23). Apparently 3-tert-butylbenzoic 

acid does not bind to CYP199A4. The reducing equivalents were presumably lost via air oxidation 

of the ferredoxin.303, 344 It was previously reported that the corresponding para isomer, 4-tert-

butylbenzoic acid, is hydroxylated by CYP199A4 at a methyl carbon at a rate of 227 min-1; the 

coupling efficiency is 100%.277 This again demonstrates that CYP199A4 prefers to oxidise para- 

over meta-substituted benzoic acids. 

On the other hand, CYP199A4 consumed NADH with 3-ethoxybenzoic acid at a moderately 

fast rate (208 min-1). Whereas CYP199A4 is unable to oxidise 3-methoxybenzoic acid, the enzyme 

did catalyse the O-demethylation of 3-ethoxybenzoic acid (Figure 3.24). The coupling efficiency 

and product formation rate were calculated to be 66% and 138 min-1, and 7% of the NADH 

consumed was channelled into H2O2 production. Incorrect protonation of the proximal oxygen of 

the FeIII–OOH species is thought to be responsible for H2O2 production.114 A single product, 3-

hydroxybenzoic acid, was detected, indicating that no hydroxylation occurred at the less reactive 

terminal CH3 group. Coleman previously reported that CYP199A4 converts the para isomer, 4-

ethoxybenzoic acid, into 4-hydroxybenzoic acid at a rate of 527 min-1 with ~100% coupling 

efficiency.117 CYP199A4 therefore exhibits substantially higher activity towards 4-ethoxybenzoic 

acid than 3-ethoxybenzoic acid.  

CYP199A4 consumed NADH with 3-isopropylbenzoic acid at a slower rate (94 min-1). 

Product was observed in the 3-isopropylbenzoic acid turnover, but the metabolites have not yet 

been quantified (Figure A23). These products are expected to be a hydroxylation product and the 

desaturation product, 3-(prop-1-en-2-yl)benzoic acid, based on the HPLC retention times and mass 

spectra (Figures A23, A24).  

 

Table 3.5. In vitro turnover data for WT CYP199A4 with bulky meta-substituted benzoic acid substrates. Turnover 

data for CYP199A4 with the corresponding para isomers, previously reported by others, is included for comparison. 

Substrate % 

HS 

Kd (μM) N (min-1) PFR (min-1) C (%) H2O2 (%) 

3-ethoxyBA 85 82 ± 2 208 ± 5 138 ± 6 66 ± 1 7 ± 0.4 

4-ethoxyBA 117 95 0.17 ± 0.02 527 ± 10 527 ± 10 100 ± 8 ≤1 

3-isopropylBA 40 411 ± 9 94 ± 2    

4-isopropylBA 219 ≥95 0.29 ± 0.1 321 ± 24 287 ± 18 89 ± 2 1.5 ± 0.2 277 

3-tert-butylBA <5% _a 8 ± 1b _c _ c _d 

4-tert-butylBA 277 90 39 ± 2 227 ± 4 227 ± 32 100 ± 13 –d 

 

a The lack of any appreciable spin-state shift prevented measurement of binding affinity. b The NADH consumption 

rate reported is the average rate over the first 15 minutes. c No product detected. d Not measured or not reported.277 
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Figure 3.23. HPLC analysis of the CYP199A4 in vitro reaction with 3-tert-butylbenzoic acid, which yielded no product. 

In black is the turnover, and in red and orange are control reactions without P450 or NADH. The substrate appears 

at RT = 20.5 min. Gradient: 20-9% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm. 
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Figure 3.24. HPLC analysis of the CYP199A4 in vitro reaction with 3-ethoxybenzoic acid. In black is the in vitro 

reaction mixture, in red is a control reaction without P450, in blue is authentic 3-hydroxybenzoic acid (RT = 6.9 min), 

in green is the 3-ethoxybenzoic acid substrate control (RT = 13.8 min), and in orange is a control reaction without 

NADH. Gradient: 20-9% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm. 

 

3.2.5   Crystal structure of 3-ethoxybenzoate-bound CYP199A4 
 

We attempted to obtain crystal structures of 3-ethoxybenzoate- and 3-isopropylbenzoate-

bound CYP199A4. 3-Isopropylbenzoate-bound CYP199A4 failed to crystallise. 

3-Ethoxybenzoate-bound CYP199A4 did crystallise and the crystal structure was solved at medium 

(2.37-Å) resolution (Figures 3.25a and A25, Table A17) (PDB ID: 6PRS). In agreement with the 

docked poses (Figure A26), the meta substituent points down towards the heme. The crystal 

structure confirms that the water ligand is displaced, consistent with the 85% shift to HS. This 

reveals that certain meta-substituted benzoic acid substrates efficiently remove the water ligand; a 

para substituent is not essential.  
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(a)  

(b)     

Figure 3.25. (a) Crystal structure of 3-ethoxybenzoic acid-bound CYP199A4. A feature-enhanced map of the 

substrate is shown as grey mesh contoured at 1.0 σ (1.5 Å carve). (b) Overlaid structures of 3-methoxy- (cyan) and 3-

ethoxy-benzoate-bound CYP199A4 (yellow). The waters and chloride in the 3-methoxybenzoic acid structure are 

labelled. 

 

This crystal structure is superimposed with the 3-methoxybenzoic acid structutre in Figure 

3.25b. In the 3-methoxybenzoic acid structure, the CMe-O-C3-C4 dihedral angle is +20˚, while in 

the 3-ethoxybenzoic acid structure the CH2-O-C3-C4 dihedral angle is -52˚ (Table 3.6). The altered 

dihedral angle results in  the methylene carbon of 3-ethoxybenzoic acid being held considerably 

closer to the iron than the methyl carbon of 3-methoxybenzoic acid. Consequently, 3-

ethoxybenzoic acid is able to sterically displace the water whereas when 3-methoxybenzoic acid 

binds to CYP199A4 there remains enough space above the heme for a water ligand to remain in 

situ.  
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Both the CH2 and CH3 carbons of 3-ethoxybenzoic acid are held in close proximity to the 

heme iron (3.6 and 4.2 Å, respectively) (Table 3.6). Distances were measured between the substrate 

and the hypothetical position of the Cpd I oxygen. The methylene carbon (CH2) is held closer to 

the ferryl oxygen than the CH3 carbon (2.1 vs. 2.7 Å). The FeIV=O−CH2 and FeIV=O–CH3 angles 

are 155.3 and 147.7˚, respectively. CYP199A4 exclusively abstracts a hydrogen from the methylene 

carbon, with no hydroxylation occurring at the CH3 carbon. This is explained by the weaker 

strength of secondary C-H bonds, especially those adjacent to oxygen,79  compared to the primary 

C-H bonds of the terminal methyl group (Figure 3.26), as well as the methylene carbon being the 

closest carbon to the iron.  

 
Figure 3.26. Bond dissociation energies of the C-H bonds in ethanol. The terminal methyl C-H bonds are stronger 

(BDE = 423.8 kJ/mol) than the secondary C-H bonds adjacent to oxygen (BDE = 396.6 kJ/mol).345-347  

 

Table 3.6. Angles and distances between the heme iron and 3-ethoxybenzoic acid. Values are also given for the 

corresponding para isomer for comparison. Distances between the substrate and the hypothetical position of the Cpd 

I oxygen are also given. Abbreviations used are: 3-OEt = 3-ethoxyBA; 4-OEt = 4-ethoxyBA.  

 

         

 

 

3.3   Discussion  

 

This study reaffirms that CYP199A4’s activity is highest towards substrates possessing a para 

substituent. Despite having no activity towards 3-methoxybenzoic acid and 3-tert-butylbenzoic 

acid, this enzyme nevertheless does oxidise certain meta-substituted benzoic acids. The binding mode 

of meta-substituted benzoic acids revealed by the crystal structures has the meta substituent 

positioned close to the heme, as predicted by the docking software, not directed away from the 

heme as previously believed.162 This rationalises why CYP199A4 was able to oxidise the meta 

substituent (albeit with low activity). All meta-substituted benzoic acid substrates studied here bind 

with the benzene ring and carboxylate held in highly similar positions (Figure 3.27a). Likewise, the 

Distance (Å) 3-OEt 4-OEt117 
CH2 - Fe 3.6 4.2 
CH2 - O=FeIV 2.1 2.8 
CH3 - Fe  4.2 4.3 
CH3 - O=FeIV 2.7 3.0 
O - Fe 4.6 5.1 
O - O=FeIV 3.3 3.6 
Angle (˚)   
FeIV=O-CH2 155.3 143.1 
FeIV=O-CH3 147.7 138.1 
FeIV=O-O 139.2 160.8 
Dihedral angle  
CH2-O-C3-C4 

-52.4 -9.2 
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benzene ring and carboxylate of the para isomers all occupy similar positions (Figure 3.27b). 

However, the position of the benzene moiety of the meta isomers is altered compared to that of 

the para isomers. While only a single binding mode is observed in these crystal structures, in 

solution the meta isomers may have multiple binding modes.  

(a) (b)  

Figure 3.27. (a) Superimposed crystal structures of CYP199A4 in complex with 3-methoxy- (salmon), 3-methylamino- 

(yellow), 3-methylthio- (cyan), 3-methyl- (magenta), and 3-ethoxy-benzoic acid (green). In all of these structures, the 

active-site residues and benzoic acid moiety are held in virtually identical positions. (b) Superimposed crystal structures 

of CYP199A4 in complex with para-substituted benzoic acids. The para isomers are depicted in the same colours as 

the corresponding meta isomers.  

 

Among the substrates tested, there is no clear relationship between the binding affinity and 

magnitude of the spin-state shift the substrate induces. The spin-state shift induced by 3-

ethoxybenzoic acid (85%) is larger even than that induced by some para-substituted substrates (e.g. 

4-methylthio-, 4-methylamino- and 4-methyl-benzoic acid), which bind considerably more tightly. 

Previously, only benzoic acid substrates possessing a para substituent were thought to be capable 

of inducing large spin-state shifts with CYP199A4.162  

Within each pair of meta and para isomers, the extent of the spin-state shift is correlated with 

the NADH consumption rate. This is because the first electron transfer step is gated by 

displacement of the iron-bound water.100, 117, 337 The para-substituted benzoic acid substrates induce 

large spin-state shifts and efficiently displace the water. In contrast, a partial-occupancy water ligand 

to the heme is present in the crystal structures of 3-methyl-, 3-methylamino-, 3-methoxy- and 3-

methylthio-benzoate-bound CYP199A4. The presence of this water would hamper heme reduction 

and hinder oxygen binding, thus slowing down the catalytic cycle. More space for a water exists 

above the heme when the meta isomers are bound than when the corresponding para isomers are 

bound. The water ligand is potentially hydrogen-bonded to the N or O of the substrate and 

interacting with the S, and these interactions would stabilise the water ligand. This would explain 

why the occupancy of the water in the 3-methoxy-, 3-methylthio- and 3-methylamino-benzoic acid 

crystal structures is higher than in the 3-methylbenzoic acid structure. We note, however, that the 

extent of the spin-state shift is not perfectly correlated to the NADH consumption rate for all 

substrates investigated here. 3-Methylaminobenzoic acid induces only a 10% spin-state shift, yet 

the NADH consumption rate with this substrate is faster than the rate with 3-ethoxybenzoic acid, 
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which induces an 85% shift to HS. Furthermore, the extent of the spin-state shift does not always 

correlate with the catalytic activity of CYP199A4 towards the substrate. 3-Methoxybenzoic acid 

induces a 4-fold greater spin-state shift than 3-methylaminobenzoic acid, yet CYP199A4 does not 

oxidise 3-methoxybenzoic acid at all but oxidises the latter.  

The fact that 3-methoxybenzoic acid is not oxidised and the reducing equivalents appear to 

be lost via oxidase uncoupling indicates that it must be inappropriately positioned in the active site. 

Factors that would affect whether Cpd I can abstract a hydrogen are the distance of the C-H bond 

from the ferryl oxygen and the angle of approach of the substrate.79, 348-349 It has been proposed that 

the optimal angle for the substrate to approach the FeIV=O species is ~130˚ (Fe-O-C angle),348 and 

that a linear C-H-O angle is ideal for hydrogen abstraction (Figure 3.28).349-352 In addition, the 

heteroatom may be positioned in such a manner that it interferes with hydrogen abstraction. In the 

4-methoxybenzoic acid structure, the methyl group is held significantly closer to the heme than the 

oxygen, so the heteroatom would be less likely to interfere. In contrast, in the 3-methoxybenzoic 

acid structure, the methyl group and oxygen are held at equal distances from the iron and we 

speculated that this oxygen could be interfering with the reaction. Whereas 3-methoxybenzoic acid 

is not oxidised, CYP199A4 is able to demethylate 3-ethoxybenzoic acid. The methylene carbon of 

3-ethoxybenzoic acid is held significantly closer to the heme than the oxygen, enabling efficient C-

H abstraction.    

             
 

Figure 3.28. It has been proposed that a linear C-H-O angle is ideal for hydrogen abstraction350, 352 and the optimal 

approach angle of the substrate to the FeIV=O species is postulated to be ~130˚.348 Larger angles of approach are 

suggested to result in higher energy barriers.348  

 

In the 4-methoxybenzoic acid crystal structure, the methoxy group is oriented such that the 

hydrogens point towards the heme (Figure 3.29a). On the other hand, the methoxy group of 3-

methoxybenzoic acid is oriented such that the hydrogens instead point away from the heme (Figure 

3.29b). This may explain why this substrate is not oxidised. However, it is plausible that the binding 

mode of 3-methoxybenzoic acid observed in the crystal structure is not the same as in solution, 

and its position may be altered once oxygen binds to the iron.349 In the 3-ethoxybenzoic acid 

structure, the terminal methyl group hydrogens still point away from the heme, but a methylene C-

H bond points towards the heme iron, rationalising why the methylene carbon is hydroxylated 

(Figure 3.29c).  



 

80 
 

(a) (b)  

(c) (d)  

Figure 3.29. Crystal structures of (a) 4-methoxy-, (b) 3-methoxy-, (c) 3-ethoxy- and (d) 3-methyl-benzoate-bound 

CYP199A4 with modelled hydrogens. Hydrogens were added using ICM-Pro (MolSoft).311   

 

Although the crystallographic binding mode of 3-methylaminobenzoic acid is highly similar 

to that of 3-methoxybenzoic acid (Figure A27a), this substrate, unlike 3-methoxybenzoic acid, was 

metabolised by CYP199A4. The difference in CYP199A4’s activity towards 3-methylaminobenzoic 

acid compared to 3-methoxybenzoic acid may be due to the reactions proceeding via different 

mechanisms. O-demethylation must occur via hydrogen abstraction, whereas N-demethylation 

could occur via a SET mechanism involving initial reaction with the nitrogen. Unlike 3-

methoxybenzoic acid, 3-methylbenzoic acid must be appropriately positioned to allow Cpd I to 

abstract a hydrogen from the methyl group (Figure 3.29d). The methyl group of 3-methylbenzoic 

acid is held slightly further from the Cpd I oxygen than that of 4-methylbenzoic acid, which may 

explain why the coupling efficiency is lower for the meta isomer. It is plausible that 3-methylbenzoic 

acid may have multiple binding modes in solution and may also bind with the methyl group 

pointing away from the heme, resulting in loss of NADH via oxidase uncoupling.  

With 3-methylthiobenzoic acid, Cpd I reacts with the heteroatom rather than abstracting a 

hydrogen from the methyl group. Sulfoxidation could occur via direct oxygen transfer, or via single 

electron transfer followed by oxygen rebound.18, 199 The crystal structure revealed that the sulfur of 

3-methylthiobenzoic acid is positioned even closer to the heme iron than that of 4-

methylthiobenzoic acid. It has been previously reported that CYP199A4-catalysed sulfoxidation of 
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4-ethylthiobenzoic acid is highly enantioselective, generating almost exclusively a single 

enantiomer.117 However, as we were unable to separate the enantiomers of 3-methylsulfinylbenzoic 

acid, the enantioselectivity of this reaction could not be determined.  

In summary, this study reveals that CYP199A4 does oxidise certain meta-substituted benzoic 

acids, though its activity towards these substrates is substantially lower than its activity towards the 

para isomers. CYP199A4 was previously believed to be unable to oxidise this type of compound. 

The fact that 4-methoxybenzoic acid is rapidly demethylated but 3-methoxybenzoic acid is not 

oxidised emphasises that minor variations in the orientation of the substrate relative to the heme 

can result in substantially diminished catalytic activity (Figure 3.30). Even if a substrate is in close 

proximity to the heme iron, hydroxylation may not occur if the C-H bonds are not oriented 

favourably for hydrogen abstraction by Cpd I.  

 

 
Figure 3.30. Both 4-methoxy- and 3-methoxy-benzoic acid bind with the methoxy moiety in close proximity to the 

heme iron, yet only 4-methoxybenzoic acid is oxidised. This emphasises that the orientation of the C-H bonds relative 

to the heme iron is important in determining whether efficient monooxygenation will occur.  
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Chapter 4 
Exploring the different binding modes of type II ligands 

using CYP199A4 
 

4.1   Introduction 
 

CYP199A4 is capable of binding a variety of para-substituted benzoic acid substrates.277 

Coleman277 previously investigated the catalytic activity of WT CYP199A4 towards various benzoic 

acid substrates with heterocyclic aromatic substituents. 4-Pyridin-2-yl-, 4-pyridin-3-yl- and 4-1H-

imidazol-1-yl-benzoic acid (Figure 4.1) displayed high affinity for CYP199A4 (Kd = 1.0, 2.3 and 1.6 

μM, respectively) and engendered type II spin-state shifts.277 A type II shift induced by a nitrogen 

compound is traditionally assumed to mean that it has formed a direct Fe-N bond with the heme 

iron, replacing the weak-field water ligand as the sixth axial ligand.154-155, 158, 353 For other P450 

enzymes, type II nitrogen ligands have been found to bind more tightly than structurally similar 

substrates which do not coordinate to the iron157, 354-355 and are used as drugs due to their ability to 

inhibit P450s.356 For example, azole drugs such as fluconazole can inhibit fungal CYP51 enzymes 

and are commonly used as antifungals.154, 159, 357 Another example is ritonavir, which inhibits human 

CYP3A4 via nitrogen ligation to the heme iron, blocking oxidation by this enzyme of administered 

anti-HIV drugs.358-359 Electron transfer from the redox partners to the P450 heme is not expected 

to occur efficiently when a strong-field nitrogen ligand binds to the iron because six-coordinate 

low-spin heme is not readily reduced.160, 360 Additionally, coordination of a type II ligand to the 

heme iron obstructs binding of dioxygen and substrates.159-160, 353, 361 4-Pyridin-2-yl-, 4-pyridin-3-yl- 

and 4-1H-imidazol-1-yl-benzoic acid were not metabolised by CYP199A4 and the NADH 

consumption rate was sluggish (ranging from 10 to 41 min-1),277 indicating that they may inhibit 

CYP199A4. Crystal structures of these inhibitors in complex with CYP199A4 are not yet available 

so their binding modes are not known. 

 
Figure 4.1. Heteroaromatic type II ligands investigated with CYP199A4 in this chapter. 

 

In drug development, UV-Vis spectroscopy is used to identify compounds which could 

potentially serve as P450 inhibitors by ligating to the heme iron.155, 355 Although compounds which 

induce type II spectra are expected to coordinate to the heme, it has been revealed that in some 

instances alternative binding modes can occur (Figure 1.11).154, 156, 159 Hydrogen-bonding of the 
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nitrogen ligand to the heme-bound water can also induce a type II shift.154 This hydrogen bonding 

interaction is proposed to result in the aqua ligand becoming a stronger field ligand.154 Conner et 

al. found that the 1,2,3-triazole-containing molecule ‘17-click’ failed to displace the water ligand in 

CYP3A4 (Figure 1.11d).154 Nevertheless, it induced a type II difference spectrum by hydrogen-

bonding to the heme-bound water.154 17-Click did not inhibit the P450 as anticipated but was 

instead readily metabolised.154 It has been reported that some type II ligands are in fact oxidised 

readily (in some cases more rapidly than type I substrates), rather than inhibiting the P450 catalytic 

cycle.154, 353-354, 361 Conner et al. found that the spectra induced by these ‘pseudo’ type II ligands are 

deceptive because they so convincingly resemble genuine type II spectra.154-155, 360 Hence, although 

a type II shift has often been used as evidence that the nitrogen compound is directly bound to the 

heme, this may not be correct in all cases. They advised that UV-Vis spectroscopy could not be 

relied upon to decide whether drug molecules bind directly to the heme iron.153-155, 360 X-ray 

crystallography and EPR were proposed to be more reliable techniques for identifying whether the 

water ligand has been replaced by the type II inhibitor.153, 155, 360 In another study, Munro et al. 

reported that binding of fluconazole to CYP121 induced a smaller red-shift of the Soret band than 

expected for a coordinated azole derivative.159 The crystal structure revealed that the predominant 

binding mode had fluconazole hydrogen-bonded to the heme-bound water ligand, which remained 

in situ.159 Only in a small proportion of molecules in the crystal was fluconazole directly bound to 

the iron.159 The small red-shift was attributed to the fact that fluconazole was only ligated to the 

heme in a fraction of enzyme molecules.159 The size of the Soret red-shift induced by a type II 

ligand is thought to depend on multiple factors.157 It has been proposed that a smaller-than-

expected Soret red-shift may arise because the nitrogen ligand is unable to form an ‘optimal’ Fe-N 

bond with the heme iron due to steric constraints,101, 154, 156 or because it has multiple binding 

modes.157 It has also been proposed that the planarity of the heme may affect the Soret peak 

position.157 In type II difference spectra, the maximum peak-to-trough absorbance difference 

(ΔAmax) induced by a type II ligand can vary for different ligands; it is thought that different ΔAmax 

values may arise because the Fe-N bond is strained or there is a mixture of type II and type I 

binding modes.154, 157 The appearance of a type II spectrum can also vary depending on whether 

the ligand-free enzyme is predominantly in the high-spin or low-spin state.157, 362 A type IIa 

difference spectrum arises when the P450 is in the high-spin state and is converted into the low-

spin state by binding of a type II ligand, leading to a trough at ~390 nm.157 In contrast, a type IIb 

difference spectrum with a trough at 410 nm is generated when a type II ligand binds to a P450 in 

the low-spin state.157 Thus, there are many factors that may affect the appearance of a type II 

spectrum.157  

  The changes to the absolute UV-Vis spectrum that arise when nitrogen ligands bind to the 

heme iron have been investigated by Dawson and Sono, who studied the binding of various oxygen 

and nitrogen donor ligands to P450cam.363 They divided the nitrogen donor ligands that they tested 

into two classes, referred to as ‘normal’ and ‘abnormal’ nitrogen donors (Figure B1).363 When 
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oxygen donor ligands (e.g. water) were bound to P450cam, the Soret band was centred at ~417 nm 

and the α-band was more intense than the β-band.363 Binding of a ‘normal’ nitrogen donor ligand 

red-shifted the Soret band to ~424 nm. The intensity of the α-band was also reduced such that the 

α-band was now markedly less intense than the β-band.155, 363 For oxygen donor ligands, the α-band 

had an extinction coefficient of 11-13 mM cm-1, but when ‘normal’ nitrogen donor ligands were 

bound the extinction coefficient decreased to 8-9.5 mM cm-1.363 Binding of these ‘normal’ nitrogen 

donor ligands also led to an increase in the intensity of the δ-band. The bulky nitrogen donor 

ligands 2-phenylimidazole, indole and benzimidazole were classified as ‘abnormal’.363-364 The spectra 

of these ‘abnormal’ complexes of P450cam were more resemblant of the spectra of complexes of 

P450cam with oxygen donor ligands.155, 363-365 The ‘abnormal’ nitrogen donor ligands indole and 

benzimidazole induced smaller Soret red-shifts than the ‘normal’ nitrogen ligands and did not 

substantially reduce the intensity of the α-band.363  

In the CYP199A4 system, Coleman found that the magnitude of the red-shift induced by 4-

pyridin-3-ylbenzoic acid was larger than that induced by 4-pyridin-2-ylbenzoic acid (Table 4.1, 

Figure 4.2a).277 Addition of 4-pyridin-2-ylbenzoic acid to CYP199A4 produced a 3 nm red-shift of 

the Soret peak (from 419 to 422 nm).277 4-Pyridin-3-ylbenzoic acid, on the other hand, induced a 5 

nm red-shift (to 424 nm).277 The difference spectra induced by these two pyridine-containing 

ligands also differed (Figure 4.2b). The fact that the two pyridine-containing compounds induce 

different optical spectra implies that their binding modes may differ. If both compounds were 

coordinated to the heme iron via the pyridine moiety, their UV-Vis spectra would not be expected 

to differ so substantially. The difference spectrum induced by 4-1H-imidazol-1-ylbenzoic acid 

closely resembled the 4-pyridin-3-ylbenzoic acid spectrum (Figure 4.2c,d).277 The objective of this 

chapter is to solve crystal structures of CYP199A4 in complex with 4-pyridin-2-yl-, 4-pyridin-3-yl- 

and 4-1H-imidazol-1-yl-benzoic acid and to perform other experiments to rationalise the different 

type II spectra induced by these inhibitors.  

 

Table 4.1. Binding and in vitro turnover data for CYP199A4 with 4-pyridin-2-yl-, 4-pyridin-3-yl- and 4-1H-imidazol-

1-yl-benzoic acid reported by Coleman.277 No product was detected and the amount of H2O2 generated was 

negligible.277 N is the rate of NADH consumption, given in units of μM (μM-P450)-1 min-1. 

 

Substrate Spin-state shift Kd (μM) N (min-1) 

4-Pyridin-2-ylBA Type II (419 → 422) 1.0 ± 0.1 10 ± 2 

4-Pyridin-3-ylBA Type II (419 → 424) 2.3 ± 0.1 30 ± 3 

4-1H-Imidazol-1-ylBA Type II (419 → 424) 1.6 ± 0.2 41 ± 1 
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4.2    Results  

4.2.1   Analysis of different type II spectra induced by pyridine, imidazole, 4-pyridin-2-yl-, 

4-pyridin-3-yl- and 4-1H-imidazol-1-yl-benzoic acid 

 

To confirm the previous results277, absolute and difference spectra were recorded for 

CYP199A4 with 4-pyridin-2-yl- and 4-pyridin-3-yl-benzoic acid, using the same P450 

concentration for both ligands. The spectra induced by 4-pyridin-2-yl- and 4-pyridin-3-yl-benzoic 

acid are overlaid in Figure 4.2a,b to highlight their differences. As noted by Coleman, 4-pyridin-3-

ylbenzoic acid induces a larger Soret (γ) band red-shift than 4-pyridin-2-ylbenzoic acid (5 vs. 3 nm). 

Additionally, 4-pyridin-3-ylbenzoic acid-bound CYP199A4 has a less intense Soret band than 4-

pyridin-2-ylbenzoic acid-bound CYP199A4 (ε424 = 106 vs. ε422 = 115 mM-1 cm-1; Table 4.2).  
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Figure 4.2. (a) Spin-state shifts of CYP199A4 with 4-pyridin-3-ylbenzoic acid (red) and 4-pyridin-2-ylbenzoic acid 

(blue). (b) Overlaid difference spectra of CYP199A4 with 4-pyridin-3-ylbenzoic acid (red) and 4-pyridin-2-ylbenzoic 

acid (blue). The enzyme concentration was 5.2 μM and ligand concentration 3.8 mM. (c) Spin-state shift induced by 

4-1H-imidazol-1-ylbenzoic acid. (d) Difference spectrum of CYP199A4 with 4-1H-imidazol-1-ylbenzoic acid.  
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Table 4.2. Extinction coefficients of ferric and ferrous CYP199A4 in complex with 4-pyridin-2-yl-, 4-pyridin-3-yl- 

and 4-1H-imidazol-1-yl-benzoic acid. Refer to Appendix B (Figures B2–B8) for spectra and calculations.  

 

In the 4-pyridin-2-ylbenzoic acid difference spectrum, the peak and trough appear at 430 and 

412 nm, whereas the difference spectrum induced by 4-pyridin-3-ylbenzoic acid has a peak and 

trough at 432 nm and 414 nm. 4-Pyridin-3-ylbenzoic acid induces a substantially larger Soret band 

trough than 4-pyridin-2-ylbenzoic acid. Consequently, the ΔAmax induced by 4-pyridin-2-ylbenzoic 

acid is only ~60% of that induced by 4-pyridin-3-ylbenzoic acid. The 4-pyridin-3-ylbenzoic acid 

spectrum is also distinguished by an additional peak at 372.5 nm which is absent from the 4-pyridin-

2-ylbenzoic acid spectrum. This peak arises because the δ-band at 357 nm increases in intensity 

and is red-shifted to ~364 nm. The δ-band extinction coefficient increases from 32.6 mM-1 cm-1 to 

35.7 mM-1 cm-1. In contrast, the intensity of the δ-band decreases subtly when 4-pyridin-2-ylbenzoic 

acid binds (ε359 = 31.6 mM-1 cm-1). Further differences are observed in the α/β band region (500-

600 nm) (Figure 4.2a). For substrate-free CYP199A4, as for other ligand-free P450s363, the α-band 

(at 570 nm) is more intense than the β-band (at 537 nm) (α:β ratio: 1.1). Binding of 4-pyridin-3-

ylbenzoic acid to CYP199A4 dramatically reduces the intensity of the α-band such that the β-band 

is now more intense than the α-band (α:β ratio: 0.78). For substrate-free CYP199A4 the α-band 

extinction coefficient (ε569) is 12.3 mM-1 cm-1 but this value decreases to 8.4 mM-1 cm-1 when 4-

pyridin-3-ylbenzoic acid binds. As a result, there is a prominent trough at 570 nm in the 4-pyridin-

3-ylbenzoic acid difference spectrum. The β-band is also red-shifted. These changes to the α/β 

band region are consistent with those induced by Dawson’s ‘normal’ nitrogen donor ligands.154, 363  

The absolute and difference spectra of CYP199A4 with 4-1H-imidazol-1-ylbenzoic acid have 

similar characteristics to the 4-pyridin-3-ylbenzoic acid spectra (Figure 4.2c,d). Note that when 4-

1H-imidazol-1-ylbenzoic acid binds, the Soret band shifts to 424 nm and decreases substantially in 

intensity (ε424 = 94.6 mM-1 cm-1), and the α-band intensity is diminished. In contrast, when 4-

pyridin-2-ylbenzoic acid binds to CYP199A4 there is instead a subtle increase in the intensity of 

the α-band region (ε571 = 13.6 mM-1 cm-1), resulting in a peak at 577 nm in the difference spectrum. 

Complex  Soret band β α α:β 
ratio λmax 

(nm) 
ε  

(mM-1 
cm-1) 

λmax 
(nm) 

ε  
(mM-1 
cm-1) 

λmax 
(nm) 

ε  
(mM-1 
cm-1) 

λmax 
(nm) 

ε  
(mM-1 
cm-1) 

ferric CYP199A4  357 32.6 419 119 162 537 11.0 569 12.3 1.1 
ferric CYP199A4 + 
4-pyridin-2-ylBA 

359 31.6 422 115 540 11.3 571 13.6 1.2 

ferric CYP199A4 + 
4-pyridin-3-ylBA 

364 35.7 424 106 541 10.8 shoulder 
at ~570  

8.4 0.78 

ferric CYP199A4 + 
4-imidazol-1-ylBA 

366 39.0 424 94.6 541 11.5 571 9.6 0.83 

ferrous CYP199A4 + 
4-pyridin-3-ylBA 

- - 447 118 542 18.6 571 19.6 - 

ferrous CYP199A4 + 
4-imidazol-1-ylBA 

- - 414 81.7 merged α/β bands 
λmax = 548 nm, ε548 = 17.4 mM-1 cm-1  

- 
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For this complex, the α-band is more intense than the β-band (α:β ratio: 1.2). Dawson reported 

that this was characteristic of P450 complexes with oxygen donor ligands.363  

The type II difference spectra of CYP199A4 with the small molecules pyridine and imidazole 

were also recorded (Figure B9a–d). Type II shifts were observed only when high concentrations of 

pyridine or imidazole were added to CYP199A4, implying that these compounds, which lack the 

benzoic acid moiety known to be critical for tight binding to CYP199A4181, 219, have low binding 

affinity. The Kd for binding of the polar molecule imidazole to CYP199A4 was measured to be ~81 

mM. Pyridine displayed lower affinity (Kd >370 mM) but the high concentration of pyridine 

required to achieve binding may have denatured the enzyme so we could not obtain enough data 

points to determine the Kd value (Figure 4.3). Addition of imidazole shifted the Soret peak to 425 

nm, which is similar to the shift induced by 4-1H-imidazol-1-ylbenzoic acid (424 nm). However, 

the Soret peak only shifted to 421 nm when pyridine was added, with further addition of pyridine 

appearing to denature the enzyme. The difference spectra resemble closely the spectra of 

CYP199A4 with 4-pyridin-3-ylbenzoic acid and 4-1H-imidazol-1-ylbenzoic acid, having troughs at 

570 nm due to decreases in the intensity of the α-band (Figure B9c,d).  
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(a) imidazole                                             (b) pyridine 

(1.6 μM, peak: 436 nm, trough: 416 nm)           (2.2 μM, peak: 440, trough: 416 nm) 
 

Figure 4.3. Dissociation constant (Kd) analysis of imidazole and pyridine with CYP199A4. The enzyme concentration 

and peak/trough wavelengths are given below each figure.  

 

In summary, the spectra induced by 4-pyridin-3-ylbenzoic acid and 4-1H-imidazol-1-

ylbenzoic acid are consistent with the spectra reported by Dawson of P450cam in complex with 

‘normal’ nitrogen donors, whereas 4-pyridin-2-ylbenzoic acid would be classified as an ‘abnormal’ 

nitrogen donor ligand. We note that the ‘abnormal’ spectrum induced by 4-pyridin-2-ylbenzoic acid 

does not appear to arise from a mixture of type I and ‘normal’ type II binding modes (Figures B10, 

B11).  

 

4.2.2   UV-Vis spectra of reduced (ferrous) CYP199A4 in complex with 4-pyridin-2-yl-, 4-

pyridin-3-yl- and 4-1H-imidazol-1-yl-benzoic acid  

 

To investigate the binding modes of these type II ligands, UV-Vis spectra were recorded of 

the CYP199A4-ligand complexes after reduction with dithionite. The reduced spectra can 
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potentially give insight into whether the nitrogen ligands are directly coordinated to the iron.358 

Dawson et al. reported that when σ-donor nitrogen ligands (pyridine, metyrapone and N-

phenylimidazole) are coordinated to the iron of P450cam and the iron is reduced, there is a shift in 

the position of the Soret band to 442-445 nm.366 These spectra were also characterised by intense 

α and β bands.366 Sevrioukova and Poulos358 reported the same observations for ferrous CYP3A4 

in complex with ritonavir, which ligates to the heme iron via the thiazole nitrogen, and pyridine 

and oxazole analogues of desoxyritonavir.359 

Reduction of the 4-pyridin-3-ylbenzoate-CYP199A4 complex with dithionite resulted in a 

shift in the Soret band position (λmax) to 447 nm. The Soret band intensity also increased compared 

to the oxidised form (ε447 = 118 mM-1 cm-1) (Table 4.2, Figure 4.4a). Prominent β and α peaks 

appeared at 542 and 571 nm (ε542 and ε571 = 18.6 and 19.6 mM-1 cm-1). This spectrum is consistent 

with the spectra reported by Dawson366 and indicates direct coordination of the pyridine moiety to 

the heme iron. We were also able to reduce 4-pyridin-3-ylbenzoic acid-bound CYP1994 to the 

ferrous form using ferredoxin (HaPux), ferredoxin reductase (HaPuR) and NADH (Figure B12a). 

On the other hand, addition of dithionite to the 4-pyridin-2-ylbenzoate-CYP199A4 complex failed 

to shift the Soret band, and no changes were observed in the α/β-band region (Figure 4.4b). This 

may indicate that the heme was not being reduced.358-359, 361 This complex was also not reduced by 

ferredoxin (HaPux), ferredoxin reductase (HaPuR) and NADH (Figure B12b). In case the 

interaction of the ligand with the active site was hindering heme reduction359, substrate-free 

CYP199A4 was first reduced with dithionite before it was complexed with 4-pyridin-2-ylbenzoic 

acid (Figure B13). When substrate-free CYP199A4 was reduced with dithionite, the α- and β-bands 

merged, the Soret peak shifted to ~417 nm and its intensity diminished. Addition of 4-pyridin-2-

ylbenzoic acid then resulted in a small red-shift of the Soret band to 419 nm, but again the Soret 

peak failed to shift to 440-450 nm (Figure B13b). This implied that the pyridine moiety was not 

directly ligated to the iron.   
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Figure 4.4. UV-Vis spectra of substrate-free ferric WT CYP199A4 (black) and ferric (red) and ferrous (green) 

CYP199A4 in complex with (a) 4-pyridin-3-ylbenzoic acid and (b) 4-pyridin-2-ylbenzoic acid. The ligand 

concentration was 2 mM and P450 concentration was 7.1 μM.  

 

When the 4-1H-imidazol-1-ylbenzoic acid-CYP199A4 complex was reduced with dithionite, 

the Soret band also failed to shift to 440-450 nm. Instead, the Soret band was blue-shifted to ~416 



 

89 
 

nm and the α- and β-bands merged (Figure 4.5a). The same spectrum was obtained when 4-1H-

imidazol-1-ylbenzoic acid was added to CYP199A4 after it had already been reduced (Figure B13d). 

This spectrum strongly resembles that of reduced substrate-free CYP199A4 and other reduced 

P450s.25 We found that we could also reduce this complex using HaPux, HaPuR and NADH 

(Figure B12c). 

For comparison, the UV-Vis spectra of ferrous CYP199A4 in complex with the type I 

substrates 4-vinyl-, 4-methoxy- and 4-phenyl-benzoic acid were obtained (Figure 4.5b and B14). 

These spectra of ferrous, five-coordinate367-368 CYP199A4 had a Soret band that was blue-shifted 

to ~415 nm and all had a single peak at ~548 nm resulting from merging of the α- and β-bands. 

These spectra are virtually identical to the spectrum of reduced 4-1H-imidazol-1-ylbenzoic acid-

bound CYP199A4. Assuming that the imidazole moiety is directly coordinated to the heme iron in 

the ferric state, this appears to imply that when the heme is reduced, the Fe-N bond breaks and 

the heme becomes five-coordinate.  
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Figure 4.5. UV-Vis spectra of ferrous CYP199A4 in complex with (a) the type II ligand 4-1H-imidazol-1-ylbenzoic 

acid (4ImidzBA) and (b) the type I ligand 4-phenylbenzoic acid (4PhenylBA). In black is ferric substrate-free 

CYP199A4, in red is ferric substrate-bound CYP199A4 and in green is the reduced complex.  

 

In case the Fe-N bond was breaking due to protonation of the basic imidazole nitrogen at pH 

7.4,369 the experiment was repeated at higher pH (Figure B15). However, the spectra at pH 8.5 and 

9.3 were identical to those at lower pH.  

We also recorded the spectrum of reduced CYP199A4 in complex with imidazole itself (Figure 

B16a). Upon reduction of CYP199A4 in the presence of saturating amounts of imidazole, spectral 

changes were observed; the Soret band shifted to 423 nm and prominent bands appeared at 528 

and 558 nm. However, the Soret peak failed to shift to ~447 nm. The reduced CYP199A4-

imdiazole spectrum strongly resembled that of reduced cytochrome b5,366, 370 which has peaks at 

423, 528 and 558 nm. In cytochrome b5, the heme iron has two histidine (imidazole) ligands in the 

axial positions.370 The high concentration of imidazole required to achieve binding may partially 

denature the enzyme, with two molecules of imidazole coordinating to the heme in the two axial 

positions. Another possibility is that this is the spectrum of ferrous heme with imidazole and a 

neutral cysteine thiol ligand bound, arising from protonation of the proximal cysteine thiolate 
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ligand. We note that our reduced CYP199A4-imidazole spectrum also resembles that of reduced 

cytochrome c, in which the heme has a histidine and a methionine (neutral sulfur) ligand.371 In 

agreement with this hypothesis, when we subsequently added 4-pyridin-3-ylbenzoic acid to the 

cuvette, the Soret band only partially shifted to 447 nm, indicating that a portion of the enzyme 

had been denatured by the high concentration of imidazole (Figure B17a). Furthermore, when 

imidazole and dithionite were added to denatured CYP199A4 (which had been heated at 65˚C for 

30 min), this yielded essentially the same spectrum with peaks at ~425, ~527 and ~559 nm (Figure 

B18a).  

When we added dithionite to the CYP199A4-pyridine complex, we similarly found that the 

resulting spectrum resembled that of ferrous heme with two axial pyridine ligands (pyridine 

hemochromogen)288 (Figures B16b, B17b, B18b).  

In summary, the UV-Vis spectra of the ferrous CYP199A4-ligand complexes indicate that 4-

pyridin-3-ylbenzoic acid ligates directly to the heme iron, but further work is needed to elucidate 

the binding modes of 4-pyridin-2-ylbenzoic acid and 4-1H-imidazol-1-ylbenzoic acid.  

 

4.2.3   Crystal structures of 4-pyridin-2-yl-, 4-pyridin-3-yl- and 4-1H-imidazol-1-yl-benzoic 

acid in complex with CYP199A4  

 

To prepare the ligand-CYP199A4 complexes, dilute protein was incubated with the 3 mM 4-

pyridin-2-yl- or 4-pyridin-3-yl-benzoic acid and subsequently concentrated to 30-35 mg/mL. 

Crystals formed readily under the standard conditions (Figure B19). To prepare the CYP199A4 

complex with 4-1H-imidazol-1-ylbenzoic acid, 3 mM substrate was added to 40 mg/mL protein 

from a 25 mM stock solution in 50 mM Tris-HCl buffer (pH 9.5). Crystal structures of CYP199A4 

in complex with 4-pyridin-2-yl-, 4-pyridin-3-yl- and 4-1H-imidazol-1-yl-benzoic acid were solved 

by the molecular replacement method, using the CYP199A4 crystal structure 5UVB as the search 

model. The crystal structures were solved at resolutions of 1.80, 1.66 and 1.58 Å, respectively. Data 

collection and refinement statistics are presented in Table B1. These structures were deposited into 

the PDB (codes: 6U3K, 6U30, 6U31). The overall fold of CYP199A4 in complex with these type 

II ligands is highly similar to previously solved structures (Figure B20). The RMSD between the 

Cα atoms of the superimposed structures of CYP199A4 in complex with 4-pyridin-2-yl- and 4-

pyridin-3-yl-benzoic acid is 0.262 Å over all 393 residues. In each structure, a sphere of electron 

density was located in the anion binding site29 and modelled as chloride (Figure B21). 

In agreement with the type II shift induced by 4-pyridin-3-ylbenzoic acid, the crystal structure 

revealed that the pyridine moiety ligates directly to the iron (Figure 4.6). The Fe-N bond distance 

was refined to 2.2 Å. This is longer than the Fe-N bond length in [Fe(bipy)3]2+ (1.97 Å)372, but 

comparable to the Fe-N bond lengths in crystal structures of P450s with directly bound pyridine 

derivatives (~2.1-2.4 Å) (Table B2).359, 364, 373-374 There is an almost linear arrangement of the Cys358 
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sulfur, iron and pyridine nitrogen (SCys-Fe-N angle = 176.9˚). The pyridine ring is at an 18˚ angle 

to the iron-sulfur bond axis.  

  
Figure 4.6. Crystal structure of 4-pyridin-3-ylbenzoic acid-bound CYP199A4. A composite omit map of the 4-pyridin-

3-ylbenzoic acid ligand and F298 residue is shown as grey mesh contoured at 1.5 σ (1.2 Å carve). The heme is grey, 

active site residues are yellow and 4-pyridin-3-ylbenzoic acid is green. The pyridine ring is not perpendicular to the 

heme; it is held an 18˚ angle to the Fe-S axis (measured using UCSF Chimera375).  

 

In contrast, the heme-bound water ligand remains in situ in the crystal structure of CYP199A4 

in complex with the isomer 4-pyridin-2-ylbenzoic acid (Figure 4.7). The pyridine moiety, which is 

at an angle of 42˚ to the Fe-S bond axis, hydrogen-bonds to the distal water ligand (with a donor-

acceptor distance of 2.9 Å) rather than replacing it as the sixth axial ligand. The occupancy of the 

water ligand was refined to 76%vii. The Fe-O distance is 2.2 Å and SCys-Fe-O angle is 163.4˚. The 

side-chain phenyl ring of F298 is displaced to accommodate the pyridine moiety of 4-pyridin-2-

ylbenzoic acid, which is positioned above pyrrole ring A. F298 must shift when 4-pyridin-2-

ylbenzoic acid binds because the distance between the pyridine ring and phenyl ring would 

otherwise be 0.76 Å (a steric clash). Displacement of F298 by bulky substrates has previously been 

observed in the crystal structures of CYP199A4 in complex with 4-ethylthiobenzoic acid (PDB ID: 

5U6U) (Figure B22) and 4-thiophen-3-ylbenzoic acid (PDB ID: 6C3J).117, 277 On the other hand, 

F298 is not displaced when 4-pyridin-3-ylbenzoic acid binds. This is because the pyridine moiety 

is positioned directly above the heme iron and is not close enough to interact with F298.  

 
vii By way of contrast, the refined occupancy of the water molecule which bridges between the substrate carboxylate 
and R243 was 100%.  



 

92 
 

  
Figure 4.7. Crystal structure of 4-pyridin-2-ylbenzoic acid-bound CYP199A4. A feature-enhanced map of the 4-

pyridin-2-ylbenzoic acid ligand, F298 residue and heme-bound water ligand is shown as grey mesh contoured at 1.5 σ 

(1.5 Å carve). The heme is grey, active site residues are yellow and 4-pyridin-2-ylbenzoic acid is green. The refined 

occupancy of the heme-bound water ligand (W1) is 76%. The Fe-O bond is at an angle of 16.6˚ to the Fe-S bond. The 

pyridine ring is at an angle of 42˚ to the Fe-S bond.  

 

As mentioned, the refined occupancy of the iron-bound water ligand was 76%, not 100%. It 

is plausible that in the X-ray beam the heme iron was partially reduced to the ferrous form.376 Water 

is a poor ligand for ferrous heme367, 377-378, so it may be that the water partially dissociates due to 

reduction in the X-ray beam.376, 379 Others have previously reported that the X-ray beam can 

generate ferrous heme and the occupancy of the heme-bound water ligand may be reduced.376, 379 

There is also a possibility that 4-pyridin-2-ylbenzoic acid may bind in an alternative orientation. If 

there was a second binding mode in which the pyridine ring was flipped, it would no longer be able 

to hydrogen-bond to the water and the water would be displaced. However, we see no evidence of 

a contribution from a low-spin to high-spin shift in the UV-Vis spectrum when 4-pyridin-2-

ylbenzoic acid binds to CYP199A4.  

The 4-pyridin-2-yl- and 4-pyridin-3-yl-benzoic acid structures are overlaid in Figure 4.8. Table 

B3 gives distances between equivalent atoms of the two inhibitors. The pyridine ring of 4-pyridin-

3-ylbenzoic acid is rotated out of the plane of the benzene ring by 40.2˚, whereas that of 4-pyridin-

2-ylbenzoic acid is rotated out of the benzene plane by 60.6˚ (Table 4.3). The pyridine ring of 4-

pyridin-2-ylbenzoic acid is oriented such that the α-carbon and β-nitrogen are held in roughly 

similar positions to the α- and β-carbons of 4-ethylbenzoic acid (Figure B23), though the ethyl 

group is closer to the iron. The N of 4-pyridin-2-ylbenzoic acid is 4.2 Å from the iron, compared 

to 3.5 Å between the iron and Cβ of 4-ethylbenzoic acid. The benzoic acid moiety of 4-pyridin-2-

ylbenzoic acid occupies a similar position to that of 4-methoxybenzoic acid and 4-ethylbenzoic 

acid, whereas the benzoic acid moiety of 4-pyridin-3-ylbenzoic acid is more substantially shifted 

(Figure 4.9a,b). As a result of the altered position of the 4-pyridin-3-ylbenzoic acid benzoic acid 
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moiety, the position of the water molecule which bridges between the carboxylate and R243 is also 

shifted (by 0.3 Å) (Figures 4.8 and 4.9a). Although most of the amino acid residues have similar 

positions in the two structures, multiple active-site residues, including V295, F185 and F182, have 

altered positions (Figure 4.8). The phenyl ring of F182, for example, is shifted away from the 

pyridine moiety of 4-pyridin-3-ylbenzoic acid. The phenyl ring atoms of F182 are shifted by 0.8-

0.9 Å relative to their position in the 4-pyridin-2-ylbenzoic acid structure (Table B3). 

4-Pyridin-3-ylbenzoic acid is positioned closer to the oxygen-binding groove than 4-pyridin-

2-ylbenzoic acid and the residues in the groove are consequently shifted away from 4-pyridin-3-

ylbenzoic acid (Figure 4.8). The Cβ atom of A248 is displaced by 1 Å and the T252 side-chain atoms 

are shifted by 0.9-1.0 Å relative to the positions of the equivalent atoms in the 4-pyridin-2-ylbenzoic 

acid structure (Figure 4.8, Table B3). Other amino acids flanking the active site also have altered 

orientations, including N255, P294 and T395 (Figure 4.8).  

 

Table 4.3. Distances (in angstroms) of key structural features of 4-pyridin-3-ylbenzoic acid- and 4-pyridin-2-ylbenzoic 
acid-bound CYP199A4.  

Distance (Å) 4-pyridin-3-yl Distance (Å) 4-pyridin-2-yl 
Fe - N5 2.2 Fe - W1 2.2 
Fe - C4 3.0 Fe - N4 4.2 
Fe - C6 3.1 N4 - W1 2.9 
C2 - closest F298 C 3.6 C1- closest F298 C 3.8 
C2 - closest F185 C 4.8 C2 - closest F185 C 3.7 
C2 - closest F182 C 3.4 C2 - closest F182 C 3.6 
N5 - closest T252 C 3.7 Fe - C5 4.4 
N5 - closest F182 C 5.0 N4 - closest F182 C 3.6 
O15 - W1 (bridging water) 2.5 O15 - W10 (bridging water) 2.6 
O15 - closest R92 N 2.9 O15 - closest R92 N  3.0 
C7 - closest A248 C 3.4 C5 - W1 3.3 
C7 - closest L98 C 4.1 C7 - closest L98 C 3.7 
Angle (°) 

 
Angle (°)  

(C358)S-Fe-N(pyridine) 176.9 (C358)S-Fe-(W1) 163.4 
Dihedral C4-C3-C7-C8  40.21 Dihedral N4-C3-C7-C8 60.62 
Refined occupancy (%)  Refined occupancy (%)  
4-pyridin-3-ylbenzoic acid 
ligand 

99 4-pyridin-2-ylbenzoic acid 
ligand 

100 

  W1 (water ligand to heme)  76 
 

 

Atom numbers in 4-pyridin-3-ylbenzoic acid were assigned by Phenix eLBOW.321 4-Pyridin-2-ylbenzoic acid is labelled 
with matching numbers.  
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Figure 4.8. Overlaid structures of 4-pyridin-3-yl- (cyan) and 4-pyridin-2-yl-benzoic acid-bound CYP199A4 (yellow). 

An active site water (W1, yellow sphere) is bound to the iron in the 4-pyridin-2-ylbenzoic acid structure, whereas 4-

pyridin-3-ylbenzoic acid displaces the heme-bound water and the nitrogen coordinates to the iron. F298 shifts to 

accommodate 4-pyridin-2-ylbenzoic acid (movement described by the black arrow) but not when 4-pyridin-3-ylbenzoic 

acid binds. 
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(a)    

(b)    

(c)  

Figure 4.9. (a) Overlaid structures of 4-pyridin-3-ylbenzoic acid-bound CYP199A4 (cyan) and 4-methoxybenzoic 

acid-bound CYP199A4 (yellow, PDB: 4DO1). Distances between equivalent atoms of the benzoic acid moiety are 

given in Å. In (b) the 4-pyridin-2-ylbenzoic acid structure (cyan) and 4-methoxybenzoic acid structure (yellow) are 

overlaid. In (c) is a view of the active site looking down on the heme. Left: the 4-pyridin-2-ylbenzoic acid structure 

(cyan) overlaid with the 4-methoxybenzoic acid structure (yellow). Right: the 4-pyridin-3-ylbenzoic acid structure 

(cyan) overlaid with the 4-methoxybenzoic acid structure.  

 

The crystal structure of 4-1H-imidazol-1-ylbenzoate-bound CYP199A4 revealed that this 

inhibitor coordinates to the heme iron via the imidazole nitrogen, replacing water as the sixth axial 

ligand (Figure 4.10). The Fe-N bond length is 2.2 Å and the SCys-Fe-N angle is approximately linear 

(176˚) (Table 4.4). This bond length is comparable to the Fe-N bond length in the crystal structures 

of P450cam in complex with 1- and 4-phenylimidazole (2.2 and 2.3 Å)364, 380 (Table B2). The imidazole 

ring is rotated out of the plane of the benzene ring by 43˚. Ideally the azole ring should be 

perpendicular to the heme as observed in other crystal structures of inhibitor-bound P450s (Figure 

B24, Tables B4, B5),156, 159, 380 but the imidazole ring of 4-1H-imidazol-1-ylbenzoic acid is noticeably 
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tilted (it is at an angle of 26˚ to the iron-sulfur axis) (Figure 4.10). The angle between the imidazole 

ring and heme plane is 56.8˚ (Table B6). The bulky benzoic acid substituent may prevent the 

imidazole ring from binding perpendicular to the heme. Both the imidazole ring and the benzoic 

acid moiety occupy highly similar positions to the pyridine ring and benzoic acid moiety of 4-

pyridin-3-ylbenzoic acid (Figure 4.11). In both the 4-1H-imidazole-1-ylbenzoic acid and 4-pyridin-

3-ylbenzoic acid structures, the active-site residues have essentially the same positions, and the 

RMSD between the Cα atoms of the superimposed structures is only 0.107 Å (over all 393 

residues).  

  
Figure 4.10. Crystal structure of 4-(1H-imidazol-1-yl)benzoic acid-bound CYP199A4. A feature-enhanced map of the 

substrate and F298 residue is shown as grey mesh contoured at 1.5 σ (1.5 Å carve).  

 
Table 4.4. Distances (in angstroms) in 4-1H-imidazol-1-ylbenzoate-bound CYP199A4. 

 

 

 

 

 

 

 

 

 

 

 

 

Distance (Å) 4-1H-imidazol-1-yl 
Fe - N11 2.2 
Fe - C10 3.3 
Fe - C12 3.0 

C9 - closest F298 C 3.7 
N11 - closest T252 C 3.7 

O1 - W77 (bridging water) 2.6 
O1 - closest R92N 2.7 
C7 - closest A248 C 3.3 
C12 - closest A248 C 3.1 
C7 - closest L98 C 4.2 
C9 - closest F182 3.5 
C9 - closest F185 5.4 

Angle (°)  
(C358)S-Fe-N(imidazole) 176.6 
Dihedral C13-C7-N8-C12 42.5 

Refined occupancy (%)  
4-1H-imidazol-1-ylbenzoic 

acid ligand 
87 
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Figure 4.11. Overlaid structures of WT CYP199A4 in complex with 4-pyridin-3-yl- and 4-1H-imidazol-1-yl-benzoic 

acid (cyan and yellow, respectively).  

 

In these three inhibitor-bound CYP199A4 crystal structures, in which the iron is 

hexacoordinate and low-spin, the iron is predominantly in the plane of the porphyrin ring (Figure 

4.12a–d).356 In the 4-pyridin-3-ylbenzoic acid structure, the iron is displaced by only 0.05 Å out of 

the plane defined by the four pyrrole nitrogens (Figure 4.12b, Table 4.5). In contrast, when a 

substrate removes the water ligand without coordinating to the heme to yield pentacoordinate, 

high-spin iron, the iron, now having a larger ionic radius,173 moves below the porphyrin plane.101, 

356, 381 In structures of HS ferric CYP1994 in complex with substrates which expel the water such 

as 4-methyl- and 4-cyclopropyl-benzoic acid (PDB ID: 5UVB), the iron is ~0.3 Å below the plane 

of the four pyrrole nitrogens (Figure 4.12e–g, Table 4.5). In camphor-bound P450cam, the iron is 

also displaced 0.3 Å out of the plane of the heme.98 The Fe-S distance is ~2.3 Å in the inhibitor-
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bound CYP199A4 structures and the Fe-N(porphyrin) distances range from 2.01-2.08 Å (Tables 

B7, B8).  

(a)  

 

(b) 4-pyridin-3-ylBA                     (c) 4-1H-imidazol-1-ylBA                (d) 4-pyridin-2-ylBA  

 

(e) 4-methylBA              (f) 4-cyclopropylBA (5UVB)        (g) 4-isopropylBA (5KDB) 
 

Figure 4.12. (a) Geometry of five- and six-coordinate ferric heme.101, 381 In the hexacoordinate, low-spin state, the 

heme iron is more or less in the plane of the heme. High-spin pentacoordinate iron moves below the plane.356 In the 

inhibitor-bound CYP199A4 complexes, the iron is approximately in the plane of the heme (b–d).356 In 

pentacoordinate, high-spin CYP199A4 complexes, the iron is displaced ~0.3 Å out of the heme plane (e–g).  

 

Table 4.5. Displacement of the heme iron below the porphyrin plane in CYP199A4 crystal structures 

Ligand bound to WT 
CYP199A4 

 Iron displacement below porphyrin plane 
Plane defined by 
the four pyrrole 

nitrogens 

Plane defined by the 
24 atoms of the 

porphyrin 
macrocycle  

4-Pyridin-3-ylBA Hexacoordinated, 
low-spin iron 

0.053 Å 0.042 Å 
4-Pyridin-2-ylBA 0.131 Å 0.096 Å 

4-Imidazol-1-ylBA 0.100 Å 0.086 Å 
4-MethylBA Pentacoordinated, 

high-spin iron 
0.309 Å 0.287 Å 

4-CyclopropylBA (5UVB) 0.351 Å 0.335 Å 
4-MethoxyBA (4DO1) 0.204 Å 0.234 Å 
4-EthoxyBA (5U6T) 0.280 Å 0.256 Å 

4-IsopropylBA (5KDB) 0.309 Å 0.309 Å 
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In the CYP199A4 crystal structures, the Fe-S bond appears to be marginally shorter when the 

iron is hexacoordinate and low-spin than when it is pentacoordinate and high-spin (Table B7). This 

agrees with high-resolution structures of ligand-free and camphor-bound P450cam (PDB ID: 1PHC 

and 1DZ4). In the crystal structure of ligand-free P450cam, where the iron is hexacoordinate and 

LS, the Fe-S distance is 2.25 Å, but in the camphor-bound, pentacoordinate HS form the bond 

distance is 2.37 Å.98, 382 However, it has also been suggested that a shift from LS to HS may shorten 

the Fe-S bond length.101   

 

4.2.4   HYSCORE EPR data for binding of type II inhibitors to CYP199A4 

 

EPR (electron paramagnetic resonance) is a valuable technique for studying the P450 heme 

structure and environment.153 Continuous wave EPR can establish whether the FeIII iron is in the 

low-spin or high-spin stateviii, and the g-values give insight into the type of ligand coordinated to 

the heme iron, with larger gz values being associated with nitrogen donor ligands.153, 158, 360 

Coordination of an imidazole/histidine ligand to the heme iron often yields gz values of around 

2.65 to 2.5,159, 363 whereas P450s with water bound usually have gz values of ≤2.45.159, 363, 383 

HYSCORE (HYperfine Sublevel CORrElation) EPR is a technique that can be used to determine 

whether the water ligand to the heme is displaced by substrate or remains in situ. The interaction 

that is detected is that between the unpaired electron on the iron and 1H nuclei.153-154, 158, 360 If the 

water is expelled by the substrate, the proton signals (Figure 4.13a) corresponding to the aqua 

ligand in the HYSCORE spectrum vanish.158 HYSCORE EPR experiments were performed by 

Josh Harbort and Jeffrey Harmer at the University of Queensland. The HYSCORE spectra (Figure 

4.13b) show that the proton peaks of the axial water ligand disappear when 4-pyridin-3-ylbenzoic 

acid binds, with peaks appearing which correspond to the pyridine nitrogen coordinated to the 

heme iron. When 4-pyridin-2-ylbenzoic acid binds, the water proton peaks do not disappear (Figure 

4.13c). As a control, HYSCORE EPR showed that when 4-methoxybenzoic acid binds to 

CYP199A4, the water proton peaks almost entirely disappear (Figure B25a).  

 

 

 

 

 

 

 

 
viii Low-spin P450s are characterised by g-values of ~[1.92, 2.25, 2.42], whereas for the high-spin state the g-values are 
~[1.8, 4.3, 7].360 
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(a) substrate-free CYP199A4 

 
(b) 4-pyridin-3-ylbenzoic acid-bound CYP199A4 

 
(c) 4-pyridin-2-ylbenzoic acid-bound CYP199A4 

 

Figure 4.13. HYSCORE spectra of CYP199A4 (a) without substrate and in complex with the type II inhibitors 4-

pyridin-3-ylbenzoic acid (b) and 4-pyridin-2-ylbenzoic acid (c). Binding of 4-pyridin-3-ylbenzoic acid resulted in the 

disappearance of the peaks corresponding to the distal water ligand protons; binding of 4-pyridin-2-ylbenzoic acid did 

not. This figure was supplied by Josh Harbort and Jeffrey Harmer at the University of Queensland, who performed 

the EPR experiments.  

 

The CW EPR spectrum of CYP199A4 in complex with the two pyridine inhibitors showed 

that both complexes were low spin (Figure B25b, Table B9). However, the CW EPR spectrum of 

4-pyridin-2-ylbenzoic acid-bound CYP199A4 differs from that of 4-pyridin-3-ylbenzoic acid-

bound CYP199A4. The CW EPR spectrum of the 4-pyridin-3-ylbenzoic acid-CYP199A4 complex, 

which has a gz value that is considerably greater than that of native CYP199A4 (gz = 2.526 vs. 2.433), 

is consistent with the sixth axial ligand being a nitrogen donor (Table B9).159, 363, 384 It has been 

reported that when a nitrogen ligand displaces the heme-bound water and directly coordinates to 

the iron, the gz value becomes larger by ~0.04.360 For 4-pyridin-2-ylbenzoic acid, the EPR spectrum 

is only subtly altered compared to that of the water-bound substrate-free resting state and is 

1H of H2O 

1H of H2O 

14N pyrrole  

No 1H of H2O 

New 14N of  
4-pyridin-3-ylBA 

1H of H2O 
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consistent with water being retained as the sixth ligand (gz = 2.439). Conner et al. previously found 

that CYP3A4 in complex with 17-click, which hydrogen-bonds to the water ligand rather than 

coordinating to the iron, also had an EPR spectrum which was only subtly different to that of 

substrate-free CYP3A4.154 Substrate-free CYP3A4 had a gz value of 2.421 and 17-click-bound 

CYP3A4 a similar gz value of 2.415.154 In contrast, the complex of CYP3A4 with the bona fide type 

II ligand 1,2,3-triazole had gz values of 2.505 and 2.459.154  

Although CYP199A4 in complex with 4-methoxybenzoic acid is ≥95% high-spin at room 

temperature, low-temperature CW EPR revealed that a considerable portion of the enzyme was in 

the LS state (Table B9). This is in line with previous EPR results for other P450s, where the LS 

state was found to be more abundant at lower temperatures.153, 173, 337, 385 Camphor-bound P450cam 

is only 45% HS at 4.2 K, but 77% HS at 200 K.385  
 

4.3   Discussion  
 

The crystal structures of CYP199A4 in complex with the three inhibitors revealed that 4-

pyridin-3-ylbenzoic acid and 4-1H-imidazol-1-ylbenzoic acid coordinate via the nitrogen lone pair 

to the heme iron. On the other hand, 4-pyridin-2-ylbenzoic acid, which induces a smaller red-shift 

than 4-pyridin-3-ylbenzoic acid, instead forms a hydrogen bond to the iron-bound aqua ligand. 

Only a small number of P450 crystal structures displaying this water-bridged binding mode have 

been reported360, but Atkins et al. hypothesised that this binding mode may in reality occur more 

frequently.158 4-Pyridin-2-ylbenzoic acid is not metabolised even though some ligands (e.g. 17-click) 

which hydrogen-bond to the axial water ligand are known to be readily metabolised instead of 

inhibiting the P450 catalytic cycle.154-155  

Jones et al. have previously observed that type II ligands which form direct Fe-N bonds with 

the heme iron bind with substantially higher affinity than analogues which bind in a type I 

fashion.353, 384 They prepared quinoline-4-carboxamide analogues incorporating a pyridine moiety 

in which the pyridine nitrogen location was varied.384 Those compounds with the nitrogen in the 

para position were capable of forming direct Fe-N bonds, but not those with the nitrogen in the 

ortho or meta positions.384 Analogues which formed direct Fe-N bonds with the heme iron were 

found to bind with up to 4200-fold greater affinity than those which did not coordinate to the 

iron.384 Despite forming a direct Fe-N bond with the heme iron, 4-pyridin-3-ylbenzoic acid displays 

lower affinity for CYP199A4 than 4-pyridin-2-ylbenzoic acid (Kd = 2.3 μM vs. 1.0 μM). It also binds 

more weakly than 4-phenylbenzoic acid (Kd = 1.7 μM)277, which binds in a type I fashion. The 

crystal structures reveal that the orientations of 4-phenylbenzoic acid and 4-pyridin-2-ylbenzoic 

acid in the active site are virtually identical but differ substantially from the orientation of 4-pyridin-

3-ylbenzoic acid (Figure B26). The benzoic acid moiety of 4-pyridin-3-ylbenzoic acid is shifted 

compared to that of 4-methoxybenzoic acid, 4-pyridin-2-ylbenzoic acid and 4-phenylbenzoic acid, 

and active-site residues are also shifted. The water molecule which bridges between the substrate 

carboxylate and R243 is also shifted from its usual position in the 4-pyridin-3-ylbenoic acid-
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CYP199A4 structure. This indicates that in order for 4-pyridin-3-ylbenzoic acid to directly 

coordinate to the heme iron, it must adopt a less favourable orientation in the active site. Because 

it must bind in a less favourable orientation, this must counteract the gain in affinity resulting from 

formation of the direct Fe-N bond. 4-Pyridin-3-ylbenzoic acid could be readily displaced from the 

binding pocket of ferric and ferrous CYP199A4 by the high-affinity type I substrate 4-

methoxybenzoic acid (Figure B27a,b). It could also be displaced by 4-pyridin-2-ylbenzoic acid 

(Figure F28). 4-1H-imidazol-1-ylbenzoic acid could also easily be displaced by 4-methoxybenzoic 

acid, but a larger concentration of 4-methoxybenzoic acid was required to displace 4-pyridin-2-

ylbenzoic acid from the CYP199A4 active site (Figure B29a,b).  

HYSCORE EPR experiments confirmed that in solution 4-pyridin-3-ylbenzoic acid is directly 

ligated to the heme iron, but 4-pyridin-2-ylbenzoic acid fails to displace the heme-bound water 

ligand. The binding modes of these inhibitors in the crystal structures appear to explain the 

different type II spectra that they induce. Others have suggested that nitrogen donor ligands which 

are directly coordinated to the iron and those which interact with the iron-bound water are difficult 

to distinguish based on UV-Vis spectra.154-155 In this instance, though, the difference spectra do 

appear to discriminate between these two binding modes. The changes induced by 4-pyridin-3-

ylbenzoic acid and 4-1H-imidazol-1-ylbenzoic acid (directly coordinating ligands) are consistent 

with those described by Dawson and Sono for ‘normal’ nitrogen donor ligands.363 For these 

complexes there is larger Soret band red-shift and a substantial decrease in the intensity of the α-

band. The β-band is also red-shifted. In contrast, the optical spectrum of the 4-pyridin-2-ylbenzoic 

acid-CYP199A4 complex resembles the spectra of ‘abnormal’ nitrogen donor ligands. One feature 

of the optical spectrum of 4-pyridin-2-ylbenzoic acid-bound CYP199A4 is that it has an α-band 

which is more intense than the β-band. Dawson and Sono found that this was a characteristic of 

complexes of P450cam with oxygen donor ligands. P450cam in complex with the ‘abnormal’ nitrogen 

donor ligand 2-phenylimidazole also had a more intense α-band than β-band.363, 365 Poulos later 

solved the X-ray crystal structure of P450cam in complex with this ‘abnormal’ nitrogen donor ligand 

(Figure B30).364 It was found that 2-phenylimidazole did not coordinate to the heme iron and failed 

to displace the heme-bound water ligand, explaining the ‘abnormal’ spectrum.364 Unlike 4-pyridin-

2-ylbenzoic acid, however, 2-phenylimidazole did not form a hydrogen bond to the heme-bound 

water and did not red-shift the Soret band.363-364  

Another difference between the spectrum induced by 4-pyridin-3-ylbenzoic acid and that 

induced by 4-pyridin-2-ylbenzoic acid is that the intensity of the δ-band is increased when 4-

pyridin-3-ylbenzoic acid binds to CYP199A4, but not when 4-pyridin-2-ylbenzoic acid binds. A 

red-shift in the position of the δ-band and an increase in intensity was also induced by 4-1H-

imidazol-1-ylbenzoic acid. This is consistent with the observations of Dawson et al., who reported 

that binding of nitrogen donor ligands to P450cam red-shifted the δ-band and increased its 

intensity.363, 386  
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Conner154 reported that the 1,2,3-triazole-containing molecule 17-click induced a type II 

spectrum when it bound to CYP3A4 even though it did not form a direct Fe-N bond. Instead, it 

formed a hydrogen-bond to the heme-bound water ligand. Although this ‘fake’ type II spectrum 

strongly resembled genuine type II spectra, they did notice that 17-click induced a smaller Soret 

band red-shift than 1,2,3-triazole itself (2 nm vs. 6 nm), which did form a direct Fe-N bond. 

Additionally, the maximum peak-to-trough intensity difference (ΔAmax) induced by 17-click was 

smaller than that induced by 1,2,3-triazole. We noticed the same differences when we compared 

the spectra induced by 4-pyridin-2-ylbenzoic acid and 4-pyridin-3-ylbenzoic acid. 4-Pyridin-2-

ylbenzoic acid induced a smaller Soret red-shift and a smaller ΔAmax than 4-pyridin-3-ylbenzoic 

acid. 

The UV-Vis spectra of the reduced CYP199A4-ligand complexes were also informative. 

Reduction of the 4-pyridin-3-ylbenzoic acid complex shifted the Soret band to 447 nm, indicative 

of direct nitrogen coordination to the heme iron, whereas addition of dithionite to the 4-pyridin-

2-ylbenzoic acid complex did not. Despite 4-1H-imidazol-1-ylbenzoic acid directly ligating to the 

ferric iron, the spectrum of the reduced 4-1H-imidazol-1-ylbenzoic acid-CYP199A4 complex 

instead resembled that of five-coordinate ferrous CYP199A4, with the Soret band blue-shifted to 

~416 nm. We speculate that the Fe-N bond dissociates when the iron is reduced, with 4-1H-

imidazol-1-ylbenzoic acid adopting an alternative orientation in the active site. Others have 

reported that imidazole binds less tightly to ferrous porphyrins than ferric porphyrins.387-389 The 

crystal structure of dithionite-reduced CYP199A4 in complex with 4-1H-imidazol-1-ylbenzoic acid 

could be obtained to confirm this. Yoshida365 previously reported that reduction of P450SG1, an 

inactive variant of lanosterol 14-demethylase (from a mutant of Saccharomyces cerevisiae) that has a 

histidine residue as the sixth axial ligand to the heme390, also failed to shift the Soret band to 440-

450 nm. Instead, the Soret peak blue-shifted to 407 nm.365 They also concluded that upon reduction 

the sixth ligand may be dissociating.365 Haines et al. similarly observed no shift to 440-450 nm when 

they reduced P450BM3 in complex with an imidazole inhibitor, concluding that the Fe-N bond must 

break when the iron is reduced, potentially due to changes in active-site conformation.391 Dawson 

previously reported that N-phenylimidazole remained bound to the heme iron of P450cam when it 

was reduced, with the Soret band shifting to 445 nm.366 

When dithionite was added to the 4-pyridin-2-ylbenzoate-CYP199A4 complex, the UV-Vis 

spectrum was not appreciably altered; the Soret band did not shift from its position at ~422 nm. 

This may indicate that the complex was not reduced under the experimental conditions. If the P450 

was reduced to the ferrous state, it is unclear whether the water ligand hydrogen-bonded to 4-

pyridin-2-ylbenzoic acid would be retained as the sixth axial ligand to the heme. Water is a poor 

ligand for ferrous heme and it is unusual for six-coordinate ferrous heme to possess water as an 

axial ligand.368, 376-378, 392-394 According to Egawa et al., an axial water ligand coordinated to ferrous 

heme has not been observed, with the exception that when aqua-metmyoglobin is reduced at 

cryogenic temperatures (77 K) the water ligand is retained.377 Upon warming to >190 K, however, 
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the water dissociates from the ferrous heme.377 Consequently, we do not expect that the spectrum 

recorded after addition of dithionite to the 4-pyridin-2-ylbenzoic acid-CYP199A4 complex is that 

of ferrous P450 with water as the sixth ligand. After this chapter had been written, reduction 

potentials of the CYP199A4 complexes were measured by Professor Paul V. Bernhardt at the 

University of Queensland (Table B10). It was found that 4-pyridin-2-ylbenzoate-bound CYP199A4 

had a more negative reduction potential than the substrate-free enzyme (Em,8 = -462 vs. -438 mV), 

which may rationalise why I was unable to reduce this complex, even with dithionite. He found 

that the spectrum of the reduced complex had peaks at 412 nm (Soret) and 544 nm (merged α/β 

bands), resembling that of ferrous substrate-free CYP199A4 (Figure B31). Therefore, the spectrum 

that I recorded after addition of dithionite to the 4-pyridin-2-ylbenzoate-CYP199A4 complex does 

not appear to be the reduced spectrum. The finding that CYP199A4 could not be successfully 

reduced with dithionite when 4-pyridin-2-ylbenzoic acid was bound is not unprecedented. 

Sevrioukova and Poulos359 reported that binding of imidazole-substituted desoxyritonavir to 

CYP3A4 induced a large decrease in the reduction potential (it became more negative by >70 mV), 

and they found that they were unable to reduce this complex with dithionite.  

Even though direct coordination of a nitrogen ligand to the iron has been reported by others 

to shift the reduction potential to more negative values358-359, 361, Bernhardt found that the 

CYP199A4 complexes with 4-pyridin-3-ylbenzoic acid and 4-1H-imidazol-1-ylbenzoic acid had 

less negative redox potentials than the ligand-free enzyme (-321 and -278 mV) (Table B10, Figure 

B32). These redox potentials are in harmony with the NADH consumption rates by CYP199A4 in 

complex with these ligands. The rates of NADH consumption by CYP199A4 in complex with 4-

pyridin-3-yl- and 4-1H-imidazol-1-yl-benzoic acid (30 and 41 min-1) were faster than the rate with 

4-pyridin-2-ylbenzoic acid, which was equivalent to the leak rate (10 min-1).277 Given that 4-pyridin-

2-ylbenzoic acid binds more tightly to CYP199A4 and prevents heme reduction by the electron 

transfer partners (and even by the powerful reducing agent dithionite395), it is likely that 4-pyridin-

2-ylbenzoic acid would be a more effective inhibitor of CYP199A4 than the directly coordinating 

ligands 4-pyridin-3-ylbenzoic acid and 4-1H-imidazol-1-ylbenzoic acid.  

In summary, the binding modes of 4-pyridin-3-yl- and 4-pyridin-2-yl-benzoic acid in the 

crystal structures agree with the different type II spectra observed. When Conner and Atkins154 

reported that the type II spectrum induced by 17-click, which hydrogen-bonds to the water ligand 

instead of coordinating to the iron, closely resembled genuine type II spectra, they only reported 

the Soret band region of the spectrum. Our study indicates that close examination of the α/β-band 

region and δ-band may enable directly bound nitrogen ligands to be distinguished from those that 

bind via a bridging water ligand. We speculate that the difficulty that others have had in identifying 

the binding mode of an inhibitor based on optical spectra155 could have arisen because they had a 

mixture of directly bound and water-bridged binding modes. 
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In conclusion, the UV-Vis spectra reported here could potentially be used by other researchers 

to diagnose whether a nitrogen ligand which elicits a type II spectrum is directly bound to the iron, 

is hydrogen-bonded to the heme-bound water or displays a mixture of these two binding modes.  
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Chapter 5 
Characterisation of the T252E mutant of CYP199A4 
 

5.1   Introduction 
 

It has been predicted that mutation of the conserved active-site threonine (T252 in P450cam 

and CYP199A4) to glutamate should enable any P450 to use H2O2 to oxidise substrates.227, 234 The 

reasoning is that heme enzymes which use H2O2 possess an acid-base residue (glutamate, histidine 

or aspartate) above the heme iron (Figure 1.26)234. This essential residue is believed to facilitate 

formation of the active species, Compound I, by transferring the proton on the proximal oxygen 

of the Fe(III)–H2O2 species to the distal oxygen, thus triggering O–O bond rupture to yield Cpd I 

(Figure 1.26f).234  

The objective of this chapter is to assess whether the T → E mutation can convert CYP199A4 

into an efficient peroxygenase. The T252E mutant of CYP199A4 will be prepared and its 

peroxygenase activity will be compared to that of the WT enzyme. It has been proposed that 

CYP199A4 could be exploited as a biocatalyst for the synthesis of valuable flavour compounds or 

medicinal chemicals137, 275-276, 333, and it would be more economical to drive the reactions using H2O2 

than costly NADH. Using H2O2 also eliminates the requirement for electron transfer proteins. The 

effect of the T → E mutation on the structure of CYP199A4 and its activity towards different 

substrates (4-methoxy-, 3-4-dimethoxy- and 4-ethyl-benzoic acid) will be investigated. X-ray crystal 

structures will be solved of the T252E mutant in complex with various substrates and type II 

ligands. The aim is to understand the properties of this mutant so that it can potentially be exploited 

as a biocatalyst and used to probe the mechanism of different P450 reactions.  

 

5.2    Results  

5.2.1   UV-Vis spectra of the T252E mutant of CYP199A4 and CO binding assay  

 

The gene of the T252E mutant of CYP199A4 was co-expressed with that of ferrochelatase279 

in E. coli and the P450 was purified by the same method used for the WT enzyme. The UV-Vis 

spectrum of this variant was found to differ subtly from that of the WT enzyme (Figure 5.1). WT 

CYP199A4 displays a peak at 419.0 nm, whereas the T252E mutant has a maximum at 419.5 nm. 

Differences were also observed in the α/β band region (500-600 nm). WT CYP199A4 has α- and 

β-bands at ~570 and ~537 nm; the T252E mutant has α- and β-bands at ~571 and ~543 nm. The 

δ-band intensity at ~360 nm is also increased in the T252E mutant and this band is red-shifted.  
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Figure 5.1. Overlaid UV-Vis spectra of substrate-free WT CYP199A4 (blue) and the T252E mutant (red). The 

concentrations used of the WT and T252E enzymes were similar (5.6 and 5.8 μM, respectively). 

 

The carbon monoxide binding assay283-284 was performed to assess whether the purified 

protein was correctly folded. Reduced P450s bind CO as the sixth axial ligand to the heme.102 A 

complete shift of the Soret band to ~450 nm upon complexation of the reduced P450 with CO is 

evidence that the P450 is properly folded and functional.285 On the other hand, if the P450 is in an 

inactive form, the Soret peak will shift to ~420 nm.284 The conversion of active P450 into inactive 

‘P420’ is thought to be due to protonation of the thiolate ligand yielding a neutral thiol ligand287, 396-

397 (or replacement of the thiolate ligand by a histidine ligand398). High pressure399, heat400, 

proteases401, altering the pH397, or treatment with organic solvents such as acetone402 can all convert 

active P450 into the inactive ‘P420’ form. 

Reduction of purified WT CYP199A4 with dithionite and binding of CO resulted in an almost 

complete shift of the Soret band to ~450 nm, verifying that the enzyme was active (Figure 5.2a). 

Conversely, treatment of the T252E mutant with Na2S2O4 in the presence of CO yielded two peaks: 

one at ~420.5 nm and the other at 451.5 nm (Figure 5.2b). It does not appear that the large peak 

at ~420 nm was due to denatured enzyme, however, because further additions of dithionite led to 

a decrease in the intensity of the ~420 nm peak and an increase in the ~450 nm peak intensity. 

However, the Soret peak failed to shift completely to ~450 nm. We note that reduction of WT 

CYP199A4 by dithionite (in the absence of CO) resulted in a shift of the Soret band from ~418.5 

nm to ~414.0 nm, but treatment of the T252E mutant with dithionite did not result in any shift in 

the position of the Soret band (Figure 5.2, red spectra).   
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(b) T252E                                                                     
 

Figure 5.2. CO binding assay with (a) WT CYP199A4 and (b) the T252E variant. The spectrum of oxidised (Fe3+) 

P450 is in black, reduced (Fe2+) P450 is in red, and the Fe2+–CO spectrum is in blue. The Soret peak of the WT 

enzyme (a) shifted almost completely to 450 nm. The T252E mutant (b) failed to shift completely to 450 nm, but 

further addition of dithionite increased the intensity of the 450 nm peak (blue spectra). The figure to the right shows 

the largest observed shift to 450 nm. 

 

For some P450s, the P450–CO complex is unstable and produces a peak at 420 nm, but the 

P420 form can sometimes be converted back into the P450 form by binding native substrates to 

the P450.283, 287 Munro et al. reported that when the FeII–CO complex of CYP142 was formed, there 

was a substantial peak at 420 nm, but the inactive P420 form could be almost entirely converted 

into the P450 form by addition of the substrate cholest-4-en-3-one.396 Therefore, the CO binding 

assay was repeated in the presence of 0.2 mM substrate (4-methoxybenzoic acid) (Figure 5.3a,b). 

However, when 4-methoxybenzoic acid-bound T252ECYP199A4 was reduced with dithionite in the 

presence of CO, we found that again the Soret peak only partially shifted to 450 nm (Figure 5.3b).  

Another important observation is that addition of substrate to ferric T252ECYP199A4 did not 

shift the Soret peak to ~390 nm characteristic of high-spin substrate-bound P450s (Figure 5.3b, 

green spectrum). The results above indicate that the sixth axial ligand to the heme in the T252E 

mutant is not displaced when substrate binds and that this variant is less readily reduced than the 

WT enzyme.  
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(a) WT CYP199A4                                              (b) T252E   

Figure 5.3. Spectra of the CO complexes of WT CYP199A4 (a) and the T252E variant (b) in the presence of 0.2 

mM 4-methoxybenzoic acid. The spectrum of the oxidised P450 is in black, the 4-methoxybenzoic acid-bound form 

is in green, the reduced spectrum is in red, and the Fe2+–CO complex is in blue.   

 

If reduction of the P450 in the presence of CO results in a complete shift of the Soret band 

to 450 nm, the P450 can be quantified from the FeII–CO versus FeII difference spectrum using an 

extinction coefficient of ε450-490 = 91 mM-1 cm-1.286 Using this method (Figure C1), the extinction 

coefficient of the Soret band for WT CYP199A4 was determined to be 122 mM-1 cm-1, which is 

comparable to the previously reported literature value (119 mM-1 cm-1).29 The extinction coefficient 

of the T252E mutant was instead determined by the pyridine hemochromogen method288-289, which 

yielded a value of 119 ± 2 mM-1 cm-1 (Table C1, Figure C2). Using the same method, a value of 125 

± 3 mM-1 cm-1 was obtained for the extinction coefficient of WT CYP199A4 (Table C1). It appears 

that the extinction coefficient of the T252E mutant is comparable to that of the WT enzyme.  

 

5.2.2   Binding of para-substituted benzoic acid substrates to T252ECYP199A4  

 

The spin-state shifts induced by binding various para-substituted benzoic acid substrates to 

T252ECYP199A4 were measured (Table 5.1). The extent of the spin-state shift indicates whether the 

substrate binds sufficiently close to the heme to displace the 6th water ligand. 4-Methoxy-, 4-vinyl-, 

4-methylthio-, 4-ethyl-, 4-ethynyl-, 4-isopropyl-benzoic acid and veratric acid are reported to all 

induce large (≥70%) type I shifts when they bind to WT CYP199A4162, 219, 276-277; 4-formyl- and 4-

ethylthio-benzoic acid induce smaller type I shifts (25 and 10%) (Table 5.1, Figure 5.4).117, 276 When 

a type I substrate binds and induces a large shift to HS, the Soret band shifts to ~396 nm and 

spectral changes occur in the α/β-band region (the α-band at 570 nm is lost) (Figure 5.4).403-404  

Binding of 4-methoxybenzoic acid to the WT enzyme shifts the spin-state to ≥95% HS219, yet 

addition of this substrate to the T252E mutant effected only a ~5% shift to HS (Table 5.1, Figure 

5.5a). In case the mutation had substantially altered the active-site structure and the enzyme was 

now unable to bind benzoic acid derivatives, we tested substrates with alternative functional groups 

para to the methoxy group (4-methoxybenzamide, methyl p-anisate and 4-nitroanisole). All these 

substrates also failed to induce any appreciable spin-state shift (Figure 5.5b–d). 4-Ethylbenzoic 
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acid, which has a more hydrophobic substituent and may be more likely to displace the heme-

bound aqua ligand, also induced only a minor type I shift (<5%) (Figure 5.5e). No changes occurred 

in the α/β band region. On the other hand, several substrates induced red-shifts of the Soret band 

(as observed with type II substrates). Type II spectra can result when a stronger field ligand than 

water coordinates to the heme iron.405 The heteroatom-containing substrates 4-formyl-, 4-

methylthio- and 4-ethylthio-benzoic acid red-shifted the Soret band by ~2.5, ~1.5 and ~2.0 nm, 

respectively (Figures C3 and C4). 4-Vinylbenzoic acid and veratric acid induced smaller (~0.5 nm) 

red-shifts (Figures 5.5f, C3 and C4).  

 

Table 5.1. Spin-state shifts induced by binding of various substrates to the T252E mutant of CYP199A4. Shifts for 

the WT enzyme, previously reported by others, are included for comparison.117, 162, 181, 276-277 Several substrates induced 

red-shifts of the Soret band maximum (λmax) of T252ECYP199A4; these red-shifts are shown in Figure C4.    
 

Substrate Spin-state shift (% HS) 

T252E WT 

4-methoxyBA 5% ≥95% 162 

veratric acid ~0.5 nm red-shift 70% 162  

4-formylBA ~2.5 nm red-shift 25% 276 

4-vinylBA ~0.5 nm red-shift 80% 276 

4-methylthioBA ~1.5 nm red-shift 70% 117 

4-ethylBA <5% ≥95% 117 

4-ethylthioBA ~2 nm red-shift 10% 117 

4-ethynylBA -a 70% 276 

4-methoxybenzamide 5% ≥95% 181 

methyl p-anisate <5% <5% 181 

4-nitroanisole -a <5% 181 
 

a Spin-state shifts could not be determined due to interfering absorption by the substrate.  

 

At the time, we speculated that the lack of a spin-state shift may be due to the side-chain 

carboxylate of Glu252 being bound to the heme iron. If the glutamate carboxylate was tightly 

bound to the iron, substrate may be unable to displace this ligand. Munro and co-workers reported 

that binding of fatty acid substrates to the A264H and A264K variants of P450BM3 failed to induce 

any spin-state shift because the side-chains of Lys264 or His264 were tightly bound to the heme 

iron as the 6th ligand and substrate failed to displace these ligands.405 Munro also prepared the 

A264E mutant in which the iron was ligated by glutamate.406 However, the glutamate in our 

CYP199A4 mutant is not in an equivalent position to the glutamate, lysine or histidine in these 

P450BM3 mutants and may not be close enough to coordinate to the iron. (The equivalent threonine 

in P450BM3 is T268.)    
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(a)                                                                (b) 

Figure 5.4. Spin-state shifts of WT CYP199A4 induced by (a) 4-methoxybenzoic acid and (b) 4-ethylbenzoic acid. 
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Figure 5.5. Spin-state shifts of the T252E mutant of CYP199A4 induced by (a) 4-methoxybenzoic acid, (b) 4-

methoxybenzamide, (c) methyl p-anisate, (d) 4-nitroanisole, (e) 4-ethylbenzoic acid and (f) veratric acid.  
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Due to the minimal spin-state shift induced by substrate binding to the T252E mutant, only 

crude values for the substrate binding affinity (Kd) could be obtained by performing UV-Vis 

titrations (Figures 5.6 and C5). These values are presented in Table 5.2 and reveal that the T252E 

mutant retains the ability to bind para-substituted benzoic acid substrates tightly. While 4-

methoxybenzoic acid induced a type I difference spectrum (Figure 5.6a), 4-formylbenzoic acid and 

4-ethylthiobenzoic acid induced type II difference spectra (Figures 5.6b and C5c) in agreement 

with the red-shifted Soret band. As the lack of any significant spin-state shift prevented accurate 

measurement of binding affinity, a mass spectrometry method291 was instead used to obtain 

accurate Kd values. These Kd values, obtained by Giang T. H. Nguyen at the University of New 

South Wales, are presented in Table 5.2 alongside literature Kd values for the WT enzyme. While 

the T252E variant displays lower affinity for 4-methoxybenzoic acid than the WT enzyme (1.11 

μM vs. 0.22 μM), the mutant binds 4-methylthio-, 4-ethylthio- and 4-ethynyl-benzoic acid more 

tightly than WT CYP199A4. The T252E mutant also displays substantially higher affinity towards 

4-formylbenzoic acid than the WT enzyme (1.03 μM vs. 48 μM). Evidently, the Thr → Glu 

mutation has not impaired the enzyme’s ability to tightly bind para-substituted benzoic acids. 
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Figure 5.6. UV-Vis titrations to determine the dissociation constant of T252ECYP199A4 with para-substituted benzoic 

acid substrates. The enzyme concentration used and the peak and trough wavelengths are provided under each graph. 

The data were fitted to the Morrison tight-binding equation, but the fits are poor so the Kd values are given to only 

one significant figure.    
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Table 5.2. Binding affinity of the T252E variant of CYP199A4 for para-substituted benzoic acid substrates. Crude Kd 

values were determined by performing UV-Vis titrations. More accurate values were obtained by Giang T. H. Nguyen 

and Dr Alex Donald (University of New South Wales) using a mass spectrometry method.291 Literature Kd values for 

WT CYP199A4 are provided for comparison. 

  T252E WT 
 
Substrate 

 
Method 

Kd (μM) 
UV-Vis titrationa 

Kd (μM) 
Mass spectrometry 

Kd (μM) 
UV-Vis titration 

4-methoxyBA  0.4 ± 0.1 1.11 ± 0.04 0.22 ± 0.02 117 

4-formylBA  0.5 ± 0.1 1.03 ± 0.09 48 ± 2 276 

4-vinylBA  0.02 ± 0.07 0.58 ± 0.02 0.46 ± 0.03 276 

4-methylthioBA  0.1 ± 0.1 0.84 ± 0.08 2.3 ± 0.3 117 

4-ethylBA  0.7 ± 0.2 2.3 ± 0.2 0.34 ± 0.02 117 

4-ethylthioBA  0.02 ± 0.06 0.21 ± 0.01 0.99 ± 0.05 117 

4-ethynylBA   -b 0.88 ± 0.1 1.2 ± 0.3 276 
 

a UV-Vis titrations were performed in triplicate. b Not measured due to interfering absorption by the substrate.  

 

5.2.3   Catalytic activity of T252ECYP199A4 towards para-substituted benzoic acid substrates   

 

In vitro NADH turnovers were subsequently performed to evaluate whether the T252E mutant 

retained any ability to utilise NADH/O2 to oxidise substrates. Mutation of the catalytically 

important threonine residue may impair the enzyme’s normal catalytic cycle and ability to generate 

the active oxidant.130 The lack of any significant substrate-induced spin-state shift to HS implies 

that the mutant may have low activity.100  
The rate of NADH consumption by the T252E mutant with para-substituted benzoic acid 

substrates was exceedingly slow, equivalent to the NADH leak rate (~9 min-1) (Table 5.3, Figure 

2.7b). For comparison, data for the WT enzyme is also given (the values are similar to those 

previously published by others).117, 137, 276-277 HPLC analysis of the T252ECYP199A4 reaction with 4-

methoxybenzoic acid revealed the presence of minor levels of 4-hydroxybenzoic acid arising from 

O-demethylation of the substrate (Figures 5.7 and C6). The coupling efficiency and product 

formation rate were calculated to be 10% and 0.8 min-1, respectively. This product formation rate 

is ~2000-fold slower than the rate of WTCYP199A4-catalysed oxidation of 4-methoxybenzoic acid 

(1440 min-1) and the coupling efficiency is reduced by a factor of >9. Thus, the Thr → Glu 

mutation has largely abolished the enzyme’s ability to utilise NADH/O2 to perform 

monooxygenation reactions. The reducing equivalents may have been lost via competing air 

oxidation of the ferredoxin, generating the superoxide radical which would dismutate to hydrogen 

peroxide.303, 344 Minimal H2O2 was detected in reactions performed without catalase, but, as 

discussed in Chapter 3, if NADH consumption is slow the H2O2 will be lost before the reaction is 

complete (Figure A5).  
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Table 5.3. NADH activity assay data for the T252E mutant and WT CYP199A4 with various para-substituted benzoic 

acid substrates. Values given are the mean ± SD, with n ≥3. The reported NADH consumption rate (N) for the T252E 

mutant is the initial rate over the first 10 minutes. NADH consumption and product formation rates (PFR) are given 

in units of μM (μM-P450)-1 min-1. The NADH leak rate was ~9 min-1. The concentration of NADH used in the T252E 

assays was ~160 μM while ~320 μM NADH was used in the WT assays.  

 

Substrate N (min-1) PFR (min-1) C (%) H2O2 (%) 

4-methoxyBAT252E 9 ± 0.5 0.8 ± 0.1 10 ± 1 2 ± 1 
4-methoxyBAWT 1580 ± 20 1440 ± 30 91 ± 1 -a 
veratric acidT252E 11 ± 0.5 1.6 ± 0.03 14 ± 1 2 ± 1 
veratric acidWT 1078 ± 7 1010 ± 20 93 ± 1 -a 
4-ethylBAT252E 8 ± 0.2 0.5 ± 0.03 6 ± 0.3 1 ± 0.6 
4-ethylBAWT 911 ± 9 810 ± 50 89 ± 4 -a 

 
a It has previously been reported that WT CYP199A4 channels only ~2% of the reducing equivalents into H2O2 

production with the substrates 4-methoxyBA and 4-ethylBA.117  
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Figure 5.7. HPLC analysis of the NADH/O2-driven oxidation of 4-methoxybenzoic acid by T252ECYP199A4 (black) 

and WT CYP199A4 (blue). In red is a control reaction omitting the P450. 4-Hydroxybenzoic acid elutes at 5.8 min 

and the substrate appears at 11.4 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 

nm.  

 

 

In vitro assays were also performed using veratric acid (3,4-dimethoxybenzoic acid) as the 

substrate. This experiment explored whether the regioselectivity of the mutant remained the same 

as that of the WT enzyme, which exclusively demethylates the para substituent. It was plausible 

that the Thr → Glu mutation had altered the substrate orientation in the active site. HPLC analysis 

of the reaction mixture showed that vanillic acid (4-hydroxy-3-methoxybenzoic acid) was the sole 

product and that no isovanillic acid (4-methoxy-3-hydroxybenzoic acid) had been generated 

(Figures 5.8 and C7). Thus, both the WT and T252E isoforms display the same regioselectivity. 

Again, the coupling efficiency was low (14%) and product was formed at a sluggish rate (1.6 min-1).         
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Figure 5.8. HPLC analysis of the NADH/O2-driven oxidation of veratric acid by T252ECYP199A4 (black) and WT 

CYP199A4 (blue). In red is a control reaction omitting the P450. Vanillic acid elutes at 6.1 min. Isovanillic acid (RT 

= 6.4 min) and 3,4-dihydroxybenzoic acid (RT = 4.5 min) are not observed. The substrate appears at 9.4 min. Gradient: 

20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm. * Impurity in substrate.  

 

T252ECYP199A4 consumed NADH with 4-ethylbenzoic acid at a rate equivalent to the leak rate 

(8 min-1) and the coupling efficiency was only 6% (compared to 89% for the WT enzyme). The 

major metabolites were 4-vinylbenzoic acid (~60%) and 4-(1-hydroxyethyl)benzoic acid (~30%), 

arising from hydroxylation at the more reactive benzylic carbon (Figures 5.9 and C8). Lower levels 

of 4-(2-hydroxyethyl)benzoic acid (~6%), 4-acetylbenzoic acid (~0.3%) and 4-oxiran-2-ylbenzoic 

acid (3%) were detected. These products are the same as those generated by the WT enzyme, but 

the T252E variant generated a higher proportion of 4-vinylbenzoic acid and a lower proportion of 

epoxide than the WT enzyme (Table 5.4). Note that for both WT CYP199A4 and the T252E 

mutant, 4-vinylbenzoic acid and the epoxide represent ~60% of the product.  

 

 

Table 5.4. Product distribution for NADH/O2-driven oxidation of 4-ethylbenzoic acid by WT CYP199A4 and the 
T252E variant 

Isoform Product distribution (%) 
 4-vinylBA 4-(1-

hydroxyethyl)BA 
4-(2-

hydroxyethyl)BA 
4-acetylBA 4-oxiran-

2-ylBA 
WT  40 ± 0.3 40 ± 0.1 ~4 <0.5 16 ± 0.4 
T252E 60 ± 0.6 30 ± 0.6 6 ± 0.2 <0.5 3.5 ± 0.5 
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Figure 5.9. HPLC analysis of the NADH/O2-driven oxidation of 4-ethylbenzoic acid by T252ECYP199A4 (black) and 

WT CYP199A4 (blue). In red is a control reaction omitting the P450. Retention times are: 4-vinylbenzoic acid, 14.1 

min; 4-(2-hydroxyethyl)benzoic acid, 6.2 min; 4-(1-hydroxyethyl)benzoic acid, 6.6 min; 4-acetylbenzoic acid, 9.9 min; 

epoxide, 10.4 min. The substrate appears at 14.9 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection 

wavelength: 254 nm. 

 

The insets show enlarged views of the peaks corresponding to the major products in the T252E reaction mixture 

(black chromatogram).   
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5.2.4   H2O2-driven oxidation of 4-methoxybenzoic acid and veratric acid 

 

After establishing that the T252E mutant of CYP199A4 is unable to efficiently use 

NADH/O2 to perform monooxygenation, we investigated whether the mutation conferred 

peroxygenase activity to CYP199A4. In vitro H2O2-driven reactions were performed at 30 ˚C and 

contained 3 μM P450, 1 mM 4-methoxybenzoic acid as the substrate, and 50 mM H2O2 in Tris-

HCl buffer (pH 7.4). Reactions were terminated after 4 hours because it was found that negligible 

product was generated after this time (Figure C9). HPLC analysis of the reaction mixtures revealed 

that both the T252E variant and WT enzyme were able to utilise H2O2 to demethylate 4-

methoxybenzoic acid (Figure 5.10). The amount of product generated by the T252E mutant (379 

± 7 μM) was more than 2-fold greater than that generated by WT CYP199A4 (156 ± 2 μM) over 

the four-hour period. No product was detected in control reactions omitting the P450.  The T252E 

variant was also able to generate substantially more vanillic acid from veratric acid (158 ± 2 μM) 

than WT CYP199A4 (~27 μM) during a four-hour reaction (Figure 5.11).  
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Figure 5.10. HPLC analysis of the amount of 4-hydroxybenzoic acid produced from 4-methoxybenzoic acid by WT 

CYP199A4 (blue) and the T252E mutant (black) during a 4-hour reaction driven by H2O2. The conditions were: 3 

μM P450, 1 mM substrate and 50 mM H2O2 in 50 mM Tris-HCl buffer at 30 ˚C. In red is a control reaction omitting 

the P450. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm. (b) Amount of product 

generated by the T252E mutant at various time points. (c) Time course of product formation. Reactions were 

performed in triplicate and product concentration was measured at time points of 0, 20, 60 and 240 min. A trendline 

was added.  
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Figure 5.11. (a) HPLC analysis of the amount of vanillic acid generated from veratric acid by WT CYP199A4 (blue) 

and the T252E mutant (black) during a 4-hour reaction driven by H2O2. The conditions were: 3 μM P450, 1 mM 

substrate and 50 mM H2O2 in 50 mM Tris-HCl buffer at 30 ˚C. Gradient: 20-95% AcCN in H2O with 0.1% TFA. 

Detection wavelength: 254 nm. (b) Time course of product formation.  

 

Iron(II) and H2O2 (known as Fenton’s reagent) react to generate the hydroxyl radical (HO•), 

a potent oxidant which oxidises organic compounds (Equation 5.1).407-412 Benzene, for example, 

can be oxidised to phenol and biphenyl by Fenton’s reagent (Figure 5.12).407, 413-415  

𝐹𝑒(𝐼𝐼)  +  𝐻ଶ𝑂ଶ  
                  
ሱ⎯⎯⎯⎯ሮ  𝐹𝑒(𝐼𝐼𝐼)  +  𝑂𝐻⁻ +  𝐻𝑂·                                          (𝟓. 𝟏) 

 
Figure 5.12. Benzene can be converted into phenol and biphenyl by Fenton’s reagent (H2O2 and Fe(II)).407, 414-415 

 

To confirm that the substrate had been oxidised by the P450 enzyme, not by a Fenton-type 

reaction arising from free iron or free heme from degraded protein, control reactions were 

performed with an equivalent amount of denatured T252ECYP199A4 instead of functional enzyme 

(Figures C10 and C11). To denature the enzyme, it was heated at 80 ˚C for 45 minutes. A second 

control reaction was performed with CYP101B1, a P450 which does not bind para-substituted 

benzoic acids (Figures C10–C12). No product was detected in either of these reactions, 

demonstrating that a Fenton-type reaction was not responsible for product formation. 

We additionally investigated whether the T252ECYP199A4 enzyme exhibited any activity towards 

4-nitroanisole, which is a substrate of WT CYP199A4, albeit a poor one which binds weakly and 

is oxidised at a rate of only 14 min-1.181, 333 The vivid yellow demethylation product, 4-

nitrophenolate, absorbs strongly at 410 nm (ε410 = 18.3 mM-1 cm-1), which enables product 

formation to be conveniently monitored by UV-Vis spectrophotometry (Figure C13a).181, 333 

However, when reactions containing 3 μM T252ECYP199A4, 1 mM 4-nitroanisole and 60 mM H2O2 



 

119 
 

were performed, we could detect no yellow colour. Instead, we observed a rapid decrease in 

absorbance at 410 nm due to bleaching of the P450 heme by H2O2 (Figure C13b). This prompted 

us to investigate how rapidly various concentrations of H2O2 destroy the T252ECYP199A4 enzyme.  

In the presence of ≥10 mM H2O2, the T252ECYP199A4 enzyme appeared to be almost completely 

bleached within ~10 min (Figure 5.13). Higher H2O2 concentrations (e.g. 60 mM H2O2) resulted 

in faster bleaching and the bleached enzyme was completely inactive (Figures C14 and C15). The 

presence of 4-methoxybenzoic acid or other benzoic acid substrates, however, was found to 

protect the T252E mutant from rapid bleaching (Figures 5.14 and C16). The rate of heme bleaching 

was substantially reduced when 4-methoxybenzoic acid was bound. This is in contrast to the results 

of Cirino230, 416 and Li229, who found that the presence of substrate resulted in more rapid 

bleaching/inactivation of P450BM3 by H2O2. Substrate-free WTCYP199A4 was bleached more slowly 

than substrate-free T252ECYP199A4 when exposed to 60 mM H2O2 (Figure 5.15).  
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                          (a) 1 mM H2O2                                               (b) 10 mM H2O2 
Figure 5.13. Rate of heme bleaching of substrate-free T252ECYP199A4 (3 μM) when exposed to (a) 1 mM H2O2 and 

(b) 10 mM H2O2. Difference spectra were recorded at 2-minute intervals to monitor the loss of the Soret absorbance 

band. 

 

300 400 500 600

-0.3

-0.2

-0.1

0.0

A
b
so

rb
a
n
ce

Wavelength (nm)

 1 min
 3 min
 5 min
 7 min
 9 min
 11 min
 13 min
 15 min
 17 min
 19 min
 21 min
 23 min
 25 min
 27 min

3 M T252E
CYP199A4

 

+ 1 mM 4-methoxybenzoic acid
+ 60 mM H

2
O

2

300 400 500 600

-0.3

-0.2

-0.1

0.0

A
bs

or
b
a
nc

e

Wavelength (nm)

 1 min
 3 min
 5 min
 7 min
 9 min
 11 min
 13 min
 15 min

3 M T252E
CYP199A4 

+ 60 mM H
2
O

2

(no substrate)

 
                      (a) substrate present                                            (b) no substrate 

Figure 5.14. Rate of heme bleaching of the T252ECYP199A4 enzyme (3 μM) exposed to 60 mM H2O2 in (a) the presence 

of 1 mM 4-methoxybenzoic acid and (b) in the absence of substrate. Spectra were recorded at 2 min intervals to 

monitor bleaching.  
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Figure 5.15. Comparison of the rate of heme bleaching of (a) substrate-free T252ECYP199A4 enzyme (3 μM) exposed 

to 60 mM H2O2, and (b) substrate-free WT CYP199A4 exposed to 60 mM H2O2.  

 

5.2.5   Crystal structure of T252ECYP199A4 in complex with 4-methoxybenzoic acid  
 

To rationalise the properties of the T252E mutant, we solved crystal structures of the 

substrate-bound enzyme, though we were unable to obtain a structure of the substrate-free form 

(Figure C17). We obtained crystals of the 4-methoxybenzoate-T252ECYP199A4 complex using the 

hanging-drop vapour-diffusion method. Crystallisation screening trials using the Hampton 

Research Crystal Screen HT kit were initially performed to identify favourable crystallisation 

conditions (Figure 2.12), but we found that higher-quality crystals could be obtained using 

conditions previously optimised for the WT enzyme (0.2 M magnesium acetate, 100 mM Bis-Tris 

(pH 5.0-5.75) and 20-32 % PEG-3350)117 (Figure 2.13). X-ray diffraction data for 4-

methoxbenzoate-T252ECYP199A4 crystals were obtained at the Australian Synchrotron316, beamline 

MX1, and the crystal structure was solved at 1.55-Å resolution. Data collection and refinement 

statistics are presented in Table C2. 

 
Figure 5.16. Overlaid structures of the T252E mutant (yellow cartoon, magenta heme) and WT CYP199A4 (blue 

cartoon, green heme) with 4-methoxybenzoate bound. The RMSD between the Cα atoms is 0.579 Å (over 393 pairs).  
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The overall structure of the T252E variant was found to be highly similar to that of the WT 

enzyme. Figure 5.16 shows superimposed Cα traces of the T252E variant and WT enzyme in 

complex with 4-methoxybenzoate, illustrating that the single-point mutation in the active site has 

not significantly altered the overall fold of the enzyme. The RMSD between the Cα atoms of the 

superimposed structures is 0.579 Å over all 393 pairs. WT CYP199A4 is known to bind a chloride 

ion in its anion binding site29, and a sphere of electron density located in a similar position in the 

T252E mutant was also modelled as a chloride ion (Figure C18). In the mFo-DFc difference electron 

density map, positive density unambiguously revealed the location of the substrate in the substrate 

binding pocket, the position of the Glu252 side-chain and the presence of a 0.92-occupancy 

aqua/hydroxo ligand (W17) to the heme (Fe–O distance 2.1 Å) (Figure 5.17). Retention of the 

sixth axial ligand indicates that it must be more tightly bound in the T252E mutant than in the WT 

enzyme and is consistent with the observation that substrate binding induced only minimal 

perturbation of the spin-state equilibrium. It is also consistent with the difficulty in reducing the 

T252E mutant and low catalytic activity.100 Hydrogens are invisible in the electron density map and 

therefore we cannot identify whether the axial ligand to the heme is water or hydroxide.330 Rather 

than directly ligate the heme, the Glu252 side-chain carboxylate interacts with the H2O/OH− ligand 

via a hydrogen bond, with a donor-acceptor distance of 2.6 Å. This interaction must stabilise the 

water ligand, preventing displacement when substrate binds. In the WT enzyme, the aqua ligand is 

only loosely bound and is readily displaced by para-substituted benzoic acids117, vacating the sixth 

axial site and allowing dioxygen to bind.   

 

Figure 5.17. Crystal structure of the T252E mutant of CYP199A4 in complex with 4-methoxybenzoate. A composite 

omit map of the substrate, water ligand (W17) and E252 side-chain is shown as grey mesh contoured at 2.0 σ (1.5 Å 

carve). The image on the right depicts the oxygen-binding groove. The carboxylate of E252 is hydrogen-bonded to 

the water/hydroxide ligand (W17), the amide N of G249 and to a second water (W50). The proximal cysteine ligand, 

iron and the water/hydroxide ligand are linearly arranged (S-Fe-O angle = 172.7˚).  
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The position of the benzoic acid moiety of 4-methoxybenzoic acid is almost identical in both 

the T252E mutant and WT enzyme. However, the orientation of the methoxy group differs (Figure 

5.18 and Table 5.5). In the WT enzyme, the para-methoxy substituent lies almost in the same plane 

as the benzene ring. In the T252E mutant, on the other hand, the methoxy moiety is rotated out 

of the plane of the benzene ring by 18˚ to avoid a steric clash with the H2O/OH− ligand (Figure 

5.18, black arrow, and Figure C19). This rotation results in the methyl carbon being held 0.3 Å 

further from the heme iron than in the WT enzyme. The distance between the H2O/OH− ligand 

and the methyl carbon is 3.2 Å. 

 

Figure 5.18. Overlaid structures of WT (cyan) and T252E CYP199A4 (yellow) with 4-methoxybenzoate bound. The 

waters and chloride in the T252E structure are labelled.  

 

Mutation of Thr252 to Glu resulted in alterations in the structure of the oxygen-binding 

groove in the I-helix (Figures 5.19 and 5.20). In WT CYP199A4, the backbone carbonyl of Ala248 

is hydrogen-bonded to the hydroxyl of Thr252 (Figure 5.20a). In the T252E variant, however, the 

amide bond linking Ala248 and Gly249 is flipped by ~180˚ (Figure 5.19b, black arrow). This results 

in the carbonyl of Ala248 instead pointing away from residue 252 and the amide NH of Gly249 

pointing towards Glu252. This peptide flip allows the amide NH of Gly249 to hydrogen-bond to 

the two carboxylate oxygens of Glu252 (2.7 Å and 3.1 Å) (Figure 5.17). The Glu252 side-chain 

carboxylate is also hydrogen-bonded to the amide NH of Glu252 (2.5 Å) and to an ordered water 

molecule (W50) (2.4 Å). In the structure of the WT enzyme there is no water at this position, but 

there is an ordered water located nearby (W1063) (Figure 5.19a). The closest carboxylate oxygen 

of Glu252 is located 4.2 Å from the heme iron. The orientation of the catalytic residue D251 is 

also altered in the T252E mutant (Figure 5.19a).  

 

 

 



 

123 
 

(a)  

(b)  (c)  

Figure 5.19. (a) Overlaid oxygen-binding grooves of WT CYP199A4 (cyan) and the T252E variant (yellow). Waters 

are represented by yellow and cyan spheres. (b) In the T252E variant the amide bond linking Ala248 and Gly249 is 

flipped by ~180˚ (black arrow). (c) Comparison of the I-helix structure of WT CYP199A4 (cyan Cα trace) and the 

T252E variant (yellow Cα trace).  

 

(a)  

(b)  

Figure 5.20. Hydrogen bonding interactions in the I-helix of (a) WT CYP199A4 (cyan) and (b) the T252E variant 

(yellow). The T252 → E mutation alters the structure of the I-helix and the hydrogen bonding network. In this mutant 

the side chain of T253 is rotated (movement described by the black arrow) to allow the hydroxyl to form a hydrogen 

bond to the carbonyl of G249.  
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The T252 → E mutation modified the hydrogen bonding network in the I-helix (Figure 5.20). 

In the WT enzyme, the side chain hydroxyl of T253 is hydrogen-bonded to the carbonyl of L250 

and peptide NH of V254 (Figure 5.20a). In the T252E mutant, the side chain of this threonine is 

rotated (Figure 5.20b, black arrow). This allows the T253 hydroxyl to instead form a hydrogen 

bond to the carbonyl of G249. In the WT enzyme, the hydroxyl of T253 is too far (3.9 Å) from 

G249 to form a hydrogen bond. The orientation of the T253 side chain in the T252E mutant 

resembles the orientation of the equivalent threonine in P450terp, P450cin, and P450BM3 (Figure C20). 

 

Table 5.5. Distances and angles between notable features of the 4-methoxybenzoate-T252E crystal structure. Values 

are also given for WT CYP199A4 (PDB ID: 4DO1) in complex with 4-methoxybenzoic acid for comparison.  

 
Species 1 

 
Species 2 

Distance (Å) 
T252E WT (PDB: 

4DO1) 
Fe OH2/OH– ligand 2.1 - 
Fe C358 Sγ 2.3 2.4 
Fe CMe 4.4 4.1 
Fe OMe 5.0 5.2 
Fe closest O of E252 4.2 - 

OH2/OH– ligand closest O of E252 2.6 - 
OH2/OH– ligand CMe 3.2 - 
OH2/OH– ligand OMe 3.4 - 

amide NH of G249 closest O of E252 2.7 - 
amide NH of G249 furthest O of E252 3.1 - 
amide NH of E252 closest O of E252 2.5 - 

amide carbonyl O of 
A248 

hydroxyl O of T252 - 2.6 

WAT50 closest O of E252 2.4 - 
CMe closest C of F298 (Cζ) 3.4 3.8 

Angle (˚)   
dihedral angle CMe-O-C3-C4 -18.3 2.1 

Occupancies   
OH2/OH– ligand 92% - 

 
 

5.2.6   Crystal structures of T252ECYP199A4 in complex with 4-methylthio- and 4-ethylthio-

benzoic acid 
 

Crystal structures were also solved of the T252E mutant in complex with 4-methylthiobenzoic 

acid and the bulkier substrate 4-ethylthiobenzoic acid (Figures 5.21 and 5.22) to explain the Soret 

band red-shifts induced by these substrates. The turnover of these substrates will be investigated 

with T252ECYP199A4 in more detail in Chapter 6. The structures were both solved at 1.66-Å 

resolution (Table C2). Again, the fold of the T252E mutant in complex with these substrates was 

highly similar to that of the WT enzyme (RMSD ~0.4 Å, Figure C21). Neither substrate displaced 
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the heme-bound H2O/OH− ligand. In the 4-ethylthiobenzoic acid structure, the refined occupancy 

of the H2O/OH− ligand was 100%, while in the 4-methylthiobenzoic acid structure the occupancy 

was 80%. The Fe–O distance was similar in both structures (2.1 vs. 2.2 Å). In each structure, the 

substrate sulfur is in proximity to the heme-bound oxygen ligand and would be interacting with 

this ligand. This interaction would explain the Soret band red-shift. In the 4-methylthiobenzoic 

acid structure, the sulfur is 3.3 Å from the H2O/OH− ligand, while in the 4-ethylthiobenzoic acid 

structure the sulfur is closer to the aqua/hydroxo ligand (3.1 Å) (Table 5.6).  

   
Figure 5.21. Crystal structure of the T252E mutant of CYP199A4 in complex with 4-methylthiobenzoate. A 

composite omit map of the substrate, water ligand (W1) and E252 side-chain is shown as grey mesh contoured at 1.5 

σ (1.5 Å carve). The 4-methylthiobenzoic acid sulfur could be interacting with the iron-bound oxygen ligand (3.3 Å).  

 
Figure 5.22. Crystal structure of the T252E mutant of CYP199A4 in complex with 4-ethylthiobenzoate. A feature-

enhanced map of the substrate, F298 and water ligand (W1) is shown as grey mesh contoured at 1.0 σ (1.5 Å carve). 

There is an interaction between the 4-ethylthiobenzoic acid sulfur and the iron-bound aqua/hydroxo ligand (3.1 Å). 

 

Again, we found that the positioning of these substrates in the active site of the T252E mutant 

was only subtly different to their positioning in the WT enzyme (Table 5.6). Figures 5.23 and 5.24 

show the overlaid structures of WT CYP199A4 and the T252E mutant in complex with 4-

methylthio- and 4-ethylthio-benzoic acid. In the T252E structures, the substrates are shifted further 
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away from the heme due to the presence of the aqua/hydroxo ligand. Because of this shift, the 

methylthio moiety of 4-methylthiobenzoic acid is nearer to residue 298 in the T252E structure than 

in the WT structure and consequently the phenyl ring of F298 has rotated away to accommodate 

the methylthio moiety (Figure 5.23). When 4-ethylthiobenzoic acid binds to both WT CYP199A4 

and the T252E mutant, the bulky ethylthio moiety displaces the side-chain of F298.  

 

 

Figure 5.23. Overlaid structures of WT (cyan; PDB ID: 5KT1)117 and T252E CYP199A4 (yellow) with 4-

methylthiobenzoate bound. The waters and chloride in the T252E structure are labelled.  

 

 

Figure 5.24. Overlaid structures of WT (cyan; PDB ID: 5U6U)117 and T252E CYP199A4 (yellow) with 4-

ethylthiobenzoate bound. The waters and chloride in the T252E structure are labelled.  
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Table 5.6. Distances and angles between notable features of the 4-methylthio- and 4-ethylthio-benzoate-bound T252E 

crystal structures. Values are also given for the WT structures for comparison.117  

 
Distance 

4-Methylthio-
T252E 

4-Methylthio-
WT            

(PDB: 5KT1)117 

4-Ethylthio-
T252E 

4-Ethylthio-WT 
(PDB: 5U6U)117 

Fe - OH2/OH– ligand 2.2 - 2.1 - 
Fe - C358 Sγ 2.3 2.5 2.3 2.4 
Fe - CMe/CH2 4.8 4.5 5.4 5.2 
Fe - CH3 - - 6.9 6.7 
Fe - S 5.1 5.0 4.9 4.8 
Fe - closest O of E252 4.4 - 4.3 - 
OH2/OH– ligand - closest O 
of E252 

2.7 - 2.7 - 

OH2/OH– ligand - CMe/CH2 3.6 - 4.2 - 
OH2/OH– ligand - S 3.3 - 3.1 - 
Angle (˚)     
dihedral angle CMe-S-C3-C4  -31.8 -33.9 -59.4 -55.2 
Occupancies     
OH2/OH– ligand 80% - 100% - 
 

           
 

5.2.7   Binding bulky hydrophobic ligands to the T252E mutant to attempt to displace the 

iron-bound aqua/hydroxo ligand 

 

The T252ECYP199A4 crystal structures revealed that 4-methoxy-, 4-methylthio- and 4-ethylthio-

benzoic acid are unable to displace the heme-bound H2O/OH− ligand in this mutant. To probe 

how tightly the oxygen ligand is bound to the iron, we attempted to displace it using various bulky 

hydrophobic substrates (4-thiophen-3-ylbenzoic acid, 4-benzylbenzoic acid, 4-cyclohexylbenzoic 

acid, 4-phenylbenzoic acid, 4-isopropylbenzoic acid and 4-t-butylbenzoic acid). We reasoned that 

these substrates, due to their steric bulk, would have greater likelihood of removing the ligand. 

When added to WT CYP199A4, they all induce large shifts to high-spin (≥90% HS).219, 277 The 

spin-state shift of the T252E mutant induced by each of these substrates was measured, but again 

the lack of any substantial shift to HS implied that the aqua ligand had not been displaced (Figures 

5.25 and C22, Table 5.7). The sulfur-containing ligand 4-thiophen-3-ylbenzoic acid induced a 1.0 

nm red-shift in the Soret band position, whereas 4-phenyl- and 4-benzyl-benzoic acid induced 0.5 

nm red-shifts (Figure C23). 4-Cyclohexylbenzoic acid appeared to induce a ~10% shift to HS and 

bound more weakly to the T252E variant than to the WT enzyme (1.46 ± 0.08 vs. 0.45 ± 0.05 μM) 

(Figure C22, Table C3).277 4-t-Butylbenzoic acid also induced a ~10% shift to HS (Figure C22c). 

Crystal structures of the T252E mutant in complex with 4-benzylbenzoic acid and 4-thiophen-3-

ylbenzoic acid confirmed that these bulky ligands had not displaced the water (Figures 5.26 and 



 

128 
 

5.27), but we were unable to obtain the crystal structure of the mutant in complex with 4-t-

butylbenzoic acid or 4-cyclohexylbenzoic acid (Figure C24). The crystals of 4-t-butylbenzoate-

T252ECYP199A4 diffracted poorly. We also attempted to solve the crystal structure of T252ECYP199A4 

in complex with the bulky substrate 4-isopropylbenzoic acid, which induces a ~10% shift to HS, 

but the isopropyl methyl groups were not visible in the electron density map (Figure C25).   
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Figure 5.25. Spin-state shifts of the T252E mutant of CYP199A4 induced by (a) 4-benzylbenzoic acid, (b) 4-

thiophen-3-ylbenzoic acid, (c) 4-cyclohexylbenzoic acid, and (d) 4-phenylbenzoic acid. Substrate-free T252ECYP199A4 

is in black and substrate-bound T252ECYP199A4 in red. For comparison, the spin-state shift of WT CYP199A4 is given 

in blue.  

 

Table 5.7. Spin-state shifts induced by binding of various bulky substrates to the T252E mutant of CYP199A4. Shifts 

for the WT enzyme, previously reported by others, are included for comparison. 4-Benzyl-, 4-thiophen-3-yl- and 4-

phenyl-benzoic acid induced small Soret band red-shifts from 419.5 → 420.0 or 420.5 nm upon binding to 

T252ECYP199A4 (Figure C23).  
 

Substrate Spin-state shift (% HS) 

T252E WT 

4-benzylBA ~0.5 nm red-shift 90% 277 

4-thiophen-3-ylBA ~1.0 nm red-shift 90% 277 

4-cyclohexylBA ~10% ≥95% 277  

4-phenylBA ~0.5 nm red-shift 90% 277 

4-isopropylBA ~10% ≥95% 

4-t-butylBA ~10% 90% 277 
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Figure 5.26. Crystal structure of the T252E mutant of CYP199A4 in complex with 4-benzylbenzoate. A feature-

enhanced map of the substrate, F298 and water ligand (W1) is shown as grey mesh contoured at 1.5 σ (1.5 Å carve).  

 

Table 5.8. Distances and angles between notable features of the 4-benzylbenzoic acid-bound T252ECYP199A4 structure.  

 

Distance 4-benzylBA 
T252E 

Fe - OH2/OH– ligand 2.0 
Fe - C358 Sγ 2.3 
Fe - closest O of E252 4.1 
OH2/OH– ligand - closest O of E252 2.3 
C7 - OH2/OH– ligand 3.3 
Fe - C7 4.8 
Fe - C3 5.5 
Fe - C13 5.1 
C2 - closest carbon of F298 3.2 
Angle (˚)  
dihedral angle C13-C8-C7-C4 -91.1 
Occupancies  
OH2/OH– ligand 92% 
4-Benzylbenzoic acid 82% 

 

C8
C13

O

OH
C7

C4C2
C3
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Figure 5.27. Crystal structure of the T252E mutant of CYP199A4 in complex with 4-thiophen-3-ylbenzoate. A 

feature-enhanced map of the substrate, F298, and water ligand (W305) is shown as grey mesh contoured at 1.0 σ (1.5 

Å carve). The two orientations of the 4-thiophen-3-ylbenzoic acid ligand are shown in green (sulfur pointing ‘up’ away 

from heme) and pink (sulfur pointing ‘down’ towards heme).  

 

The crystal structures of 4-benzyl- and 4-thiophen-3-yl-benzoate-bound T252ECYP199A4 were 

solved at resolutions of 1.77 and 2.02 Å (Table C2). The refined occupancy of the H2O/OH– ligand 

was 92% in the 4-benzylbenzoate-T252E crystal structure, and 100% in the 4-thiophen-3-

ylbenzoate-T252E structure. The Fe–O distances are 2.0 and 2.1 Å, respectively. In the 4-

benzylbenzoate-T252ECYP199A4 structure, the para-benzyl group points away from the heme and 

occupies the space vacated by F298 (Figure 5.26). The crystal structure of the WT enzyme in 

complex with 4-benzylbenzoic acid has not been reported. The B-factors are higher for the atoms 

of the para-benzyl group than those of the benzoic acid moiety, indicating that the benzyl group 

has greater mobility in the active site (Table C4).314, 417 The closest carbon atom of 4-benzylbenzoic 

acid to the heme iron is the benzylic carbon (4.8 Å), and this is the position at which the substrate 

is hydroxylated by WT CYP199A4 (Table 5.8).277 WT CYP199A4 is known to convert this substrate 

in in vivo turnovers into both 4-(hydroxy(phenyl)methyl)benzoic acid and the further oxidation 

product 4-benzoylbenzoic acid.277   

We investigated whether the T252E mutant also displayed activity towards this substrate, 

using H2O2 instead of NADH/O2 to drive catalysis. We found that the T252E could indeed utilise 

H2O2 to convert 4-benzylbenzoic acid into the same two oxidation products (Figure 5.28).  
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Figure 5.28. HPLC analysis of the H2O2-driven oxidation of 4-benzylbenzoic acid by T252ECYP199A4. In black is the 

in vitro reaction, in red is a control reaction performed with heat-denatured T252E enzyme, in blue is authentic 4-

(hydroxy(phenyl)methyl)benzoic acid (RT = 12.8 min) synthesised and purified by Tom Coleman (using a CYP199A4 

whole-cell system)277 and in orange is authentic 4-benzoylbenzoic acid (RT = 15.5 min). The substrate appears at 17.6 

min. Conditions: 3 μM P450, 50 mM H2O2, reaction time = 240 min, T = 30˚C. Gradient: 20-95% AcCN in H2O with 

0.1% TFA. Detection wavelength: 254 nm. 

 

Figure 5.29 shows the overlaid structures of WT CYP199A4 and the T252E mutant in 

complex with 4-thiophen-3-ylbenzoic acid. This comparison reveals that the position of the 

substrate is highly similar in both structures, but the substrate appears to be subtly shifted away 

from the heme in the T252E structure. The thiophene ring of 4-thiophen-3-ylbenzoic acid could 

either be oriented with the sulfur pointing ‘down’ towards the heme or pointing ‘up’ away from 

the heme (Figure C26). Both orientations of the ligand were modelled, and the refined occupancies 

of these alternative conformations were 36% ‘down’ and 45% ‘up’ in the T252E structure (Tables 

C5 and C6); the overall occupancy of the substrate was 81%. In the ‘down’ orientation the distance 

between the aqua ligand and sulfur is 4.3 Å (Table 5.9). An interaction between the sulfur and aqua 

ligand would explain the 1.0 nm Soret band red-shift induced by this substrate.154 In the WT 

structure, the ligand is oriented with the sulfur pointing ‘down’ towards the heme, and the water is 

displaced by this bulky ligand.277  

In the crystal structures of T252ECYP199A4 in complex with 4-methoxy-, 4-methylthio-, 4-

ethylthio- and 4-pyridin-2-yl-benzoic acid, the cysteine sulfur ligand, iron and H2O/OH– ligand are 

linearly arranged (S-Fe-O angle ≈180˚) (Table C7). We noticed that when the bulky hydrophobic 

substrates 4-benzylbenzoic acid and 4-thiophen-3-ylbenzoic acid are bound, the S-Fe-O angle is 
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bent because the aqua/hydroxo ligand is shifted away from the sterically bulky substrate (Figure 

5.30). In the 4-thiophen-3-ylbenzoic acid structure, the Fe-O bond is at a 20.7˚ angle to the Fe-S 

bond. In the 4-benzylbenzoic acid structure, the Fe-O bond is at a 15.9˚ angle to the Fe-S bond. 

In summary, this study reveals that even sterically bulky ligands are unable to displace the 

aqua/hydroxo ligand in the T252E mutant, which must be tightly bound.  

 
Figure 5.29. Overlaid structures of WT (green; PDB: 6C3J) and T252E CYP199A4 (pink) with 4-thiophen-3-

ylbenzoate bound. The waters and chloride in the T252E structure are labelled.  
 

Table 5.9. Distances and angles between notable features of the 4-thiophen-3-ylbenzoate-bound T252E and WT 

CYP199A4 crystal structures. Note that distances are given for the conformation in which the sulfur of the ligand is 

pointing ‘down’ towards the heme. Distances for the alternative conformation are given in Table C5.  
 

 
Distance 

4-thiophen-
3-yl-T252E 

4-thiophen-3-
yl-WT (PDB: 

6C3J)277 
Fe - OH2/OH– ligand 2.1 - 
Fe - C358 Sγ 2.3 2.4 
Fe - C8 4.2 4.2 
Fe - S9 5.1 5.2 
Fe - closest O of E252 4.2 - 
OH2/OH– ligand - closest O 
of E252 

2.2 - 

OH2/OH– ligand - C8 3.3 - 
OH2/OH– ligand - S9 4.3 - 
Angle (˚)   
dihedral angle C8-C7-C6-C5 54.6 50.0 
Occupancies   
OH2/OH– ligand 100% - 
4-Thiophen-3-ylbenzoic acid 81% - 

C6

C5

O

OH

C7

C8
S9

C10
C11
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(a)  (b)  

 

Figure 5.30. The active-site structure of 4-methoxybenzoic acid-bound T252ECYP199A4 (yellow) overlaid with (a) the 

4-thiophen-3-ylbenzoic acid structure (blue) and (b) the 4-benzylbenzoic acid structure (magenta). When bulky 

hydrophobic substrates are bound, the S-Fe-O angle is bent because the H2O/OH– ligand is shifted away from the 

sterically bulky substrate (black arrow).  

 

 

5.2.8   Binding type II ligands to the T252E mutant to attempt to displace the iron-bound 

water ligand 

 

As we were unable to displace the heme-bound H2O/OH– ligand using various sterically bulky 

substrates, we next used type II ligands to attempt to displace the water. These ligands contain N 

and O heteroatoms that could replace the water as the sixth axial ligand to the heme. 4-

Propionylbenzoic acid, 4-pyridin-2-ylbenzoic acid and 4-pyridin-3-ylbenzoic acid all induce type II 

shifts when they bind to WT CYP199A4.277 These substrates were also found to induce red-shifts 

of the Soret band when they were added to the T252E mutant (Figures 5.31 and C27, Table C8). 

4-Propionylbenzoic acid (and its isomer 4-2-oxopropylbenzoic acid) both induced a ~2.5 nm red-

shift, while the pyridine compounds induced greater shifts. 4-Pyridin-2-ylbenzoic acid induced a 

~3 nm shift and 4-pyridin-3-ylbenzoic acid a ~3.5 nm shift. 4-Pyridin-2-ylbenzoic acid was found 

to bind more tightly to the T252E mutant than to WT CYP199A4 (0.10 ± 0.01 vs. 1.0 ± 0.1 μM277) 

(Figure C28, Table C9). On the other hand, 4-pyridin-3-ylbenzoic acid displayed lower affinity for 

the T252E mutant than for the WT enzyme (7.9 ± 0.1 vs. 2.3 ± 0.1 μM277).  
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Figure 5.31. Spin-state shifts of the T252E mutant of CYP199A4 induced by (a) 4-2-oxopropylbenzoic acid, (b) 4-

propionylbenzoic acid, (c) 4-pyridin-2-ylbenzoic acid, and (d) 4-pyridin-3-ylbenzoic acid. 

 

I previously demonstrated that 4-pyridin-3-ylbenzoic acid directly coordinates to the heme 

iron in WT CYP199A4, but 4-pyridin-2-ylbenzoic acid instead hydrogen-bonds to the heme-bound 

water. 4-Pyridin-3-ylbenzoic acid was therefore the obvious compound to use to try to displace the 

heme-bound aqua ligand in the T252E mutant. Although we obtained crystals of the 4-pyridin-3-

ylbenzoate-T252ECYP199A4 complex, we were unable to solve the crystal structure (Figure C24). The 

crystal structure of 4-pyridin-2-ylbenzoate-bound T252ECYP199A4, on the other hand, was readily 

solved (at 1.73-Å resolution) (Table C2). This crystal structure revealed that the binding mode of 

4-pyridin-2-ylbenzoic acid in T252ECYP199A4 is almost identical to its binding mode in WT 

CYP199A4 (Figure 5.32). The nitrogen of the pyridine moiety hydrogen-bonds to the heme-bound 

H2O/OH– ligand, the occupancy of which is 100% (Figure C29). The Fe–O distance is 2.3 Å and 

the donor-acceptor distance between the H2O/OH– ligand and pyridine N is 2.7 Å. This hydrogen 

bond is slightly shorter than in the WT enzyme (2.9 Å). Figure 5.33 and Table 5.10 compare the 

structures of WT CYP199A4 and the T252E mutant with 4-pyridin-2-ylbenzoic acid bound.  
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Figure 5.32. Crystal structure of the T252E mutant of CYP199A4 in complex with 4-pyridin-2-ylbenzoate. A feature-

enhanced map of the substrate, F298, and water ligand (W1) is shown as grey mesh contoured at 2.0 σ (1.5 Å carve). 

The pyridine ring is at a 40˚ angle to the Fe-S bond.  

 

Figure 5.33. Overlaid structures of WT (cyan) and T252E CYP199A4 (yellow) with 4-pyridin-2-ylbenzoate bound. 

The waters and chloride in the T252E structure are labelled.  
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Table 5.10. Distances and angles between notable features of the 4-pyridin-2-ylbenzoate-bound T252E and WT 

CYP199A4 crystal structures.  

 
Distance 

4-pyridin-
2-yl-T252E 

4-pyridin-
2-yl-WT 

Fe - OH2/OH– ligand 2.3 2.2 
Fe - C358 Sγ 2.3 2.3 
Fe - closest O of E252 4.3 - 
OH2/OH– ligand - closest O of E252 2.4 - 
OH2/OH– ligand - pyridine N4 2.7 2.9 
OH2/OH– ligand - C5 3.3 3.3 
Angle (˚)   
dihedral angle N4-C3-C7-C8 63.1 60.6 
Occupancies   
OH2/OH– ligand 100% 76% 
4-Pyridin-2-ylbenzoic acid 100% 100% 

           
 

When 4-pyridin-3-ylbenzoic acid binds to WT CYP199A4, it coordinates directly to the heme 

iron and induces a larger red-shift of the Soret band than 4-pyridin-2-ylbenzoic acid, which does 

not displace the water (Chapter 4). 4-Pyridin-3-ylbenzoic acid induces a 5 nm red-shift of the Soret 

peak (from 419 to 424 nm), whereas 4-pyridin-2-ylbenzoic acid only shifts the Soret peak by 3 nm 

to 422 nm. As discussed in Chapter 4, the difference spectra induced by these two ligands when 

they bind to WT CYP199A4 are also noticeably different (Figure 5.34a). 4-Pyridin-3-ylbenzoic acid 

induces a larger Soret band trough, and additionally induces a trough at 570 nm which does not 

appear in the 4-pyridin-2-ylbenzoic acid spectrum. This trough at 570 nm arises from a decrease in 

intensity of the α band. A prominent peak also appears at 372.5 nm in the 4-pyridin-3-ylbenzoic 

acid spectrum which is absent from the 4-pyridin-2-ylbenzoic acid spectrum (Tables 5.11 and 5.12).   

For the T252E mutant, the difference spectra induced by 4-pyridin-2-ylbenzoic acid and 4-

pyridin-3-ylbenzoic acid are almost indistinguishable (Figure 5.34c). They do not resemble the 

spectrum of WT CYP199A4 with 4-pyridin-3-ylbenzoic acid bound but instead both closely 

resemble the spectrum induced by 4-pyridin-2-ylbenzoic acid. The magnitude of the red-shift is 

almost the same for both ligands (3 vs. 3.5 nm), and the α-band remains more intense than the β-

band (a characteristic of P450s in complex with oxygen donor ligands363, 365) (Figure 5.34b). There 

is also no increase in the intensity of the δ-band. This is evidence that 4-pyridin-3-ylbenzoic acid 

does not displace the water in the T252E mutant. Similar results were obtained with the type II 

ligand 4-1H-imidazol-1-ylbenzoic acid, suggesting retention of the oxygen donor ligand in the 

T252E variant (Figure C30).  

As discussed in Chapter 4, ferrous P450s with directly bound σ-donor nitrogen ligands display 

red-shifted Soret peaks at 440-450 nm. To confirm that the nitrogen ligands were not directly 

bound to the heme iron in the T252E variant, I attempted to reduce the T252E mutant in the 
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presence of the N-donor substrates but, as reported earlier, this variant did not seem to be fully 

reduced by dithionite (Figures C31–C33).  
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Figure 5.34. (a) Difference spectra of WT CYP199A4 with 4-pyridin-3-ylbenzoic acid (red) and 4-pyridin-2-ylbenzoic 

acid (blue). The enzyme concentration was 5.2 μM. (b) Spin-state shift of T252ECYP199A4 with 4-pyridin-3-ylbenzoic 

acid (red) and 4-pyridin-2-ylbenzoic acid (blue). In black is substrate-free enzyme. (c) Difference spectra of 

T252ECYP199A4 with 4-pyridin-3-ylbenzoic acid (red) and 4-pyridin-2-ylbenzoic acid (blue). The enzyme concentration 

was 3.7 μM. 

 

Table 5.11. Difference spectra peaks and troughs for 4-pyridin-2-yl- and 4-pyridin-3-yl-benzoic acid-bound 

T252ECYP199A4 and WT CYP199A4.  

WT CYP199A4 λtrough (nm) λpeak (nm) 
4-pyridin-2-ylbenzoic acid 412 430 
4-pyridin-3-ylbenzoic acid 414 (prominent trough) 432 

T252E CYP199A4 λtrough (nm) λpeak (nm) 
4-pyridin-2-ylbenzoic acid 413 431.5 
4-pyridin-3-ylbenzoic acid 413.5 431.5 

 

Table 5.12. Additional peaks and troughs in the difference spectra of 4-pyridin-2-yl- and 4-pyridin-3-yl-benzoic acid-

bound WT CYP199A4.  

WT CYP199A4 λtrough (nm) λpeak (nm) 
4-pyridin-2-ylbenzoic acid - 577 (/β band region) 
4-pyridin-3-ylbenzoic acid 570 ( band) 372.5 
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5.2.9   Electron paramagnetic resonance (EPR) data for the T252ECYP199A4 mutant 

 

EPR experiments were performed to evaluate whether binding of substrates to the T252E 

mutant induces any shift to HS and to investigate the identity of the sixth axial ligand to the heme. 

In the low-spin state, ferric P450s have g-values of ~2.45, 2.26, and 1.91, but in the high-spin state 

they have g-values of ~8, 4, and 1.7.173 Continuous-wave EPR experiments were performed by Josh 

Harbort at the University of Queensland using T252ECYP199A4 protein that I prepared and purified.  

Substrate-free WT CYP199A4 is low-spin, but there is a shift to high-spin when 4-

methoxybenzoic acid binds (Figure 5.35a,c). In contrast, there were no HS heme signals in the CW 

EPR spectrum of 4-methoxybenzoic acid-bound T252ECYP199A4. A new signal set is present in the 

substrate-free and substrate-bound T252ECYP199A4 spectra that is absent from the spectra of WT 

CYP199A4 (g ≈ [2.52, 2.24, 1.86]) (Table 5.13, Figure 5.35b,d).  

For P450s with water bound as the sixth ligand, the gz value is generally ≤2.45, whereas larger 

gz values are associated with low-spin ferric P450s with anionic ligands bound, such as formate.164, 

383, 418 Sono and Dawson reported that the complex of P450cam with formate exhibited a signal set 

with g-values of 2.55, 2.25 and 1.88 (Figure C34a).164 Additionally, they reported that raising the pH 

of substrate-free P450cam to 10 resulted in the appearance of a new unstable signal set with g-values 

of 2.54, 2.24, and 1.86, postulated to correspond to an OH– complex.164 Hayakawa et al. reported 

that raising the pH of the thermophilic enzyme P450st to 10 also resulted in the appearance of a 

signal set with g-values of 2.49, 2.24, and 1.90 (Figure C34b) which they attributed to a hydroxide 

complex.418 This EPR spectrum closely resembles that of T252ECYP199A4. Based on comparison of 

these spectra to the T252ECYP199A4 spectra, we speculate that a proportion of the T252ECYP199A4 

molecules have hydroxide bound.  

 

Table 5.13. CW EPR g-values for substrate-free and 4-methoxybenzoic acid-bound T252ECYP199A4. The proportion of 

each species is also given. Analysis was performed by Josh Harbort at the University of Queensland.  

Species gz gy gx Proportion 
T252E CYP199A4 + 4-

methoxybenzoic acid 
2.528 2.243 1.865 55% 
2.413 2.240 1.902 45% 

Substrate-free  
T252E CYP199A4 

2.443 2.244 1.897 53% 
2.519 2.247 1.866 47% 

 

Using HYSCORE EPR, our collaborators at the University of Queensland measured FeIII–H 

distances for 4-methoxybenzoic acid-bound T252ECYP199A4 of 2.5 Å and 2.35 Å. The distance of 2.5 

Å would be expected for an axial water ligand153, and the distance of 2.35 Å may correspond to a 

hydroxide ligand, though further work is required to confirm this.  
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Figure 5.35. Continuous-wave EPR spectra for substrate-free and 4-methoxybenzoate-bound WT CYP199A4 and 

the T252E mutant. EPR experiments and analysis were performed by Josh Harbort and Jeffrey Harmer at the 

University of Queensland. The temperature was 15 K, the microwave frequency was 9.38 GHz and the microwave 

power was 1.257 mW.  

 

5.3   Discussion  

 

Shoji et al. previously prepared mutants of P450cam, P450 BM3 and CYP119 in which the highly 

conserved threonine (T) was replaced with glutamate (E)227. However, this is the first investigation 

to report crystal structures of a substrate-bound T → E mutant and substrate binding and turnover 

data with NADH/O2. This study reveals that the properties of the T252E mutant of CYP199A4 

differ substantially from those of the WT enzyme. This mutation was found to almost entirely 

abolish CYP199A4’s ability to utilise NADH/O2 to oxidise substrates via the normal catalytic cycle. 

The activity of the T252E mutant is dramatically lower than that of the T252A mutant, in which 

the catalytically important threonine residue has been substituted with alanine.276 The T252A 

mutant demethylates 4-methoxybenzoic acid at a rate of 570 ± 56 min-1 and the reaction is 68% 

coupled276, whereas the T252E mutant performs the same reaction at a rate of ~0.8 min-1 and is 

90% uncoupled. The activity of the T252E mutant is also lower than that of the D251N mutant 

studied by Chao276 and Coleman277; the D251N mutant demethylates 4-methoxybenzoic acid at a 

>4-fold faster rate (3.5 min-1) and the coupling efficiency is 59%.276 The lack of any significant spin-

state shift to HS upon addition of substrates, the exceedingly slow NADH consumption rate and 

the low coupling efficiency could be explained by the fact that the H2O/OH– ligand to the heme 

is tightly bound and is not displaced by substrate. This is also in agreement with the reduced ability 

of the T252E mutant to bind CO in the presence of dithionite. Crystal structures of the T252E 

mutant in complex with 4-methoxybenzoic acid, 4-methylthiobenzoic acid, 4-ethylthiobenzoic acid 

and various other sterically bulky ligands show that the H2O/OH– ligand interacts strongly with 

the side-chain carboxylate of Glu252 (Table 5.14). The Glu252 carboxylate occupies essentially the 

No signals arising 
from HS heme in 
the spectrum of the 
T252E mutant with 
4-methoxybenzoic 
acid bound 

New signal in T252E 
spectra not present 
in WT spectra  
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same position in all solved crystal structures (Figure 5.36). The closest oxygen of the Glu252 

carboxylate is ~4.2 Å from the heme iron. This is closer than the iron-carboxylate distance in 

chloroperoxidase (5.1 Å).234 The occupancy of the aqua/hydroxo ligand is close to 100% even 

when bulky substrates are bound (Table 5.14). Because the iron is six-coordinate and low-spin even 

when substrate is bound, the iron is predominantly in the plane of the porphyrin ring, whereas it 

is displaced further out of the porphyrin plane in the crystal structures of high-spin, five-coordinate 

WT CYP199A4 (Tables C10 and C11, Figure C35). The iron-sulfur distance in these T252E crystal 

structures was 2.25-2.31 Å, which is slightly shorter than the Fe-S distance in crystal structures of 

high-spin, five-coordinate WT CYP199A4 (Tables C12 and C13). The Fe-S bond length in the 

T252E crystal structures is similar to that in crystal structures of six-coordinate low-spin WT 

CYP199A4. Due to the presence of this aqua/hydroxo ligand, the orientation of these substrates 

in the T252E active site is subtly altered compared to their orientation in the active site of the WT 

enzyme. The substrates are shifted away from the aqua/hydroxo ligand. As the structure of the 

substrate-binding pocket is largely unchanged by the mutation, most substrates have similar affinity 

for the T252E mutant and WT enzyme. We were unable to solve crystal structures of the T252E 

mutant in complex with the bulky ligands 4-tert-butyl-, 4-cyclohexyl-benzoic acid, and 4-pyridin-3-

ylbenzoic acid, but the UV-Vis spectra suggest that the H2O/OH– ligand has not been displaced. 

HYSCORE EPR could be performed to provide additional evidence that the aqua/hydroxo ligand 

is not displaced when 4-pyridin-3-ylbenzoic acid is bound.  

Although the T252E mutant is unable to efficiently utilise NADH/O2 to drive catalysis, the 

peroxygenase activity of CYP199A4 was enhanced by this mutation. This agrees with the prediction 

made by Shoji et al. that this single-point mutation should enable P450s to utilise H2O2 more 

efficiently.227 The glutamate could deprotonate the proximal oxygen of the FeIII–H2O2 complex and 

transfer the proton to the distal oxygen, triggering cleavage of the O–O bond and generation of 

the active oxidant, Cpd I.227 Importantly, we demonstrated that product formation was not due to 

a Fenton-type reaction.  

 
Table 5.14. Refined occupancy of the heme-bound water ligand in the T252ECYP199A4 crystal structures and distance 
between the glutamate carboxylate and iron-bound H2O/OH– ligand 

 
Crystal structure Occupancy of iron-bound 

water/hydroxo ligand (%) 
Distance between glutamate 

and H2O/OH– (Å) 
4-methoxyBA 92 2.6 

4-methylthioBA 80 2.7 
4-ethylthioBA 100 2.7 
4-benzylBA 92 2.3 

4-thiophen-3-ylBA 100 2.2 
4-pyridin-2-ylBA 100 2.4 
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Figure 5.36. Overlaid structures of T252ECYP199A4 in complex with 4-pyridin-2-yl- (green), 4-thiophen-3-yl- (magenta), 

4-benzyl- (cyan), 4-methoxy- (yellow), 4-methylthio- (salmon), and 4-ethylthio-benzoate (grey). In all structures, the 

E252 carboxylate and H2O/OH– ligand are in similar positions.   

 

Differences were observed in the EPR spectra of the T252E mutant and WT CYP199A4. We 

speculate that the new set of signals in the EPR spectrum of the T252E mutant is due to a fraction 

of the P450 molecules having OH– as the sixth axial ligand. We propose that the hydroxide ligand 

may arise from deprotonation of the water ligand by the side-chain carboxylate of E252 (Figure 

5.37). The side-chain of glutamic acid has a low pKa (4.5)419 and would not be expected to be able 

to deprotonate water (pKa = 14). However, glutamate side-chains in hydrophobic environments 

can have higher pKa values than normal (e.g. 5.2–9.4419), and water bound to ferric heme is more 

acidic than free water (the pKa can be around 8 or 9).420-421 For example, the pKa value for the aqua 

ligand of sperm whale metmyoglobin is 8.95 and Hayakawa et al. reported that the pKa value for 

P450st is 8.7.418, 422  
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Figure 5.37. Water- and hydroxide-bound forms of the T252E mutant may exist in equilibrium. 

 

Differences were also noticed in the UV-Vis spectra of the T252E mutant and WT enzyme. 

The Soret band of the substrate-free T252E mutant is red-shifted by 0.5 nm relative to that of the 

WT enzyme, and its intensity is reduced. The δ-band intensity at ~360 nm also appears to be 

increased. This red-shift may be due to the T252E mutant potentially having hydroxide as a ligand 

in a proportion of molecules, which is a stronger field ligand than water.167 Hayakawa et al. reported 

that elevating the pH of P450st to 10, which they propose generated a hydroxide complex, similarly 

resulted in a red-shift of the Soret peak and diminished its intensity.418 It also resulted in an increase 

in the intensity of the δ-band at 363 nm.418  

Addition of 4-formyl-, 4-thiophen-3-yl, 4-methylthio-, and 4-ethylthio-benzoic acid to the 

T252E mutant induced a red-shift of the Soret peak. 4-Formylbenzoic acid red-shifted the Soret 
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peak by ~2.5 nm, 4-ethylthiobenzoic acid by ~2 nm, 4-methylthiobenzoic acid by ~1.5 nm and 4-

thiophen-3-ylbenzoic acid by ~1.0 nm. These substrates induce type I shifts when they bind to WT 

CYP199A4.117, 276 These red-shifts may be due to interactions between the substrate heteroatom 

and the sixth axial ligand to the heme in the T252E mutant, which may alter the ligand field 

strength.154 The crystal structures reveal that there is a stronger interaction between the sulfur of 4-

ethylthiobenzoic acid and the oxygen ligand than there is between the oxygen ligand and sulfur of 

4-methylthiobenzoic acid or 4-thiophen-3-ylbenzoic acid. (The sulfur-oxygen distances are 3.1, 3.3 

and 4.3 Å, respectively.) This may rationalise the larger red-shift induced by 4-ethylthiobenzoic 

acid. Veratric acid, 4-vinyl-, 4-benzyl- and 4-phenyl-benzoic acid induced small (0.5 nm) red-shifts. 

This red-shift may be due to the H2O/OH– ratio or Fe–O interactions being altered by substrate 

binding.  

Substrate-free T252ECYP199A4 was found to be rapidly bleached by exposure to H2O2, while 4-

methoxybenzoate-bound T252ECYP199A4 was bleached at a slower rate. It has been proposed that 

heme bleaching in peroxygenases, for example AaeUPO, occurs via reaction of Cpd I with 

hydrogen peroxide to generate Cpd III (Figure 5.38).416, 423-424 Cpd III is then thought to react with 

H2O2 to generate the destructive hydroxyl radical, which may oxidise heme to yield α-meso-

hydroxyheme.424 This can subsequently be converted into verdoheme and biliverdin, releasing 

iron.423-424 This mechanism, which involves reactions with multiple H2O2 molecules, explains why 

bleaching occurs more rapidly when the P450 is exposed to high concentrations of H2O2.416 When 

substrate was present, the rate of heme bleaching of the T252ECYP199A4 mutant was dramatically 

reduced compared to when no substrate was present. Substrate presumably protects the heme from 

bleaching by excluding excess H2O2 from the active site and by reacting with Cpd I before other 

reactions can destroy the heme. We also noticed that heme bleaching was faster for substrate-free 

T252ECYP199A4 than for substrate-free WT CYP199A4. It may be that the T252E mutant is bleached 

more rapidly because it generates Cpd I more efficiently than the WT enzyme. During H2O2-driven 

reactions, inactivation of the P450 may also be caused by oxidation of the crucial cysteine ligand 

to the heme.425  

When a large excess of H2O2 (50 mM) was added to the T252E mutant at the start of the 

reaction, the P450 remained active for up to ~4 h. Supplying low levels of H2O2 to the T252E 

mutant and replenishing the H2O2 as it is consumed would be expected to extend the lifetime of 

the enzyme and lead to greater product yields.264-265, 426 This could be accomplished by fusing the 

T252ECYP199A4 enzyme to a H2O2-generating enzyme such as alditol oxidase.264 Freakley et al.426 

demonstrated that peroxygenase reactions could be driven by the low levels of H2O2 produced in 

situ by an AuPd catalyst from H2 and O2, and other methods of in situ H2O2 production have been 

described.263, 265-266, 270, 272-273, 427-428   

The identity of the active oxidant or oxidants which participate in different P450 reactions 

(e.g. sulfoxidation and epoxidation) could be investigated using the T252E mutant (Chapter 6). O-

Dealkylation and hydroxylation are believed to be mediated by Cpd I, but Cpd 0 has been proposed 
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to mediate epoxidation and sulfoxidation.94 The FeIII–H2O2 species is also postulated to participate 

in sulfoxidation.118, 429 The reaction which WT CYP199A4 performs at the fastest rate is O-

demethylation of 4-methoxybenzoic acid. It performs sulfoxidation less rapidly, and epoxidation 

and aldehyde oxidation at a significantly slower rate. If the T252E mutant were to exhibit higher 

activity towards sulfoxidation or epoxidation, it would imply that alternative oxidants may be 

involved as they would be more prevalent in the T252E catalytic cycle than in the natural catalytic 

cycle (e.g. the FeIII–H2O2 species). If differences are observed between the activities of the T252E 

mutant and the WT enzyme, we would not expect these to simply be due to the substrates having 

different orientations in the active site of the mutant as the crystal structures showed that the 

substrate orientation is only minimally altered by the mutation.  

 

 
Figure 5.38. Proposed mechanism for heme bleaching by H2O2.423-424 
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Chapter 6 
Investigation into the active oxidants in sulfoxidation, 

aldehyde oxidation, epoxidation and alkyne oxidation 
 

6.1   Introduction 

 

In the native (NADH/O2-driven) P450 catalytic cycle, two protons sourced from the 

surrounding solvent are needed to generate the active species Cpd I.98 After O2 binds to the reduced 

heme, a second electron is transferred. The resulting ferric-peroxo anion is protonated on the distal 

oxygen, giving the ferric-hydroperoxo intermediate (Cpd 0).98 Protonation again on the distal 

oxygen ruptures the O–O bond, generating Cpd I.98 Correct, timely delivery of these two protons 

is controlled by a conserved acid-alcohol pair of residues: T252 and D251 in P450cam and 

CYP199A4.129 Mutation of the conserved acid-alcohol pair impairs the enzyme’s ability to form 

Cpd I. P450cam hydroxylates camphor to give 5-exo-hydroxycamphor with ~100% coupling 

efficiency, but the T252 → A mutant instead almost exclusively generates H2O2.130 Although the 

T252A mutant is nearly completely uncoupled, the NADH consumption rate is only slightly 

diminished.129-131, 430 It has been inferred that the hydrogen bond between Cpd 0 and the conserved 

threonine in the WT enzyme (Figure 6.1a) encourages protonation on the distal oxygen by 

increasing its proton affinity.110, 129 If T252 is mutated to alanine, conversion of Cpd 0 into Cpd I is 

interrupted, leading to accumulation of Cpd 0 and ultimately incorrect protonation on the proximal 

oxygen with release of H2O2.134 Accelerated epoxidation by the T → A mutant of CYP2E1 relative 

to the WT enzyme was interpreted as evidence that Cpd 0 is active in olefin epoxidation.33, 121 It 

was also found that the T252A mutant of P450cam catalysed epoxidation (albeit less efficiently than 

the WT enzyme), strengthening the argument that Cpd 0 can mediate epoxidation.33 Despite this, 

Cpd 0’s involvement in epoxidation is disputed.203, 212-213   

(a) (b)     

Figure 6.1. (a) Thr252 accepts a hydrogen bond from Cpd 0, which encourages protonation on the distal oxygen to 

generate Cpd I.110 (b) Asp251 is believed to rotate in and out of the active site, delivering protons into the active site.110  

 

On the other hand, mutation of the conserved aspartate residue (D251) of P450cam to 

asparagine (N) reduced the rate of camphor oxidation by a factor of 100 without reducing the 
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coupling efficiency.133 Equivalent results were reported for the D → N mutant of P450cin.430 The 

role of this acidic residue is to deliver the protons required for oxygen activation (Figure 6.1b).110 

Thus, mutation of D251 severely reduces the rate of the protonation steps, extending the lifetime 

of the ferric-peroxo anion.430-432  

The threonine-to-alanine and aspartate-to-asparagine mutants can in theory be used to 

probe whether alternative oxidants to Cpd I participate in P450 reactions.94, 123-124, 430 The threonine-

to-alanine mutation is assumed to inhibit Cpd I formation and increase the persistence of Cpd 0,33, 

134 while the aspartate-to-asparagine mutation delays the protonation steps,129 increasing the lifetime 

of the nucleophilic ferric-peroxo anion.110, 133, 430 Thus, the WT enzyme, in which Cpd I is rapidly 

generated123, catalyses Cpd I-mediated reactions such as C-H hydroxylation103 efficiently. In 

contrast, the T252A mutant would be expected to have low activity towards reactions mediated 

solely by Cpd I.123 However, it may display increased activity towards Cpd 0-mediated reactions, 

given that Cpd 0 is now more abundant.33, 123 Similarly, the D251N mutant would be predicted to 

efficiently catalyse reactions mediated by the nucleophilic ferric-peroxo anion.430 Aldehyde 

oxidation to the corresponding carboxylic acid is one reaction that is plausibly mediated by the 

ferric-peroxo anion.206  

Chao276 employed this strategy to investigate the identity of the active oxidant(s) involved 

in different CYP199A4-catalysed reactions (Figure 6.2). Whereas the T252A mutant of P450cam 

generates negligible amounts of 5-exo-hydroxycamphor and converts the majority of O2 consumed 

(83%) into H2O2,130 the T252A mutant of CYP199A4 displayed higher coupling efficiency than 

P450cam and produced less H2O2. The T252A mutant of CYP199A4 demethylated 4-

methoxybenzoic acid at a rate of 570 min-1 (half that of the WT enzyme) with a coupling efficiency 

of 68%; only 31% of the reducing equivalents were channelled into H2O2 formation.276 Thus, 

mutation of the conserved threonine must have less of a deleterious effect on CYP199A4’s ability 

to form Cpd I than P450cam’s.276-277 T252ACYP199A4 must still generate Cpd I, although less efficiently 

than the WT enzyme. If the T → A mutant generated no Cpd I, this would be preferable because 

it would allow us to more readily distinguish between reactions mediated by Cpd I and those 

mediated by Cpd 0. The reduced ability of the T252A mutant to catalyse O-demethylation is 

consistent with Cpd I mediating this reaction.276 Note that the T252A mutant of CYP199A4 

generally had lower coupling efficiency than the WT enzyme.  

As expected, the D251N mutant of CYP199A4 had dramatically reduced NADH 

consumption and product formation rates (and low coupling efficiency), attributed to slow proton 

transfer.277 Its low activity towards reactions such as hydroxylation, O-demethylation of 4-

methoxybenzoic acid and epoxidation of 4-vinylbenzoic acid implies a lack of reactivity of the 

ferric-peroxo anion in these types of reactions, but its high activity towards aldehyde oxidation 

suggested the ferric-peroxo anion’s involvement in this reaction.276 Oxidation of 4-formylbenzoic 

acid to the corresponding carboxylic acid by the D251N mutant proceeded with high coupling 

efficiency (72%).276  
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(b) T252A CYP199A4 
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(c) D251N CYP199A4 
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Figure 6.2. Activity of (a) WT CYP199A4 and the (b) T252A and (c) D251N mutants towards different P450 

reactions. These figures were adapted from Coleman and Chao.276-277 For each substrate, the spin-state shift (% HS), 

coupling efficiency (%) and percentage of reducing equivalents that were channelled into H2O2 production are given. 

The bar graphs give the product formation rate and NADH consumption rate.  
 

The coupling efficiency is the percentage of NADH consumed by the P450 that was channelled into product formation 

(not wasted through unproductive side reactions such as H2O2 formation). When the coupling efficiency is 100%, the 

product formation rate is equal to the NADH consumption rate. When the coupling efficiency is less than 100%, 

product formation is slower than NADH consumption. Note that the T252A mutant has generally lower coupling 

efficiency, whereas the D251N mutant has both lower NADH consumption rates and lower coupling efficiency.  
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The Fe(III)–H2O2 complex is an additional intermediate that has been proposed to mediate 

certain P450 reactions.94, 118 Shaik has reported that the Fe(III)–H2O2 complex would be a sluggish 

C-H hydroxylation catalyst433 but should be eminently capable of catalysing sulfoxidation.118 In fact, 

it should catalyse sulfoxidation more rapidly than it can transform into Cpd I.118 Cpd 0, proposed 

by some to be the second oxidant in sulfoxidation, was calculated to be a weak oxidant.94, 118, 123-124, 

203, 429 The Fe(III)–H2O2 intermediate must be generated during H2O2-driven reactions (by binding 

of H2O2 to ferric iron)256, 434 but could only be formed during the native NADH/O2-driven catalytic 

cycle by mistake (when incorrect protonation on the proximal oxygen of Cpd 0 instead of the distal 

oxygen occurs). By performing H2O2-driven reactions with the T252E mutant, we can assess 

whether the Fe(III)–H2O2 intermediate is likely to participate in certain P450 reactions. Our 

assumption is that reactions which can be effectively mediated by the Fe(III)–H2O2 species may be 

more efficiently catalysed by the T252E mutant than those requiring Cpd I. (The T252E mutant is 

an unnatural enzyme that has not evolved to rapidly generate Cpd I.)  

The reactions that will be investigated are O-demethylation of 4-methoxybenzoic acid, 

hydroxylation/desaturation of 4-ethylbenzoic acid, epoxidation of 4-vinylbenzoic acid, 

sulfoxidation of 4-(m)ethylthiobenzoic acid, and oxidation of 4-formyl- and 4-ethynyl-benzoic acid 

(Figure 6.3). By comparing the activity of WT CYP199A4 and the T252E, D251N and T252A 

mutants towards these different substrates in NADH-supported and H2O2-driven reactions, we 

can evaluate whether multiple oxidants participate in P450 reactions.    

 

 

 
 
Figure 6.3. Para-substituted benzoic acid substrates investigated with WT CYP199A4 and the T252E, D251N and 

T252A variants in this chapter in NADH- and H2O2-supported reactions.  
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6.2   Results   

6.2.1   NADH-supported reactions of the T252E mutant with para-substituted benzoic 

acids with alternative functional groups 

 

We investigated the T252E mutant’s ability to perform reactions other than hydroxylation/O-

demethylation using NADH/O2 and compared its activity to that of the WT enzyme and T252A 

and D251N mutants (Table 6.1). The rate of NADH consumption by the T252E mutant with each 

para-substituted benzoic acid tested was comparable to the leak rate (Figure D1). 

The T252E mutant displayed marginally higher activity towards 4-methylthiobenzoic acid 

than towards 4-methoxybenzoic acid; the coupling efficiency was 15% and the product formation 

rate 1 min-1. By way of contrast, the rate of product formation by WT CYP199A4 is ~1260 min-1. 

4-Methylsulfinylbenzoic acid was the sole product; the levels of dealkylation product (4-

mercaptobenzoic acid) were negligible and no further oxidation metabolites were detected (Figures 

6.4 and D2, Table D1). The T252E mutant’s activity towards 4-ethylthiobenzoic acid was lower. 

The reaction was 96% uncoupled and only minor quantities of 4-ethylsulfinylbenzoic acid were 

generated at a rate of 0.2 min-1 (Figures 6.5 and D3). For comparison, the product formation rate 

by the WT enzyme is 138 ± 0.9 min-1.  
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Figure 6.4. HPLC analysis of the NADH/O2-driven oxidation of 4-methylthiobenzoic acid by T252ECYP199A4 (black) 

and WT CYP199A4 (blue). In red is a control reaction omitting the P450. 4-Methylsulfinylbenzoic acid elutes at 4.7 

min and 4-mercaptobenzoic acid at 12.5 min. The substrate appears at 13.6 min. Negligible levels of 4-mercaptobenzoic 

acid were detected. No sulfone was detected.  

Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm.  
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Table 6.1. Binding and in vitro NADH turnover data for T252E CYP199A4 with benzoic acid substrates. For 

comparison, data for the WT CYP199A4 and the D251N and T252A mutants is also given. Data for the WT enzyme 

is similar to that previously reported by Chao276 and Coleman277. Data taken from others276-277 is shaded, while my data 

appears in unshaded squares.  

 

Substrate % HS Kd (μM) NADH 

(min-1) 

PFR  

(min-1) 

Coupling 

(%) 

% H2O2 

4-methoxyBAWT  >95 0.28 ± 0.01 1580 ± 20 1440 ± 30 91 ± 1 2 ± 0.2 

4-methoxyBAT252A  >95 0.22 ± 0.02 833 ± 8 570 ± 56 68 ± 5 31 ± 4 

4-methoxyBAD251N  >95 0.17 ± 0.01 7 ± 0.8 3.5 ± 0.9 59 ± 3 - 

4-methoxyBAT252E 5% 0.4 ± 0.1 9 ± 0.5 0.8 ± 0.1 10 ± 1 2 ± 1 

4-methylthioBAWT  70 2.3 ± 0.3 1260 ± 20 ~1260 ~100 1.6 ± 0.4 

4-methylthioBAT252A  70 1.4 ± 0.1 1060 ± 18 433 ± 29 42 ± 2 38 ± 1 

4-methylthioBAD251N  20 0.83 ± 0.08 10.3 ± 0.3 3.5 ± 0.1 34 ± 2 1.4 ± 0.1 

4-methylthioBAT252E 419→420.5 nm 0.1 ± 0.1 7 ± 0.4 1 ± 0.1 15 ± 1 2 ± 1 

4-ethylBAWT  ≥95 0.34 ± 0.02 911 ± 9 810 ± 50 89 ± 4 2.0 ± 0.1 

4-ethylBAT252A  ≥95 0.15 ± 0.01 774 ± 12 352 ± 52 46 ± 7 38 ± 1 

4-ethylBAD251N  ≥95 0.08 ± 0.03 14 ± 4 3.4 ± 0.7 24 ± 1 0.4 ± 0.1 

4-ethylBAT252E <5% 0.7 ± 0.2 8 ± 0.2 0.5 ± 0.03 6 ± 0.3 1 ± 0.6 

4-vinylBAWT  80 0.46 ± 0.03 550 ± 10 370 ± 60 66 ± 9 2.5 ± 0.4 

4-vinylBAT252A  90 0.30 ± 0.02 590 ± 20 180 ± 10 30 ± 1 60 ± 2 

4-vinylBAD251N  55 0.06 ± 0.01 16.5 ± 0.5 6.1 ± 0.1 37 ± 1 - 

4-vinylBAT252E 419.5→420 nm 0.02 ± 0.07 5 ± 0.2 0.3 ± 0.03 5 ± 1 2 ± 1 

4-formylBAWT  25 48 ± 2 134 ± 1 110 ± 2 83 ± 0.5 1.5 ± 0.3 

4-formylBAT252A  25 54 ± 2 56.3 ± 0.3 31 ± 2 54 ± 3 4.5 ± 0.3 

4-formylBAD251N  10 10.8 ± 0.4 25 ± 0.8 18 ± 1 72 ± 4 - 

4-formylBAT252E 419→421.5 0.5 ± 0.1 6 ± 0.2 0.06 ± 0.02 1 ± 0.2 2 ± 0.1 

4-ethynylBAWT  70 1.2 ± 0.3 230 ± 10 194 ± 7 83 ± 2 19 ± 2 

4-ethynylBAT252A  80 1.5 ± 0.1 306 ± 5 200 ± 15 65 ± 4 30 ± 2 

4-ethynylBAD251N  30 0.7 ± 0.1 30 ± 0.7 4.2 ± 0.2 14.5 ± 0.1 - 

4-ethynylBAT252E - - 16 ± 1a  0 0 42 ± 4  

4-ethylthioBAWT 10% b  0.99 ± 0.05 139 ± 0.4 138 ± 0.9 99.5 ± 0.3 - 

4-ethylthioBAT252A 35% 0.25 ± 0.05 441 ± 8 164 ± 7 37 ± 1 - 

4-ethylthioBAD251N * 0.12 ± 0.25 7.2 ± 0.2 1.1 ± 0.1 15.3 ± 0.3 - 

4-ethylthioBAT252E 419→421 nm 0.02 ± 0.06 6 ± 1 0.2 ± 0.02 4 ± 1 1 ± 0.1 
 

a The NADH consumption rate with 4-ethynylbenzoic acid was the same both in the presence and absence of the 

T252E enzyme. 
b Addition of 4-ethylthiobenzoic acid to WT CYP199A4 induced a 10% type I shift to HS but also red-shifted the 

Soret band from 418 → 419 nm.117  
* Addition of 4-ethylthiobenzoic acid to D251NCYP199A4 failed to induce any spin-state shift to HS (~0% HS). However, 

this substrate red-shifted the Soret band from 420 → 421 nm and induced an unusual difference spectrum which may 

be due to an interaction between the sulfur and heme iron.  
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Figure 6.5. HPLC analysis of the NADH/O2-driven oxidation of 4-ethylthiobenzoic acid by T252ECYP199A4 (black) 

and WT CYP199A4 (blue). In red is a control reaction omitting the P450. 4-Ethylsulfinylbenzoic acid appears at 5.7 

min and the substrate at 15.5 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm. 

No 4-mercaptobenzoic acid was detected in the T252E turnover. In the absence of an authentic sample of 4-

ethylsulfinylbenzoic acid for calibration, 4-methylsulfinylbenzoic acid was used. 

 

Although in vitro NADH turnover data for WT CYP199A4 with 4-ethylthiobenzoic acid has 

been previously reported by Coleman,117 the activity of the T252A and D251N mutants towards 

this substrate has not. We therefore performed binding studies and NADH turnovers with these 

mutants. Binding of 4-ethylthiobenzoic acid to D251NCYP199A4 did not induce any discernible shift 

to HS but resulted in a small red-shift of the Soret peak (from 420 nm to 421 nm) (Figure 6.6a). 

On the other hand, binding of the same substrate to the T252A mutant induced a 35% shift to HS 

and there was no red-shift in the Soret band position (Figure 6.6b). By way of contrast, 4-

ethylthiobenzoic acid is reported to only induce a 10% shift to HS when it binds to the WT 

enzyme.117 4-Ethylthiobenzoic acid was found to bind more tightly to the T252A mutant than to 

the WT enzyme (Kd = 0.25 ± 0.05 μM vs. 0.99 μM117) (Figure 6.6). It also bound tightly to 

D251NCYP199A4, but due to the minimal spin-state shift the binding constant could not be accurately 

determined (Kd ≈ 0.12 ± 0.25 μM). The unusual difference spectrum that resulted when 4-

ethylthiobenzoic acid was added to the D251N mutant (Figure 6.6c) may be due to an interaction 

between the sulfur of the substrate and the heme iron435 and resembles the spectrum obtained by 

addition of thioanisole to P450cam (Figures D4 and D5, Table D2). Our observation that 4-

ethylthiobenzoic acid interacts differently with the D251N active site is in line with previous 

observations that the D251 → N mutation affects substrate binding.276-277, 436  
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Figure 6.6. Spin-state shifts of (a) D251NCYP199A4 and (b) T252ACYP199A4 induced by 4-ethylthiobenzoic acid. UV-Vis 

titrations to determine the dissociation constant of (c) D251NCYP199A4 and (d) T252ACYP199A4 with 4-ethylthiobenzoic 

acid. The enzyme concentration used and the peak and trough wavelengths are provided under each graph. The data 

were fitted to the Morrison tight-binding equation. As there is no prominent peak at 390 nm in the D251N difference 

spectrum, ΔA was taken to be A490-A412 (baseline - trough).  
 

In line with the greater spin-state shift induced by binding of 4-ethylthiobenzoic acid to 

T252ACYP199A4 compared to the WT enzyme (35 vs. 10%), the NADH consumption rate was ~3-

fold faster for the T252A mutant (441 vs. 139 min-1) (Figure D6). Although the coupling efficiency 

was substantially lower for the T252A mutant than for the WT enzyme (37 vs. 99.5%), the T252A 

mutant performed sulfoxidation of 4-ethylthiobenzoic acid faster (164 vs. 138 min-1) (Figure D7). 

Minimal 4-mercaptobenzoic acid was detected (~2% of the product in the T252A turnover and 

~0.7% of the product in the WT turnover). Contrastingly, the NADH consumption rate by the 

D251N mutant was only 7.2 min-1 and coupling efficiency 15.3%, resulting in slow formation of 

the sulfoxide (PFR = 1.1 min-1). No dealkylation product was detected in the D251N reaction. The 

sulfoxide product was subsequently sent to James de Voss at the University of Queensland for 

determination of the enantioselectivity of these reactions (Section 6.2.4).  

T252ECYP199A4 exhibited even lower activity towards 4-formylbenzoic acid; the reaction was 

~99% uncoupled (Figures 6.7 and D8). No product was generated by T252ECYP199A4 with 4-

ethynylbenzoic acid (Figures 6.8 and D9). 
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Figure 6.7. HPLC analysis of the NADH/O2-driven oxidation of 4-formylbenzoic acid by T252ECYP199A4 (black) and 

WT CYP199A4 (blue). In red is a control reaction omitting the P450. Terephthalic acid elutes at 6.2 min while the 

substrate appears at 9.1 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm.  

 

6 8 10 12 14 16 18
0.0

5.0x102

1.0x103

1.5x103

2.0x103

2.5x103

3.0x103

6.50 6.75 7.00

0

50

100

150

 T252E
 WT
 no P450 control

internal standard

4-ethynylbenzoic acid

A
bs

o
rb

an
ce

Time (min)

4-carboxyphenyl-

acetic acid

4-carboxyphenyl-

acetic acid

A
b

so
rb

an
ce

Time (min)

 
Figure 6.8. HPLC analysis of the NADH/O2-driven oxidation of 4-ethynylbenzoic acid by T252ECYP199A4 (black) 

and WT CYP199A4 (blue). In red is a control reaction omitting the P450. 4-Carboxyphenylacetic acid elutes at 6.8 

min and the substrate appears at 13.2 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 

254 nm.  

 

The T252E variant did, however, afford low levels of product with 4-vinylbenzoic acid 

(Figures 6.9 and D10). Chao276 showed that the WT enzyme converts 4-vinylbenzoic acid into 

predominantly 4-oxiran-2-ylbenzoic acid. Minor amounts of the aldehyde side product 4-(2-

oxoethyl)benzoic acid are also observed (Figure D11). This aldehyde rearrangement product is 

thought to arise from a cationic intermediate (Figure D12).437 The T252ECYP199A4 reaction with 4-

vinylbenzoic acid gave small amounts of a single detectable product, which was confirmed to be 

the epoxide by co-elution with chemically synthesised 4-oxiran-2-ylbenzoic acid (Figures D10 and 

D13). The coupling efficiency was estimated to be 5%, and the product formation rate 0.3 min-1. 

Thus, the data for the T252E mutant reaffirms that this mutant is essentially incapable of utilising 

NADH/O2 to perform catalysis.  
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Figure 6.9. HPLC analysis of the NADH/O2-driven oxidation of 4-vinylbenzoic acid by T252ECYP199A4 (black) and 

WT CYP199A4 (blue). In red is a control reaction omitting the P450. 4-Oxiran-2-ylbenzoic acid elutes at 10.4 min 

while the substrate appears at 14.1 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 

nm. The identity of the product was confirmed by co-elution with chemically synthesised epoxide. We attempted to 

obtain 100% pure epoxide for calibration by using preparative-scale HPLC to purify the synthesised epoxide. However, 

this failed due to partial ring-opening of the epoxide in the acidic solvent (Figure D14). As pure 4-oxiran-2-ylbenzoic 

acid could not be obtained, the closest available compound, 4-(1-hydroxyethyl)benzoic acid, was instead used for 

calibration. 

 

Although Chao276 reported in vitro NADH turnover data for WT CYP199A4 and the D251N 

and T252A mutants with 4-vinylbenzoic acid, the exact proportions of the epoxide and aldehyde 

side product were not reported. Reactions with these mutants were repeated and comparable 

NADH consumption and product formation rates to those previously reported were obtained 

(Table 6.1, Figure 6.10). WT CYP199A4 displayed the highest product formation rate, 370 min-1. 

Although the T252A mutant consumed NADH more rapidly than the WT enzyme, the T252A 

mutant channelled most of the reducing equivalents (60 ± 2%) into H2O2 production. The faster 

NADH consumption rate by the T252A mutant may be explained by the larger spin-state shift 

induced by 4-vinylbenzoic acid when it binds to T252ACYP199A4 than to the WT enzyme.276 The 

T252A mutant had the lowest coupling efficiency (30 ± 1%), contrary to what might be expected 

if Cpd 0 was highly active towards olefin epoxidation. The D251N mutant and WT enzyme 

displayed higher coupling efficiency (37 ± 1 and 66 ± 9%), in agreement with Chao’s data.276 If 

more than a single intermediate in the P450 catalytic cycle was involved in epoxidation, we might 

expect the product distribution to vary for the D251N, T252A and WT isoforms. Thus, we 

determined the relative proportions of epoxide and aldehyde side products (Table D3 and Figure 

6.11). It was assumed that the GC-MS detector response was identical for both compounds. For 

all three isoforms, the measured product distribution was similar: WT, 96% epoxide, 4% aldehyde; 

D251N, 95% epoxide, 5% aldehyde; T252A, 95% epoxide, 5% aldehyde. This may imply the 

involvement of a single active oxidant.  
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                                 (a)                                                                      (b) 
Figure 6.10. (a) HPLC and (b) GC-MS analysis of the 4-vinylbenzoic acid reactions. The WT turnover is in blue, the 

D251N turnover is in red, the T252A turnover is in green and the substrate control is in purple. GC retention times 

are: 4-vinylbenzoic acid, 8.3 min; aldehyde rearrangement product, 10.8 min; epoxide, 11.2 min; internal standard, 13.3 

min. GC-MS analysis was performed using a Shimadzu GCMS-QP2010S gas chromatograph-mass spectrometer.  

 

 

 
Figure 6.11. CYP199A4 converts 4-vinylbenzoic acid into the corresponding epoxide and minor amounts of the 

aldehyde rearrangement product. 

 

In summary, in NADH-supported reactions, T252ECYP199A4 had minimal or no activity towards 

para-substituted benzoic acids with formyl, (m)ethylthio, vinyl or ethynyl functional groups. Its 

activity was marginally higher towards 4-methylthiobenzoic acid than 4-methoxybenzoic acid, 

whereas it had no detectable activity towards 4-ethynylbenzoic acid. Our results for the T252A 

variant do no provide clear evidence that Cpd 0 contributes significantly to epoxidation or 

sulfoxidation. The T → A mutation reduced the coupling efficiency of these reactions by more 

than a factor of 2. Cpd I appears to be the most active oxidant in these reactions. 
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6.2.2   Comparison of the T252E mutant’s activity towards different P450 oxidation 

reactions utilising the H2O2-shunt pathway  

 

In Chapter 5, T252ECYP199A4 was shown to catalyse O-demethylation using H2O2 as a surrogate 

oxygen donor, but its activity towards other P450 reaction types (epoxidation, sulfoxidation, alkyne 

oxidation and aldehyde oxidation) was not explored. Initially, 20-minute reactions were performed 

to assess the T252E mutant’s ability to catalyse these different types of P450 reactions using H2O2 

(50 mM) as a surrogate oxygen donor (Table 6.2). Cpd I would be required for 

hydroxylation/desaturation and O-demethylation to occur, but other intermediates which may be 

more prevalent in these H2O2-driven reactions (e.g. Cpd 0 or the Fe(III)–H2O2 species) may oxidise 

more reactive functional groups such as alkenes or sulfides.33, 118, 123 The T252E mutant may 

therefore have higher activity towards sulfoxidation and epoxidation than O-demethylation in these 

H2O2-supported reactions.429  

 

Table 6.2. Product generated by the T252E mutant utilising the H2O2-shunt pathway during 20-min reactions. The 

values given are mean ± SD, with n ≥ 2. Reaction volumes were 600 μL and contained 1 mM substrate, 3 μM P450 

and 50 mM H2O2 in 50 mM Tris-HCl buffer (pH 7.4). Reactions were performed at 30 ˚C and 132 μL aliquots were 

quenched after 20 min by addition of 10 μL of 10 mg mL-1 bovine liver catalase and 66 μL of acetonitrile. Note that 

the amount of product detected in the no P450 control reactions has been subtracted from the amount of product in 

the T52E turnovers.  
 

Substrate Product 
concentration (μM)  

Average product formation 
rate over 20-min period 
 (μM (μM-P450)-1 min-1) 

4-methoxyBA 114 ± 2  1.9 
veratric acid 107 ± 3  1.8 
4-formylBA 64 ± 6  1.1 
4-vinylBA 78 ± 1 b 1.3 
4-methylthioBA 245 ± 2 a 4.1 
4-ethylBA 104 ± 3  1.7 
4-ethynylBA  9 ± 0.5  0.2 

 
a The 4-methylsulfinylbenzoic acid concentration in the reaction mixture was 311 ± 2 μM and the product 

concentration in the no P450 control was 66 ± 1. b The epoxide and unidentified minor products were quantified using 

the calibration curve for 4-1-hydroxyethylbenzoic acid (Table D4). 

 

Over a 20-minute period, the T252E enzyme converted 114 μM of 4-methoxybenzoic acid 

and 107 μM of veratric acid into 4-hydroxybenzoic acid and vanillic acid, respectively. Lower levels 

of terephthalic acid (64 μM) were generated from 4-formylbenzoic acid over the same time period, 

while reactions with 4-ethynylbenzoic acid yielded minimal 4-carboxyphenylacetic acid (9 μM). 

Oxidation of 4-ethylbenzoic acid gave a mixture of products (Table 6.3). In total, 104 μM product 

was generated, composed predominantly of 4-(1-hydroxyethyl)benzoic acid (29%), 4-vinylbenzoic 

acid (43%) and the corresponding epoxide (22%). Minor levels of 4-(2-hydroxyethyl)benzoic acid 

(5%) and the ketone 4-acetylbenzoic acid (1%) were observed. This product distribution is similar 
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to that reported for NADH-driven oxidation of 4-ethylbenzoic acid by WT CYP199A4.277 It is also 

similar to the product distribution for NADH-supported 4-ethylbenzoic acid oxidation by 

T252ECYP199A4, except that in these H2O2-supported reactions a larger percentage of the product 

was the epoxide (~22% vs. 3%). 

 

Table 6.3. Product distribution for H2O2-driven oxidation of 4-ethylbenzoic acid by T252E CYP199A4 (20-min 
reaction) 

Product distribution (%) 
4-vinylBA 4-(1-hydroxyethyl)BA 4-(2-hydroxyethyl)BA 4-acetylBA 4-oxiran-2-ylBA 

43 ± 1 ~29 ~5 ~1 ~22 
 

 

Oxidation of 4-vinylbenzoic acid by the T252E mutant yielded ~78 μM of product, consisting 

predominantly of the epoxide 4-oxiran-2-ylbenzoic acid (~70% of the total product). Additional 

product peaks were detected by HPLC with retention times of 5.1, 4.3 and 4.1 minutes (Table D4). 

The epoxide may be further metabolised by the T252E enzyme (Figure D15). Plausibly, one of the 

products may be the diol arising from epoxide ring opening. We attempt to identify these products 

in Section 6.2.3.      

The T252E mutant displayed markedly higher activity towards sulfoxidation of 4-

methylthiobenzoic acid. The quantity of 4-methylsulfinylbenzoic acid detected after a 20-minute 

reaction was 311 ± 2 μM. However, the thioether can be converted into the sulfoxide by H2O2 

alone. When the P450 was omitted from the reaction, 66 μM sulfoxide was formed in the same 

time period (Figure D16, Table D5). Thus, we estimate that the amount of sulfoxide generated by 

the T252E mutant over this time period was ~245 μM.  

In the NADH/O2-supported reactions, WT CYP199A4 has the highest activity towards O-

demethylation of 4-methoxybenzoic acid and lower activity towards other reaction types:  

O-demethylation > sulfoxidation > hydroxylation/desaturation > epoxidation > alkyne 

oxidation > aldehyde oxidation. 

Notably, in the H2O2-driven reactions the T252E mutant had substantially higher activity 

towards sulfoxidation than the other reaction types: 

sulfoxidation > O-demethylation ≈ hydroxylation/desaturation > epoxidation > aldehyde 

oxidation > alkyne oxidation. 

This may imply the existence of second oxidant capable of catalysing sulfoxidation that is 

more abundant in these H2O2-driven reactions. This may be the Fe(III)–H2O2 complex.118 
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6.2.3   Comparison of the activity of WT CYP199A4 and the T252E, T252A and D251N 

mutants utilising the H2O2-shunt pathway 

 

To investigate the role of the T252 → E mutation and to gain additional insight into potential 

oxidants responsible for certain P450 reactions, H2O2-driven reactions were performed with the 

WT, T252E, D251N and T252A isoforms of CYP199A4. Their activity towards different reaction 

types was compared (Table 6.4). If a reaction was catalysed by Cpd 0 rather than Cpd I, the T252A 

mutant may display enhanced ability to catalyse that reaction. Product formation was monitored 

over a 4-hour period and a time course of product formation was constructed for each isoform. 

Each reaction contained 3 μM P450 and was driven by 50 mM H2O2, except where the substrate 

was a thioether, in which case 6 mM H2O2 was used to minimise background oxidation to the 

sulfoxide.   

All CYP199A4 isoforms tested were able to perform the different P450 reactions using H2O2 

but with varying efficiency. Control reactions were performed in which CYP101B1 or heat-

denatured T252E (sources of heme or free iron) were substituted for functional T252E enzyme. 

Only low levels of product (or no product) were detected in these control reactions and in control 

reactions omitting the P450. This confirmed that a Fenton-type reaction did not generate the 

product in the hydrogen peroxide turnovers (Figure D17, Table D6).  

 

Table 6.4. Product generated by WT CYP199A4 and the T252E, D251N and T252A mutants utilising the H2O2-

shunt pathway during 240-min reactions. The values given are mean ± SD, with n ≥ 2. Reaction volumes were 600 

μL and contained 1 mM substrate, 3 μM P450 and 50 mM H2O2 in 50 mM Tris-HCl buffer (pH 7.4). * For the 

thioethers, 6 mM H2O2 was used instead of 50 mM to minimise background oxidation. Reactions were performed at 

30 ˚C and 132 μL aliquots were quenched by addition of 10 μL of 10 mg mL-1 bovine liver catalase and 66 μL of 

acetonitrile. Note that the amount of product detected in the no P450 control reactions has been subtracted from the 

amount of product in the enzyme turnovers.  
 

Substrate Product concentration (μM)  

 T252E WT T252A D251N 

4-methoxyBA 379 ± 7 156 ± 2 89 ± 3 55 ± 1 
4-formylBA 246 ± 16 209 ± 15 42 ± 1 40 ± 0.2 
4-vinylBA 293 ± 22 125 ± 2 74 ± 5 81 ± 4 
4-methylthioBA * 417 ± 17 40 ± 3 83 ± 1 7 ± 8 
4-ethylthioBA * 107 ± 4 1 ± 8 38 ± 11 ~0 
4-ethylBA 155 ± 1 94 ± 0.3  41 ± 0.1  49 ± 0.1 
4-ethynylBA  34 ± 1 9 ± 1 8 ± 1 8 ± 1 

 

As reported in Chapter 5, the T252E mutant converted >2-fold more 4-methoxybenzoic acid 

into 4-hydroxybenzoic acid than the WT enzyme over a 4-hour period (379 vs. 156 μM). In contrast, 

the T252A and D251N mutants gave considerably less product (89 and 55 μM, respectively) (Table 

6.4). While the T252E mutant was active for ~4 hours, the T252A and D251N mutants were readily 
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inactivated and produced little additional product after the first 20 minutes of the reaction (Figures 

6.12 and D18).   
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Figure 6.12. (a) Time course of 4-methoxybenzoic acid conversion into 4-hydroxybenzoic acid by CYP199A4 

isoforms. (b) HPLC analysis of the amount of 4-hydroxybenzoic acid product (RT = 5.8 min) generated by the 

CYP199A4 isoforms over 240 minutes. For clarity, the internal standard and substrate peaks are not shown.  

 

A single product, terephthalic acid, was generated in the H2O2-driven CYP199A4 reactions 

with 4-formylbenzoic acid (Figures 6.13 and D19). Over a four-hour period, the T252E mutant 

produced more terephthalic acid than the other CYP199A4 isoforms tested. Initially, the WT 

enzyme converted 4-formylbenzoic acid into product faster than the T252E mutant but was more 

rapidly inactivated than the T252E mutant (Figure 6.13), and consequently more product was 

ultimately produced by the T252E mutant (246 vs. 209 μM). It has been reported that aldehydes 

can inactivate P450s and perhaps this is occurring here.7, 438-439 Again, the T252A and D251N 

mutants yielded low levels of product (42 and 40 μM), and were inactive after the first 20 min.   
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Figure 6.13. (a) Time course of 4-formybenzoic acid conversion into terephthalic acid by CYP199A4 isoforms. (b) 

HPLC analysis of the amount of the terephthalic acid product (RT = 6.2 min) generated by the CYP199A4 isoforms 

over 240 minutes. Only a single product was detected by HPLC. Further investigation is required to understand why 

WT CYP199A4 was able to initially oxidise 4-formylbenzoic acid faster than the T252E mutant.   

 

The CYP199A4 isoforms were less active towards oxidation of 4-ethynylbenzoic acid than 

they were towards other reaction types (Table 6.4). After a 4-hour reaction, the amount of 4-

carboxyphenylacetic acid, the sole product, detected in the T252E reactions was ~34 μM, while 
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the WT, T252A and D251N reactions contained only 8-9 μM (Figures 6.14, D20 and D21). Future 

work would be to clarify why the oxidation of 4-ethynylbenzoic acid is so inefficient in these H2O2-

supported reactions. We note that terminal alkynes can inactive P450s by alkylating the heme.215 

Another possibility is that the inflexible linear alkyne group may be positioned such that it interferes 

with binding of H2O2 to the heme iron.  
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Figure 6.14. (a) Time course of 4-ethynylbenzoic acid conversion into 4-carboxyphenylacetic acid by CYP199A4 

isoforms. (b) HPLC analysis of the amount of the 4-carboxyphenylacetic acid product (RT = 6.8 min) generated by 

the CYP199A4 isoforms over 240 minutes. Note that the initial product concentration in the reactions is not zero 

because the substrate was contaminated with minor amounts of product.  
 

Analysis of the 4-vinylbenzoic acid reactions was complex because multiple unknown minor 

products were generated (Figures 6.15 and D22). In addition to the epoxide, which was the major 

product, peaks in the chromatogram were observed which may correspond to the aldehyde side 

product, 4-(2-oxoethyl)benzoic acid, and further oxidation products. We speculate that the peak at 

9.3 min in the D251N, T252A, WT and T252E reaction mixtures corresponds to this aldehyde 

based on its retention time. This product represents ~8% of the product in the T252E turnover, 

and ~10%, 23% and ~20% of the product in the WT, D251N and T252A turnovers (Table D7). 
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Figure 6.15. (a) Time course of 4-vinylbenzoic acid conversion into the corresponding epoxide by CYP199A4 

isoforms. (b) HPLC analysis of the amount of the epoxide product (RT = 10.3 min) generated by the CYP199A4 

isoforms over 240 minutes. Additional minor products have retention times of 4.1, 4.3, 5.1, 6.4 and 9.3 min. 
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Future work would be to synthesise 4-(2-oxoethyl)benzoic acid, which would allow us to 

confirm that the peak at 9.3 min is the aldehyde via a co-elution experiment. Other products were 

detected in the T252E reaction mixture that were not formed by the WT, D251N and T252A 

isoforms. A prominent peak is observed at 5.1 min in the T252E turnover (~16% of the total 

product). Based on its retention time we speculated that this peak may correspond to the diol 

arising from ring-opening of the epoxide. Negligible amounts of this product were generated by 

the other CYP199A4 isoforms. Additional minor peaks in the T252E reaction mixture are seen at 

4.1, 4.3 and 6.4 min. Co-elution experiments with an authentic sample of the diol, 4-1,2-

dihydroxyethylbenzoic acid, synthesised by Luke Churchman and James de Voss at the University 

of Queensland revealed that the minor peak at 4.1 min is the diol (Figure D23). We also considered 

the possibility that the unidentified peak at 5.1 min arises from a bond cleavage reaction. Plausibly, 

Baeyer-Villiger oxidation of the aldehyde rearrangement product followed by ester hydrolysis could 

give 4-hydroxymethylbenzoic acid (Figure D24a). However, authentic 4-hydroxymethylbenzoic 

acid did not co-elute with the product at 5.06 min (Figure D24b). (The retention time of authentic 

4-hydroxymethylbenzoic acid was 5.16 min.)  

We did establish that this unknown product arises from further metabolism of the epoxide by 

T252ECYP199A4. When H2O2-driven reactions were performed using 50 μM chemically synthesised 

4-oxiran-2-ylbenzoic acid as the substrate, the T252E enzyme converted the epoxide into the 

product at 5.1 min. H2O2 alone failed to convert the epoxide into this product. This confirms that 

the epoxide was further metabolised by the T252E enzyme (Figures D25 and D26). We attempted 

to identify the mass of this additional product by GC-MS. We extracted the reaction mixture with 

ethyl acetate, evaporated the solvent, redissolved the residue in anhydrous AcCN and derivatised 

it using BSTFA/TMCS, but were unable to detect the unknown product. Further work is needed 

to identify this product. 

The total concentration of product formed by each CYP199A4 isoform was estimated by 

assuming that the detector response was similar for all products. Again, the T252E mutant yielded 

more product than the WT enzyme over a 4-hour period (293 vs. 125 μM). Although comparable 

levels of product were produced by the two isoforms over the first 20 min of the reaction, the 

T252E mutant remained catalytically active for a longer time period (Figure 6.15). D251NCYP199A4 

and T252ACYP199A4 yielded lower levels of product (81 and 74 μM), even though Cpd 0, which is 

proposed to catalyse epoxidation, may be more abundant in the T252A mutant. 

The T252E mutant exhibited substantially higher activity towards sulfoxidation of 4-

methylthiobenzoic acid than the WT enzyme using 6 mM H2O2 (Figures 6.16 and D27). In control 

reactions omitting the P450, the presence of 6 mM H2O2 resulted in slow sulfoxidation of 4-

methylthiobenzoic acid. The quantity of sulfoxide in control reactions omitting the P450 (Table 

D6) was subtracted from that in the CYP199A4 reactions to estimate the amount formed by the 

P450. Over a 4-hour period, the T252E mutant generated an estimated 417 μM of sulfoxide, 

whereas the WT enzyme only formed 40 μM. The sulfoxide concentration in the D251N reaction 
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mixture was comparable to that in control reactions omitting the enzyme. Thus, it appears that the 

D251N mutant generated minimal product (~7 μM). The T252A mutant, on the other hand, 

displayed elevated activity towards sulfoxidation compared to the WT enzyme, yielding 83 μM 

sulfoxide. Recall that for the other substrates, the T252A mutant had lower activity than the WT 

enzyme. No sulfone was detected in these reactions.  
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Figure 6.16. (a) Time course of 4-methylthiobenzoic acid conversion into the corresponding sulfoxide by CYP199A4 

isoforms. (b) HPLC analysis of the amount of the 4-methylsulfinylbenzoic acid product (RT = 4.7 min) generated by 

the CYP199A4 isoforms over 240 minutes. No sulfone (RT = 6.9 min) was detected.  

 

Similar results were obtained when 4-ethylthiobenzoic acid was used as the substrate (Figures 

6.17 and D28). Again, the substrate was slowly converted into the sulfoxide when exposed to 6 

mM H2O2. The amount of sulfoxide formed in control reactions lacking the P450 was subtracted 

from that in the CYP199A4 reactions to estimate the sulfoxide concentration generated by each 

CYP199A4 isoform.  

The T252E mutant formed the most product (107 μM), while the T252A mutant generated 

less (38 μM sulfoxide) but was again more active towards sulfoxidation than the WT enzyme. The 

concentration of sulfoxide in the WT and D251N reaction mixtures was roughly equal to that in 

control reactions lacking the P450; therefore, the product formed by these isoforms is reported as 

~1 μM and 0 μM, respectively. All CYP199A4 isoforms tested were less active towards oxidation 

of 4-ethylthiobenzoic acid than 4-methylthiobenzoic acid using H2O2.  
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Figure 6.17. (a) Time course of 4-ethylthiobenzoic acid conversion into the corresponding sulfoxide by CYP199A4 

isoforms. (b) HPLC analysis of the amount of the 4-ethylsulfinylbenzoic acid product (RT = 5.8 min) generated by 

the CYP199A4 isoforms over 240 minutes.  

 

The order of activity of the CYP199A4 isoforms towards oxidation of 4-ethylbenzoic acid 

was: T252E > WT > D251N > T252A (Figure 6.18 and D29). The T252E mutant yielded 155 μM 

product over 4 hours, the WT enzyme gave 94 μM, and the D251N and T252A mutants 49 and 

41 μM. For all isoforms, the dominant products were 4-(1-hydroxyethyl)benzoic acid and 4-

vinylbenzoic acid; these are also the major products of the NADH-supported reactions.277 The 

product distributions were similar for the different isoforms, but not identical (Table 6.5). 
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Figure 6.18. (a) Time course of 4-ethylbenzoic acid conversion into various products by CYP199A4 mutants. (b) 

HPLC analysis of the amount of product generated by the CYP199A4 isoforms over 240 minutes. Additional minor 

unidentified products appear in the T252E reaction with retention times of 9.1, 5.0, and 4.3 min (red arrows).  
 

Table 6.5. Product distribution for H2O2-driven oxidation of 4-ethylbenzoic acid by CYP199A4 isoforms (240-min 
reactions) 

 Product distribution (%) 
 4-vinylBA 4-(1-

hydroxyethyl)BA 
4-(2-

hydroxyethyl)BA 
4-

acetylBA 
4-oxiran-2-

ylBA 
T252E 38 30 5 1 26 

WT 49 39 3 1 8 
D251N 48 36 4 2 10 
T252A 34 35 7 2 23 
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The product of the T252E reaction consisted of 38% 4-vinylbenzoic acid, 30% 4-(1-

hydroxyethyl)benzoic acid, 5% 4-(2-hydroxyethyl)benzoic acid, 1% 4-acetylbenzoic acid and 26% 

epoxide. In contrast, the D251N and WT reactions yielded a higher proportion of 4-(1-

hydroxyethyl)benzoic acid and 4-vinylbenzoic acid, but a lower proportion of the epoxide than the 

T252E mutant (8 and 10 vs. 26%). The epoxide accounted for 23% of the product generated by 

the T252A mutant. Compared to the other isoforms, the T252A mutant generated a larger 

proportion of 4-(2-hydroxyethyl)benzoic acid (7%). Notice that for all the isoforms, 4-vinylbenzoic 

acid and its further oxidation product, 4-oxiran-2-ylbenzoic acid, accounted for roughly the same 

percentage of the total product (57-64%). In the chromatogram of the T252E reaction, additional 

minor unidentified products are observed with retention times of 9.1, 5.0, and 4.3 min (Figure 

D30). The other CYP199A4 isoforms did not form these products. Products with these retention 

times were also detected in the T252E reaction with 4-vinylbenzoic acid. They are believed to arise 

from further oxidation of 4-vinylbenzoic acid and the epoxide formed from this metabolite. These 

minor products were not considered when calculating the total concentration of product generated 

by the T252E mutant. Consequently, the amount of product generated by the T252ECYP199A4 

enzyme is an underestimate. We estimate the concentration of these additional products formed 

by the T252E mutant to be 27 ± 1 μM (Table D8). These unidentified minor products represent 

~15% of the total product.   
 

6.2.4   Enantioselectivity of NADH/O2- and H2O2-driven sulfoxidation of 4-

ethylthiobenzoic acid, α-hydroxylation of 4-ethylbenzoic acid and epoxidation of 4-

vinylbenzoic acid by CYP199A4 isoforms 
 

If a second oxidant other than Cpd I can mediate certain reactions such as sulfoxidation and 

epoxidation (e.g. Fe(III)–H2O2 or Fe(III)–OOH)118, 121, 123, we might expect that the D251N, T252A 

and T252E mutants would display different enantioselectivity than the WT enzyme. This is because 

the different active oxidants would be positioned differently relative to the substrate.123 To assess 

whether multiple oxidants are involved in CYP199A4-catalysed reactions, we measured the 

enantioselectivity of NADH-supported and H2O2-driven sulfoxidation, epoxidation and 

hydroxylation reactions catalysed by these isoforms. Crystal structures of these mutants277 revealed 

that the active site structure is minimally altered by these mutations, so we do not expect the 

substrate binding mode to differ across the mutants (Figure D31). Therefore, changes in 

enantioselectivity could be due to a change in the identity of the active oxidant. 

Although WT CYP199A4 was previously shown to convert 4-vinylbenzoic acid into the 

corresponding epoxide by Chao276, the enantioselectivity of the reaction was not determined. The 

enantioselectivity has been reported of NADH-supported α-hydroxylation of 4-ethylbenzoic acid 

and sulfoxidation of 4-ethylthiobenzoic acid by WT CYP199A4.117 WT CYP199A4 generates 4-(1-

hydroxyethyl)benzoic acid in 74% ee and 4-ethylsulfinylbenzoic acid in 82% ee.117 The major 

enantiomer of 4-(1-hydroxyethyl)benzoic acid generated by WT CYP199A4 was identified by 
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Coleman et al. as the (S)-enantiomer, but the absolute configuration of the sulfoxide was not 

reported.117   

The enantiomers of the 4-vinylbenzoic acid epoxide were successfully separated by 

enantioselective HPLC. CYP199A4-catalysed epoxidation of 4-vinylbenzoic acid was found to 

proceed with even higher enantioselectivity than the sulfoxidation and hydroxylation reactions 

(Tables 6.6 and D9). In NADH-supported reactions, WT CYP199A4 generated almost exclusively 

a single enantiomer of 4-oxiran-2-ylbenzoic acid; the enantioselectivity of the reaction was ~99% 

(Figure 6.19a). The T252A mutant had equivalent enantioselectivity (~99%), while the T252E and 

D251N mutants were marginally less enantioselective (97.5 and 93.5%, respectively).  
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Figure 6.19. (a) Chiral HPLC analysis of the NADH-driven epoxidation of 4-vinylbenzoic acid by WT CYP199A4 

(blue), the D251N mutant (red) and the T252A mutant (green). In purple is a control reaction omitting the P450. In 

orange are the separated enantiomers of chemically synthesised racemic 4-oxiran-2-ylbenzoic acid.  

(b) Chiral HPLC analysis of the NADH-driven epoxidation of 4-vinylbenzoic acid by the T252E mutant (black).  

(c) Chiral HPCL analysis of the epoxide generated by the T252E mutant in a H2O2-driven reaction (60 mM H2O2) 

over a 60-minute period (black). In purple is a control reaction omitting the P450. Chiral analysis was performed 

using a Lux Cellulose-1 column (100 × 4.6 mm, 3 μm, 1000 Å pore size; Phenomenex). The epoxide was eluted using 

20% AcCN in H2O (0.1% TFA) (flow rate: 0.4 mL min-1). The retention times of the enantiomers are 31 and 33.9 min.  

 
Figure 6.20. The CYP199A4 isoforms convert 4-vinylbenzoic acid predominantly into the (S)-epoxide; only minor 

amounts of the (R)-epoxide are formed.  



 

165 
 

The enantioselectivity of the T252E mutant was similar in both H2O2-driven and NADH-

supported reactions (~94 vs. 97.5% ee) (Figure 6.19b,c). In H2O2-driven reactions the WT enzyme 

was also highly enantioselective (~93% ee) (Figure D32). In all cases, the major enantiomer was 

the (S)-enantiomer (Figure 6.20). The absolute configuration was assigned via HPLC co-elution 

with an authentic sample of the (S)-enantiomer synthesised by Luke Churchman and James de 

Voss at the University of Queensland (Figure D33). The enantioselectivity of 4-vinylbenzoic acid 

epoxidation by CYP199A4 is higher than that reported by Jacobsen440, who generated 4-oxiran-2-

ylbenzoic acid in 72% ee using a (salen)Mn(III) complex as the catalyst. CYP199A4’s high 

enantioselectivity implies that this enzyme could have applications in the synthesis of chiral 

chemicals.182   

 

Table 6.6. Enantioselectivity of NADH- or H2O2-driven epoxidation of 4-vinylbenzoic acid catalysed by CYP199A4 

isoforms. In all cases, the major enantiomer is the (S)-enantiomer. 

CYP199A4 isoform enantiomeric excess 
(%ee) 

ratio of enantiomers 
(S : R) 

WT-NADH 99 ± 0.2 99.5 ∶ 0.5 
D251N-NADH 93.5 ± 0.3 97 ∶ 3 
T252A-NADH 99 ± 0.1 99.5 ∶ 0.5 
T252E-NADH 97.5 99 : 1 

T252E-60 mM H2O2 

(60-min reaction) ~94 ~97 : ~3 

WT-60 mM H2O2 
(60-min reaction) 93 ± 1 96 : 4 

 

The enantioselectivity of α-hydroxylation of 4-ethylbenzoic acid by the CYP199A4 mutants 

was also investigated. The D251N and T252A mutants were found to yield predominantly the (S)-

enantiomer in NADH-driven reactions (Tables 6.7 and D10). D251NCYP199A4 displayed higher 

enantioselectivity than the WT enzyme (87.5% vs. 76% ee), whereas the enantioselectivity of the 

T252A mutant was lower (60% ee) (Figure 6.21a). The measured enantioselectivity of the WT 

enzyme is comparable to that reported in the literature. In 60-min, H2O2-driven reactions, the WT 

enzyme also gave predominantly the (S)-enantiomer (~59% ee) (Figure D34).  

NADH-supported reactions with the T252E mutant were also performed, but the measured 

enantioselectivity for this mutant was lower (~6% ee) (Figure 6.21b). Note that product peaks 

appeared in a control reaction omitting the P450 and the areas of these peaks were subtracted from 

those in the T252E turnovers when calculating the enantioselectivity. For this mutant, the (R)-

enantiomer appeared to be the major enantiomer. A caveat is that the low yield of product may 

limit our ability to measure the enantioselectivity accurately. In 60-min H2O2-driven reactions 

performed with the T252E mutant, the major peak corresponded to the (R)-enantiomer, and the 

reaction again had low enantioselectivity (13%) (Figure 6.21c). Future work would be to solve a 

crystal structure of the T252E mutant in complex with 4-ethylbenzoic acid to rationalise the altered 

enantioselectivity.  
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Table 6.7. Enantioselectivity of NADH- or H2O2-driven α-hydroxylation of 4-ethylbenzoic acid catalysed by 

CYP199A4 isoforms. The major enantiomer generated by WT CYP199A4 was established to be the (S)-enantiomer 

by Coleman et al.117  

CYP199A4 isoform enantiomeric excess 
(%ee) 

ratio of enantiomers 
(S : R) 

WT-NADH 76 ± 1 88 : 12 
D251N-NADH 87.5 ± 0.4 94 : 6 
T252A-NADH 60 ± 0.4 80 : 20 
T252E-NADH 6 ± 5 47 : 53 

T252E-60 mM H2O2 
(60-min reaction) 

13  44 : 57 
 

WT-60 mM H2O2 
(60-min reaction) 

59 ± 7 79 : 21 
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Figure 6.21. (a) Chiral HPLC analysis of the NADH-driven hydroxylation of 4-ethylbenzoic acid catalysed by WT 

CYP199A4 (blue) and the D251N (red) and T252A (green) isoforms. In orange are the separated enantiomers of 

racemic 4-(1-hydroxyethyl)benzoic acid (labelled S and R117), and in navy blue is the achiral isomer 4-(2-

hydroxyethyl)benzoic acid. In purple is a no P450 control reaction.  

(b) Chiral analysis of the NADH-driven hydroxylation of 4-ethylbenzoic acid by the T252E mutant (black).  

(c) Chiral analysis of the H2O2-driven hydroxylation of 4-ethylbenzoic acid by the T252E mutant (black). The H2O2 

concentration was 60 mM and reaction time 60 minutes. In purple is a control reaction omitting the P450. Chiral 

analysis was performed using a Lux Cellulose-1 column (100 × 4.6 mm, 3 μm, 1000 Å pore size; Phenomenex).  The 

enantiomers were separated using 15% AcCN in H2O (0.1% TFA) (flow rate: 0.8 mL min-1). The retention times of 

the 4-(1-hydroxyethyl)benzoic acid enantiomers were 9.6 and 10.6 min. 4-(2-Hydroxyethyl)benzoic acid had a retention 

time of 8.9 min.  
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As mentioned, NADH-supported sulfoxidation of 4-ethylsulfinylbenzoic acid catalysed by 

WT CYP199A4 proceeds with high enantioselectivity (82% ee)117, but the absolute configuration 

of the major enantiomer is unknown. The enantioselectivity of CYP199A4-catalysed sulfoxidation 

of 4-methylthiobenzoic acid has not been determined because Coleman et al. could not separate 

the enantiomers.117 We investigated the enantioselectivity of NADH- and H2O2-supported 

sulfoxidation of 4-ethylthiobenzoic acid by the CYP199A4 mutants (Tables 6.8 and D11). H2O2-

driven reactions were performed over a period of 2 hours and were initiated by addition of 6 mM 

H2O2 (Figures D35 and D36). Chiral analysis was performed by James de Voss at the University of 

Queensland. 

In harmony with the previously published value117, the measured enantioselectivity of NADH-

supported sulfoxidation of 4-ethylthiobenzoic acid by the WT enzyme was 83%. The 

enantioselectivity of the T252A reaction was comparable to that of the WT enzyme (82% ee), while 

that of the D251N and T252E mutants was lower (38 and 68% ee, respectively). All these 

CYP199A4 isoforms generated an excess of the same enantiomer. Accurate measurement of the 

enantioselectivity of the H2O2-driven reactions was not possible due to background oxidation of 

the sulfide by H2O2 giving racemic sulfoxide (Figure D35). The measured enantioselectivities were 

18% (T252E), 27% (WT), 18% (T252A) and 15% ee (D251N), but these values would 

underestimate the true enantioselectivity of the enzyme-catalysed reactions. The major enantiomer 

was always the same for both the H2O2-driven and NADH-supported reactions. A strategy to 

minimise uncatalysed background oxidation of the sulfide would be to continuously generate low 

levels of H2O2 in situ instead of adding H2O2 directly to the solution.266 If background oxidation of 

the sulfide could be avoided, we could achieve a higher enantiomeric excess.266   

 

 

Table 6.8. Enantioselectivity of H2O2-driven sulfoxidation of 4-ethylthiobenzoic acid by WT CYP199A4 and the 

T252E, D251N and T252A mutants. The H2O2 concentration was 6 mM and reaction time 2 hours. Note that due to 

background oxidation of the thioether by H2O2 the true enantioselectivity of the P450 reactions is unknown. The 

enantioselectivity of NADH/O2-driven reaction is also given.  

 

 CYP199A4 isoform 

% ee of 4-ethylsulfinylBA 
product 

T252E WT T252A D251N 

6 mM H2O2 (2-hour reaction) 18% 27% 18% 15% 
NADH/O2-driven reaction 68% 83% 82% 38% 

 

 

In crystal structures of 4-ethylthiobenzoic acid-bound WTCYP199A4 and T252ECYP199A4, the 

orientation of the ethylthio moiety is highly similar (Figure 6.22). This is in agreement with the 

similar enantioselectivity of both isoforms (although the enantioselectivity of the T252E mutant is 

slightly reduced).  
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Figure 6.22. Binding orientation of 4-ethylthiobenzoic acid in the active site of WT CYP199A4 (cyan; PDB ID: 

5U6U)117 and T252ECYP199A4 (yellow).  

 

 

 

6.2.5   Utilising t-BuOOH as the oxygen donor to probe the active intermediate in different 

P450 reactions  

 

We sought to further investigate the identity of the active oxidant involved in different P450 

reactions by using tert-butyl hydroperoxide as the oxygen atom donor instead of H2O2. Reacting 

P450s with H2O2 is hypothesised to yield Cpd I via Cpd 0 and Fe(III)–H2O2.107, 246, 264, 441 On the 

other hand, formation of Cpd 0 is circumvented when organic peroxides such as t-BuOOH are 

used (Figure 6.23).111, 122 Consequently, t-BuOOH can in theory be used to probe whether a 

particular P450 reaction is mediated predominantly by Cpd I or Cpd 0.111, 122, 211 If a reaction is 

catalysed by Cpd 0, the reaction would not be expected to proceed efficiently using the surrogate 

oxygen donors t-BuOOH, cumene hydroperoxide196, mCPBA (meta-chloroperoxybenzoic acid) or 

iodosobenzene but H2O2 would be expected to support the reaction.122 Vaz et al. demonstrated that 

CYP2B4 catalysed the deformylation of cyclohexanecarboxaldehyde in the presence of 

NADPH/O2 and H2O2, but not in the presence of iodosobenzene, mCPBA or cumene 

hydroperoxide.211 They interpreted this to mean that Cpd I was not the active oxidant, but rather 

iron-bound peroxide was the active species.211 Kells et al. proposed that the epoxidation of 4,5-

desepoxypimaricin by the P450 enzyme PimD is mediated exclusively by Cpd 0, finding that the 

reaction occurred in the presence of H2O2, but not in the presence of iodosobenzene or peracetic 

acid.122 Hutzler et al. showed that O-demethylation of dextromethorphan by CYP2D6 occurred at 

the same rate when CuOOH was substituted for NADPH/O2, indicating that Cpd I was the active 

oxidant  in O-dealkylation.196, 442 
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Figure 6.23. Utilising H2O2 as the oxygen donor is hypothesised to yield Cpd I via Cpd 0. Organic peroxides (e.g. t-

BuOOH) and iodosobenzene, on the other hand, cannot generate Cpd 0.111, 122, 211 Organic peroxides can therefore be 

used to probe whether a particular P450 reaction is mediated by Cpd I or Cpd 0.111, 122    

 

Initially, we investigated whether WT CYP199A4 and the T252E mutant could use t-BuOOH 

to catalyse the O-demethylation of 4-methoxybenzoic acid (a Cpd I-mediated reaction) to assess 

whether t-BuOOH could access the heme iron in CYP199A4 and generate Cpd I. Recall that in 

the presence of 50 mM H2O2, the T252E mutant generated ~380 μM 4-hydroxybenzoic acid over 

a 4-hour period. We found that in the presence of 50 mM t-BuOOH, minimal product (~5 μM) 

was generated by the T252E mutant over the same time period, while WT CYP199A4 failed to 

produce any product (Figure 6.24).  
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Figure 6.24. HPLC analysis of the t-BuOOH-driven O-demethylation of 4-methoxybenzoic acid. The reaction time 

was 4 hours at 30 ˚C and t-BuOOH concentration 50 mM. In (a) the amount of product generated by the T252E 

mutant using t-BuOOH as the oxygen donor (red) is compared to the amount produced using H2O2 (black). In (b) 

the amount of 4-hydroxbenzoic acid produced by WT CYP199A4 using either 50 mM t-BuOOH (red) or H2O2 (blue) 

is compared. 

 

There is compelling evidence that Cpd I is responsible for C-H hydroxylation103 and therefore 

we do not interpret these results as evidence that O-demethylation is mediated by Cpd 0. Due to 

its steric bulk, t-BuOOH is presumably not accommodated within the confined active site of 

CYP199A4 when substrate is bound and therefore cannot react with the ferric heme iron to 

generate Cpd I. Reactions were also performed using alternative substrates (4-formyl- and 4-vinyl-
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benzoic acid), but again the T252E mutant failed to generate any significant levels of product. The 

amount of product generated by the T252E mutant in 1 hour in the presence of 50 mM t-BuOOH 

was 6 ± 1 μM epoxide and 11 ± 1 μM terephthalic acid (Table D12, Figure D37). In the same time 

period, the T252E mutant could generate 122 μM epoxide and 146 μM terephthalic acid using 

H2O2.  

We additionally investigated whether the T252A mutant was capable of utilising t-BuOOH as 

a surrogate oxygen atom donor. Replacement of threonine-252 with alanine creates more free space 

above the heme, potentially allowing t-BuOOH to bind to the heme iron. While threonine has a 

polar side chain, the side chain of alanine is hydrophobic. This substitution may make binding of 

the hydrophobic t-butyl group of t-BuOOH in the active site more favourable. However, the 

T252A mutant failed to convert any 4-methoxybenzoic acid into 4-hydroxybenzoic acid during a 

1-hour reaction in the presence of 50 mM t-BuOOH. The D251N mutant was also unable to use 

t-BuOOH (Table D12, Figure D38). Due to the failure of CYP199A4 to utilise t-BuOOH as a 

surrogate oxygen donor, we were unable to use this oxidant to probe whether Cpd I or Cpd 0 is 

the active species in different P450 reactions. 

 

6.3   Discussion 
 

In NADH-supported reactions, T252ECYP199A4 had minimal activity towards para-substituted 

benzoic acid substrates with (m)ethylthio, vinyl, formyl and ethynyl functional groups. The product 

formation rate ranged from 0 to ~1 min-1. This confirms that the T252E variant is unable to operate 

efficiently via the normal catalytic cycle.  

NADH-supported reactions were also performed to investigate the activity of D251NCYP199A4 

and T252ACYP199A4 towards sulfoxidation of 4-ethylthiobenzoic acid. Cryle and de Voss123 reported 

that the T → A mutant of P450BM3 was able to perform the sulfoxidation of thiafatty acids at the 

same rate and with the same coupling efficiency as the WT enzyme. As Cpd 0 should be more 

abundant in the T → A mutant and Cpd I formation should be hindered, this implied that 

sulfoxidation was mediated by Cpd 0 (not Cpd I).123 They also found that the sulfoxidation of 

thiafatty acids by P450BM3 occurred with opposite enantioselectivity to the hydroxylation of fatty 

acids, again suggesting that an oxidant other than Cpd I mediated sulfoxidation.123 In contrast, the 

T252A mutant of CYP199A4 performed sulfoxidation of 4-ethylthiobenzoic acid with substantially 

lower coupling efficiency compared to the WT enzyme (37 vs. 99.5%). These results do not indicate 

that Cpd 0 is a highly efficient oxidant for sulfoxidation but are consistent with DFT studies which 

suggested that Cpd 0 is a weak oxidant.118, 200 

Cpd 0 has also been proposed to mediate epoxidation.33, 121-122 Vaz and Coon121 found that the 

T → A mutant of CYP2E1 catalysed epoxidation of olefins (e.g. styrene) more efficiently than the 

WT enzyme, implying that Cpd 0 mediated epoxidation. In NADH-supported reactions, 

T252ACYP199A4 performed epoxidation of 4-vinylbenzoic acid at a slower rate and with lower 

coupling efficiency than the WT enzyme (30 vs. 66%).276 T252ACYP199A4 predominantly produced 
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H2O2, implying that Cpd 0 accumulated (with subsequent loss of H2O2) rather than rapidly reacting 

with the alkene. If Cpd 0 were highly active towards epoxidation, we would expect enhanced 

epoxidation from the T252A mutant. This result agrees with Shaik’s proposal that Cpd 0 is a poor 

oxidant.7, 212 If there were multiple active oxidants, we might expect the product distribution to 

differ for the WT, D251N and T252A isoforms. However, these isoforms all gave the same product 

distribution (95-96% epoxide and 4-5% aldehyde side product). The enantioselectivity of 

epoxidation was virtually the same for these isoforms, which may again imply that a single oxidant 

was responsible.   

Hydrogen peroxide-driven reactions were performed with the T252E mutant of CYP199A4. 

These demonstrated that it could perform a variety of P450 oxidation reactions using H2O2. Note 

that these H2O2-driven reactions are slow compared to the rate of NADH-supported reactions 

performed by WT CYP199A4. In T252ECYP199A4, Cpd I may not be efficiently formed, and further 

mutations may be required to improve its ability to generate Cpd I. 

It is hypothesised that H2O2 binds to the heme iron to give Fe(III)–H2O2, which can convert 

into Cpd I via Cpd 0 (Figure 6.25). We assume that the ferric-peroxo anion intermediate would be 

bypassed in H2O2-driven reactions.111 Shaik has also proposed that the Fe(III)–H2O2 complex can 

convert into Cpd I via an O-O homolysis/H-abstraction mechanism (Figure 6.26).213 Shaik 

suggested that this is the mechanism by which Cpd I is generated by the peroxygenase P450SPα (and 

WT P450cam when it is shunted with H2O2).213, 256 Cpd I is required for hydroxylation and O-

dealkylation, but other functional groups (e.g. alkenes and thioethers) may be oxidised by earlier 

intermediates that may be more abundant in the peroxide-driven reactions.33, 94, 121-122  

 

 
Figure 6.25. Possible active oxidants formed during H2O2-driven CYP199A4 turnovers.33, 94, 103, 111, 118, 121, 123-124, 203, 213, 

429, 443-445  
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Figure 6.26. Shaik proposed that Cpd I could be formed from the Fe(III)–H2O2 species in hydrogen peroxide-driven 

reactions via an O-O homolysis/H-atom abstraction mechanism.213 This mechanism involves formation of an •OH 

radical by homolytic cleavage of the O–O bond, which gives Cpd II (FeIV–OH).213 This is followed by H-abstraction 

from Cpd II by •OH to give Cpd I.213 Shaik suggested that this is the mechanism by which Cpd I is formed in the 

peroxygenase P450SPα and in WT P450cam when H2O2 is used to drive camphor hydroxylation.213, 256  

 

In NADH-supported reactions, WT CYP199A4 is more active towards O-demethylation of 

4-methoxybenzoic acid than sulfoxidation of 4-methylthiobenzoic acid, which is performed faster 

than epoxidation, aldehyde oxidation and alkyne oxidation: 

O-demethylation > sulfoxidation > hydroxylation/desaturation > epoxidation > alkyne 

oxidation > aldehyde oxidation. 

In NADH-supported reactions the T252E mutant had low activity towards all substrates but 

performed O-demethylation and sulfoxidation more efficiently than the other reactions. In H2O2-

driven reactions, the T252E variant performed sulfoxidation considerably more efficiently than O-

demethylation: 

sulfoxidation > O-demethylation ≈ hydroxylation/desaturation > epoxidation > aldehyde 

oxidation > alkyne oxidation.   

The consensus is that O-demethylation and hydroxylation require Cpd I.33, 94 If sulfoxidation 

was solely mediated by Cpd I, we would not expect this reaction to have occurred more efficiently 

than O-demethylation and hydroxylation. A plausible explanation for this is that there is a second 

oxidant capable of catalysing sulfoxidation that is more abundant in these H2O2-driven reactions. 

Shaik proposed that the Fe(III)–H2O2 complex should be capable of mediating sulfoxidation with 

high efficiency so that sulfoxidation can still readily occur in the absence of Cpd I (Figure 1.20).118 

Our results agree with those of Dezvarei et al., who also found that in H2O2-driven reactions the 

T → E mutant of P450BM3 performed sulfoxidation faster than epoxidation and C-H 

hydroxylation.429 

If the T252E mutant had had substantially higher activity towards epoxidation than O-

demethylation in these hydrogen peroxide-driven reactions, this may have been evidence that an 

alternative oxidant to Cpd I can carry out epoxidation (e.g. Cpd 0 or Fe(III)–H2O2
33, 121). However, 

the T252E mutant was less active towards epoxidation than O-demethylation. The 

enantioselectivity of H2O2-driven epoxidation catalysed by T252ECYP199A4 was essentially the same 

as that of NADH-supported epoxidation catalysed by WTCYP199A4. If the enantioselectivity had 

differed, this could have been other evidence of the involvement of a second oxidant.   
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Four-hour H2O2-driven reactions were performed with WT CYP199A4 and the T252A and 

D251N mutants to compare their activity to that of the T252E mutant. All CYP199A4 isoforms 

tested catalysed the different reactions using H2O2, which appears to imply that they could all 

generate Cpd I to some extent. WT CYP199A4 and the T252A and D251N mutants were all less 

active than the T252E mutant. In H2O2-driven reactions, the T252A mutant, which is assumed to 

have impaired ability to convert Cpd 0 into Cpd I, was less active towards 4-vinylbenzoic acid 

epoxidation than the WT enzyme. This may imply that Cpd 0 is not a potent enough oxidant to 

efficiently mediate epoxidation. The T252A mutant was also less active than the WT enzyme 

towards O-demethylation, 4-formylbenzoic acid oxidation, 4-ethynylbenzoic acid oxidation, and 4-

ethylbenzoic acid hydroxylation/desaturation. The T252A mutant was, however, more active 

towards sulfoxidation of 4-methylthio- and 4-ethylthio-benzoic acid than the WT enzyme, which 

may suggest the involvement of a second oxidant in sulfoxidation (Fe(III)–H2O2 or Cpd 0).      

The T252A and D251N mutants of CYP199A4 had reduced peroxygenase activity compared 

to the WT enzyme with most substrates. This implies that when the WT enzyme is shunted with 

H2O2, the conserved acid-alcohol pair still has an important role in generating the active species. 

The reduced activity of the D251N mutant suggests that delivery of protons to the active site may 

still be important. The low activity of the T252A mutant indicates that the threonine OH facilitates 

catalysis. This agrees with previous studies that found that substitution of the conserved threonine 

in WT P450cam and P450BM3 with aliphatic residues severely reduced their peroxygenase activity.113, 

416, 446-447 

In H2O2-supported reactions, WT P450cam was capable of efficiency hydroxylating camphor, 

whereas the T252A mutant had minimal activity.446 Shaik’s explanation for the greater peroxygenase 

activity of WT P450cam is that in the T252A mutant, the Fe(III)–H2O2 complex is unstable and 

H2O2 would dissociate, whereas in the WT enzyme the threonine stabilises the Fe(III)–H2O2 

species by hydrogen bonding to this species, so that it can convert into Cpd I.213 Ma et al.113 similarly 

found that substitution of the conserved threonine with valine in the F87A mutant of P450BM3 

abolished this enzyme’s ability to epoxidise styrene using H2O2. These results and ours emphasise 

that the conserved acid-alcohol pair is important when WT P450s are shunted using H2O2. When 

H2O2 binds to the iron, the Fe(III)–H2O2 species may lose a proton to give Cpd 0. The conserved 

threonine would then be required to stabilise Cpd 0. The conserved aspartate would also be needed 

to shuttle protons into the active site to protonate Cpd 0 on the distal oxygen, which leads to O–

O bond rupture and formation of the active species (Figure 6.27).  

 

 



 

174 
 

 
 

Figure 6.27. When WT CYP199A4 is shunted with H2O2, the conserved acid-alcohol pair still appears to have an 

important role in generating the active species. Loss of a proton from Fe(III)–H2O2 would generate Cpd 0. To convert 

Cpd 0 into Cpd I, Asp251 would be required to deliver H+ into the active site to protonate Cpd 0 and Thr252 would 

be required to stabilise Cpd 0.  

 

In conclusion, in H2O2-driven reactions, T252ECYP199A4 displayed higher activity towards 

sulfoxidation than C-H hydroxylation, O-demethylation and epoxidation. This could imply that the 

Fe(III)–H2O2 complex can carry out sulfoxidation.   
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Chapter 7  
Future directions and conclusions  
 

Chapter 3 

 

In Chapter 3, the substrate range of CYP199A4 was investigated and the requirements for 

efficient P450 catalytic activity were explored. By solving crystal structures of CYP199A4 in 

complex with meta-substituted benzoic acids, it was established that these substrates bind with the 

meta substituent held close to the heme iron. Despite the proximity of the methoxy group of 3-

methoxybenzoic acid to the heme iron, it is not oxidised by CYP199A4. We postulated that the 

reason for the lack of detectable activity is that the C-H bonds are not correctly oriented for 

abstraction by Cpd I even though the methyl group is near the iron. We cannot, however, discount 

the possibility that the orientation of the substrate in the CYP199A4 active site is modified upon 

heme reduction and dioxygen binding. To assess whether the substrate binding geometry is altered 

during the catalytic cycle, crystal structures of the O2-bound ferrous form of the enzyme (or the 

CN-bound form448) could be solved. However, these complexes are more difficult to obtain due 

to the limited stability of the ferrous dioxy complex98 and because the use of KCN presents safety 

issues. Future work could also involve exploring whether CYP199A4 displays activity towards 

alternative heterocyclic substrates containing a carboxylic acid moiety, such as 4- or 5-methylfuran 

carboxylic acid, 5-methylpicolinic acid and 6-methylnicotinic acid (Figure 7.1).  

 

Figure 7.1. Alternative heterocyclic aromatic substrates containing a carboxylic acid moiety that could be investigated 

with CYP199A4. 

 

To further explore the substrate range of CYP199A4, we could investigate whether 

CYP199A4 performs more unusual reactions, such as the reduction of nitroaromatics to amines.18 

Pochapsky et al. recently reported that P450cam catalyses the six-electron reduction of 3-

nitroacetophenone to 3-aminoacetophenone (Figure 7.2), considered an uncommon P450 

reaction.74 We could likewise investigate whether CYP199A4 reduces nitroaromatics, such as 4-

nitrobenzoic acid or 4-nitroacetophenone, to the corresponding amines.  
 



 

176 
 

(a)  

(b)  
 

Figure 7.2. (a) P450cam reduces 3-nitroacetophenone to the corresponding amine, an uncommon P450 reaction.18, 74 

(b) Proposed mechanism for the conversion of nitroaromatics to amines by P450s, requiring six electrons.18, 74, 449 

 

I solved a crystal structure of 4-nitrobenzoate-bound CYP199A4 at 1.67-Å resolution, 

confirming that 4-nitrobenzoic acid binds to CYP199A4 (Table 7.1, Figure 7.3). The dissociation 

constant (Kd) was estimated to be ~150 ± 10 μM (Table 7.2). A high-occupancy (0.76-occupancy) 

water ligand to the heme is present in the crystal structure, in harmony with the small spin-state 

shift (~35%) induced by this substrate. This implies that electron transfer to the heme may be 

sluggish. Hydrogen-bonding interactions between the nitro moiety and water ligand (3.0 and 3.1 

Å) explain why this water ligand is retained, not displaced. 4-Nitrobenzoic acid was modelled in 

the active site with the nitro group held over the heme and the carboxylate interacting with polar 

active-site residues, as per other crystal structures of CYP199A4 with benzoic acid derivatives 

bound (Figure 7.3).  

Future work would be to investigate whether CYP199A4 catalyses the reduction of 4-

nitrobenzoic acid and other nitroaromatic compounds under anaerobic conditions. Preliminary 

experiments indicated that CYP199A4 is not able to reduce 4-nitrobenzoic acid to 4-aminobenzoic 

acid under aerobic conditions (Table 7.2). In the presence of O2, the nitro anion radical 

intermediate may be re-oxidised to the starting material (Figure 7.2b) or the ferrous iron heme of 

the enzyme may bind dioxygen.18, 449-450 This reaction may therefore occur only under anaerobic 

conditions. 
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Figure 7.3. Crystal structure of 4-nitrobenzoate-bound CYP199A4; the 2DFo-mFc electron density of the substrate 

and heme-bound water (W1) is shown as grey mesh. The map is a composite omit map contoured at 1.0 σ.  

 

Table 7.1. Angles and distances between the heme iron and 4-nitrobenzoic acid. 

Distance (Å)  
Fe - Nnitro 4.7 
Fe - Onitro 4.2, 5.0 

Fe - OH2 ligand 2.2 
Onitro - OH2 ligand 3.0, 3.1 

Refined occupancies  
Iron-bound H2O ligand 76% 

 
Table 7.2. Binding and in vitro turnover data for CYP199A4 with 4-nitrobenzoic acid (under aerobic conditions).  
 

Substrate % HS Kd (μM) N (min-1) PFR (min-1) C (%) 

4-nitrobenzoic acid ~35a 150 ± 10a 65 ± 2b –c –c 

 

a Interfering absorption by the substrate prevented accurate measurement of the spin-state shift and binding constant 
b In control reactions omitting the P450, the NADH consumption rate was accelerated by addition of substrate (rate 

= 34 ± 3 min-1). c No product was detected by HPLC analysis of the turnover mixture.  

 

Chapter 4 

 In Chapter 4, we proposed that optical spectra can distinguish between type II nitrogen 

ligands which hydrogen-bond to the heme-bound aqua ligand and those which coordinate directly 

to the heme iron. Future work would be to assess whether the differences we report in the UV-Vis 

spectra of directly bound and water-bridged complexes can be used to reliably diagnose whether 

other CYP199A4-drug complexes are water-bridged or have a directly coordinated nitrogen ligand. 
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We postulated that water-bridged ligands can in some instances be more effective P450 inhibitors 

than directly coordinated nitrogen ligands. 

When the 4-1H-imidazol-1-ylbenzoic acid-CYP199A4 complex was reduced with dithionite 

or NADH/HaPux/HaPuR, the UV-Vis spectrum was identical to that of five-coordinate ferrous 

CYP199A4. This implied that the Fe-N bond was breaking upon iron reduction. To confirm this, 

the crystal structure of the ferrous complex could be solved by soaking the crystals in dithionite. 

Future work would also be to measure the dissociation constant of 4-pyridin-3-ylbenzoic acid with 

ferrous CYP199A4. Reduction of the 4-pyridin-3-ylbenzoic acid-CYP199A4 complex results in a 

shift of the Soret band from 424 to 447 nm, and this spectral shift would allow the dissociation 

constant to be determined by performing a UV-Vis titration. We could also solve the crystal 

structure of 4-pyridin-3-ylbenzoic acid in complex with ferrous CYP199A4. 

 

Chapters 5 and 6 

 

Mutation of the conserved active-site threonine (T252) of CYP199A4 to glutamate was 

shown to enhance the peroxygenase activity of this enzyme. Future work is to assess whether the 

peroxygenase activity of CYP199A4 would be higher if T252 was instead replaced with aspartate 

(D) or histidine (H), residues which also function as acid-base catalysts in H2O2-utilising heme 

enzymes.227 Future work could also be to improve the peroxygenase activity of T252ECYP199A4 by 

directed evolution (random mutagenesis).54 Ideally, variants would be developed with the ability to 

operate efficiently in the presence of low concentrations of H2O2 (variants with low Km values). 

The lifetime of the P450 would be extended if it were exposed to lower H2O2 concentrations.264 A 

rapid screening strategy is required to identify mutants with enhanced peroxygenase activity. The 

S244D mutant of CYP199A4 is known to bind and oxidise 4-nitroanisole.333 O-Dealkylation of this 

substrate affords 4-nitrophenolate, a vivid yellow product (Figure 7.4). Directed evolution could 

be performed using the CYP199A4 S244D T252E double mutant as the starting enzyme, and this 

colorimetric assay could be used to rapidly identify mutants with enhanced peroxygenase activity.  

 

 

Figure 7.4. CYP199A4 mutants with enhanced peroxygenase activity could be identified using a colorimetric assay.333 

O-Demethylation of 4-nitroanisole yields a vivid yellow product (4-nitrophenolate); therefore, mutants with improved 

peroxygenase activity could be identified based on the intensity of the yellow colour that results when H2O2 is added.333  
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Another objective would be to engineer the P450 to be more resistant to inactivation when 

exposed to H2O2.232 Cirino and Arnold aimed to improve the H2O2 tolerance of P450BM3 by 

replacing methionine residues, which are susceptible to oxidation, with norleucine in case enzyme 

inactivation was arising from methionine oxidatation.232 This failed to improve its tolerance towards 

H2O2 but did inexplicably enhance its peroxygenase activity.232 An attempt could be made to 

improve the hydrogen peroxide stability of CYP199A4 by random mutagenesis.  

In the presence of H2O2, oxidation of the proximal cysteine thiolate ligand to a sulfenic 

acid (Cys-SOH) may occur.228, 425, 451 This inactivates the enzyme but reducing agents (e.g. dithionite 

and dithiothreitol) can convert the sulfenic acid back into thiolate.228, 425 If inactivation of 

T252ECYP199A4 is occurring due to oxidation of the proximal thiolate ligand by H2O2, this could be 

addressed by immobilising the enzyme so that it can be readily recovered and regenerated by 

treatment with a mild reducing agent such as dithiothreitol. The reactivated enzyme could then be 

re-used. Enzyme immobilisation could be accomplished by encapsulation in a MOF (metal organic 

framework) such as ZIF-8 (zeolitic imidazolate framework-8) or a HOF (hydrogen-bonded organic 

framework).452-453 

Once a variant of the T252ECYP199A4 enzyme with enhanced peroxygenase activity has been 

developed, it could be fused to an H2O2-generating enzyme (e.g. alditol oxidase or choline oxidase) 

(Figure 7.5).264, 454-455 Supplying low levels of H2O2 and replenishing it as it is consumed by the P450 

is less destructive than exposure to high H2O2 concentrations.270-271   

 

 

Figure 7.5. Choline oxidase (CHO) and alditol oxidase (AldO) are H2O2-generating enzymes that could be fused to 

the P450 to supply low levels of H2O2 required for catalysis. Substrates oxidised by CHO and AldO are given in the 

figure.454-455  

 

Another future project could be to obtain crystal structures of substrate-bound T252ECYP199A4 

after soaking the crystals in H2O2 for various time periods. This would potentially allow us to 

observe heme degradation and conversion of the substrate into product.    

In the T252E mutant, the distal heme-bound aqua/hydroxo ligand is tightly bound and was 

not displaced by substrates or type II ligands. This property could allow us to drive catalysis by 

using visible light to oxidise the water- or hydroxide-bound resting state to Cpd II and subsequently 

to Cpd I (Figure 7.6). This avoids the requirement for expensive NADH or destructive peroxides. 

Photooxidation of the ferric resting state to Cpd I could be achieved using the photocatalyst 
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[Ru(bpy)3]2+, as proposed by Cheruzel and co-workers.456-459 Cheruzel et al.456 succeeded in oxidising 

ferric P450BM3 to Cpd II using [Ru(bpy)3]2+ as the photocatalyst, which they covalently attached to 

the surface of the enzyme.456, 459 Irradiation of [Ru(bpy)3]2+ with blue light generates an excited state, 

*[Ru(bpy)3]2+, which reacts with a quencher to give the powerful oxidant [Ru(bpy)3]3+ (Figure 7.7), 

that can oxidise heme enzymes to Cpd II and Cpd I.456, 458-459  

 

 

Figure 7.6. Oxidation of the ferric resting state of the T252E mutant could generate Cpd I. 

 

 

Figure 7.7. Structure of the photocatalyst [Ru(bpy)3]2+. Irradiation of this complex with blue light yields an excited 

state, which is quenched to give the strong oxidant [Ru(bpy)3]3+ which oxidises ferric P450BM3 to give Cpd II.456, 459  

 

In Chapter 6, we aimed to identify the active oxidant(s) in P450 reactions. In H2O2-driven 

reactions, the T252E mutant displayed the highest activity towards sulfoxidation of 4-

methylthiobenzoic acid, and lower activity towards hydroxylation and epoxidation reactions.  

The surrogate oxygen donor H2O2 is thought to generate Cpd I via Cpd 0, but tert-butyl 

hydroperoxide should generate Cpd I without formation of Cpd 0. We expected that we could use 

tert-butyl hydroperoxide to identify whether certain P450 reactions were mediated by Cpd I or Cpd 

0. We found that CYP199A4, however, was unable to utilise tert-butyl hydroperoxide as a surrogate 

oxygen donor. We speculated that this was because the bulky tertiary butyl group prevented it from 

accessing the heme iron when substrate was bound in the CYP199A4 active site. We could instead 

attempt to generate Cpd I with methyl hydroperoxide, which is less bulky and may be able to access 

the heme (Figure 7.8). This would allow us to probe whether Cpd 0 or Cpd I was predominantly 
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responsible for certain P450 reactions. Methyl hydroperoxide can be synthesised but care would 

need to be exercised because it is a hazardous chemical (potentially explosive).460-461    

 

 

Figure 7.8. Methyl hydroperoxide is less bulky than tert-butyl hydroperoxide and may be able to access the heme when 

substrate is bound in the CYP199A4 active site.  

 
In conclusion, CYP199A4 was utilised as a model system to investigate the mechanism of 

various cytochrome P450-catalysed reactions, to understand the requirements for efficient C-H 

hydroxylation and to assess whether different type II inhibitor binding modes can be distinguished 

by UV-Vis spectroscopy.  
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Appendix A: Supplementary Information for Chapter 3  

 

Spin-state shift data for CYP199A4 with meta-substituted benzoic acid 
substrates 

 

Table A1. Shift in Soret band position upon binding of substrates to CYP199A4 

Substrate Position of Soret band (λmax / nm) Shift 
Substrate-free 

CYP199A4 
Substrate-bound 

CYP199A4 
 

3-methoxyBA 418.5 416.0 2.5 nm blue shift 
3-methylaminoBA 419.0 419.5  0.5 nm red shift 
3-methylthioBA 418.5 418.0  0.5 nm blue shift 
3-methylBA 419.0 417.0 2 nm blue shift 
3-formylBA 418.5 419.0 0.5 nm red shift 
4-formylBA 418.5 418.0 0.5 nm blue shift 
3-ethoxyBA 419.0 397.0 22 nm blue shift 
3-tert-butylBA 419.0 419.0 no shift 
3-isopropylBA 419.0 416.0 3 nm blue shift 
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(a) 3-formylbenzoic acid                             (b) 3-methylaminobenzoic acid 
 

Figure A1. Soret band red shifts induced by binding of (a) 3-formylbenzoic acid and (b) 3-methylaminobenzoic acid 

to CYP199A4. This 0.5-nm red shift may indicate that the heteroatoms of the benzoic acid substrates are interacting 

with the iron-bound water ligand.  
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In vitro NADH turnover data 
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Figure A2. Rates of NADH consumption by CYP199A4 with 3-methoxybenzoic acid (red), 3-methylaminobenzoic 

acid (green), 3-methylthiobenzoic acid (dark blue), 3-methylbenzoic acid (cyan), and 3-formylbenzoic acid 

(magenta). 

 
GC-MS data for 3-methylamino- and 3-methylthio-benzoic acid turnovers 
 

3-Methylaminobenzoic acid substrate (singly derivatized): m/z = 223.10 (expected m/z = 223.1029), RT = 18.1 min 

 

3-Methylaminobenzoic acid substrate (doubly derivatized): m/z = 295.20 (exp. m/z = 295.1424), RT = 21.19 min  

 

3-Aminobenzoic acid product (doubly derivatized): m/z = 281.20 (exp. m/z = 281.1267), RT = 21.09 min 
 

Figure A3. Mass spectral data for the CYP199A4 in vitro reaction with 3-methylaminobenzoic acid.  

 
 
 
 
 
 
 
 

50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0
0

25

50

75

100

%

73.10

280.1561.10
295.20147.15132.20 162.15 190.10 206.15104.20 236.1588.20 120.0051.00 178.10 223.10 266.20

50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0
0

25

50

75

100

%

73.15

266.15
222.20 281.20192.10

125.70 148.1561.10 164.2091.10 176.15 194.10105.1553.00 208.15

50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0
0

25

50

75

100

%

134.15

164.15
106.15 223.10208.10

77.10

65.10
51.05 91.10 120.15 166.10150.10 190.05



 

184 
 

 
 

 
3-Methylthiobenzoic acid substrate (singly derivatised): m/z = 240.05 (exp. m/z = 240.0640), RT = 12.2 min. 

 
3-Methylsulfinylbenzoic acid (singly derivatised): m/z = 256.10 (exp. m/z = 256.0589), RT = 17.0 min.  
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Figure A4. Mass spectral data for the CYP199A4 in vitro reaction with 3-methylthiobenzoic acid. The black 

chromatogram is the TMS-derivatised turnover, and in blue is chemically synthesised 3-methylsulfinylbenzoic acid. In 

red is a control reaction omitting the P450.  
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Rate of disappearance of H2O2 added to a control turnover mixture 
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Figure A5. (a) Rate of disappearance of 300 μM H2O2 incubated in a control turnover mixture containing 5 μM 

HaPux, 0.25 μM HaPuR and 0.5 μM CYP199A4 in Tris-HCl buffer (but no NADH, substrate or catalase) at 30 ˚C. 

(b) Rate of disappearance of H2O2 incubated with the individual components of the turnover mixture in Tris-HCl 

buffer (blue = Tris-HCl buffer only, red = 0.5 μM CYP199A4 in Tris buffer, black = 5 μM HaPux in Tris buffer).  
 

When the rate of NADH consumption by the P450 is slow, a portion of the H2O2 generated 

via uncoupling may be lost before the H2O2 concentration is measured at the end of the reaction. 

We would therefore be underestimating the amount of H2O2 generated.  

To assess whether any loss of H2O2 occurs over time, 300 μM H2O2 was incubated in a 

control turnover mixture containing 5 μM HaPux, 0.25 μM HaPuR and 0.5 μM CYP199A4 in Tris-

HCl buffer (but no NADH, substrate or catalase) at 30 ˚C for 1 h. The H2O2 concentration was 

measured at intervals using the horseradish peroxidase/phenol/4-aminoantipyrine assay. 

Substantial decreases in H2O2 concentration were observed over the sixty-minute period (Figure 

A5a). No significant loss of H2O2 occurred, however, when H2O2 was incubated in Tris buffer, or 

Tris buffer containing only 0.5 μM CYP199A4 (Figure A5b, blue, red). Either the ferredoxin or 

some component of its solution appeared to be responsible for the loss of H2O2 (Figure A5b, 

black). Accurate measurement of H2O2 is therefore only possible for reactions which are 

completed in less than 10 minutes, requiring the NADH consumption rate by the P450 to be at 

least 64 μM (μM-P450)-1 min-1.  
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Figure A6. HPLC analysis of the reaction with 3-methylbenzoic acid. In black is the in vitro turnover, in red and 

orange are control reactions omitting the P450 and NADH, and in green is the substrate control (RT = 16 min). 

Product appears at RT = 4.3 min. Gradient: 20-95% AcCN in H2O2 with 0.1% TFA. Detection wavelength: 254 nm. 

 

 
3-Methylbenzoic acid substrate (singly derivatised): m/z = 208.10 (exp. m/z = 208.0920), RT = 5.1 min. 

 

Oxidation product, presumed to be 3-hydroxymethylbenzoic acid (doubly derivatized): m/z = 296.10 (exp. m/z = 

296.1264), RT = 12.3 min.  

 

Figure A7. Mass spectral data for the CYP199A4 in vitro reaction with 3-methylbenzoic acid.   

 

 

 

Figure A8. CYP199A4 could conceivably convert 3-methylbenzoic acid into 4-hydroxy-3-methylbenzoic acid via 

hydroxylation of the aromatic ring. However, authentic 4-hydroxy-3-methylbenzoic acid did not co-elute with the 

oxidation product (Figure A9). 
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Identification of the product of the 3-methylbenzoic acid turnover 
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(a) In vitro turnover (black) and control reaction omitting the P450 (red)  
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(b) Authentic 4-hydroxy-3-methylbenzoic acid 
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(c) Authentic 4-hydroxy-3-methylbenzoic acid added to the in vitro turnover 

 

Figure A9. (a) HPLC analysis of the in vitro CYP199A4 reaction with 3-methylbenzoic acid. The oxidation product 

had a retention time of 5.7 min. (b) Authentic 4-hydroxy-3-methylbenzoic acid had a retention time of 8.5 min and 

did not co-elute with the oxidation product (c). Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection 

wavelength: 240 nm.  

 

Note that the retention times of the same compounds differ in Figures A6 and A9 because different HPLC instruments 

were used.  
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Chemical synthesis of 3-hydroxymethylbenzoic acid 

 
 

 
 

To a stirred solution of 3-formylbenzoic acid (9 mg, 0.06 mmol) in ethanol (1 mL) was added 

dropwise a solution of sodium borohydride (1.7 mg, 0.045 mmol) in water (1 mL) and the resulting 

mixture was stirred for 40 min. Water (3 mL) and 50 μL conc. HCl were then added and the 

reaction was analysed by HPLC (Figure A10).   
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Figure A10. HPLC analysis of the 3-formylbenzoic acid starting material (wine, RT = 9.3 min) and the product, 3-

hydroxymethylbenzoic acid, arising from reduction of the aldehyde by sodium borohydride (blue, RT = 5.8 min). 

Gradient: 20 → 95% AcCN in H2O with 0.1% TFA. Detector wavelength: 240 nm.  
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Co-elution of the synthesised 3-hydroxymethylbenzoic acid with the product 

of the CYP199A4 reaction with 3-methylbenzoic acid 
 

CYP199A4 converted 3-methylbenzoic acid into a single oxidation product (Figure 3.9). Its 

mass indicated that it was a hydroxylation product. CYP199A4 does not hydroxylate benzoic acid162 

and hence this product was expected to be 3-hydroxymethylbenzoic acid, not 4-hydroxy-3-

methylbenzoic acid which would arise from hydroxylation of the aromatic ring.   

To verify that the product was 3-hydroxymethylbenzoic acid, this compound was chemically 

synthesised via reduction of 3-formylbenzoic acid with NaBH4. The CYP199A4 oxidation product 

and synthesised 3-hydroxymethylbenzoic acid had identical HPLC retention times (Figure A11).   
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Figure A11. HPLC analysis of the in vitro NADH-supported reaction of CYP199A4 with 3-methylbenzoic acid (black). 

In orange is the 3-methylbenzoic acid substrate control (RT = 13.2 min), in blue is chemically synthesised 3-

hydroxymethylbenzoic acid (RT = 5.8 min) and in green is authentic 4-hydroxy-3-methylbenzoic acid (RT = 8.8 min). 

The P450 oxidation product (RT = 5.8 min) co-elutes with 3-hydroxymethylbenzoic acid.  

 

Gradient: 20 → 95% AcCN in H2O with 0.1% TFA. Detector wavelength: 240 nm. 
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Binding and turnover data for 2-methylbenzoic acid 

 

Table A2. Binding and in vitro turnover data for CYP199A4 with 2-methylbenzoic acid 

Substrate % 

HS 

Kd (μM) N (min-1) PFR (min-1) C (%) H2O2 (%) 

2-methylBA 5% 611 ± 72 13 ± 0.3a –b –b –c 
 

aThe NADH consumption rate reported is the average rate over the first 15 minutes. bNo product was detected by 

HPLC or GC analysis. cNot measured.  
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                                                                       (3.7 μM, peak: 388, trough: 421 nm) 

Figure A12. (a) Spin-state shift induced by binding of 2-methylbenzoic acid to CYP199A4, and (b) determination of 

the dissociation constant.    
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Figure A13. HPLC chromatogram of the CYP199A4 in vitro reaction with 2-methylbenzoic acid. No product was 

detected. In black is the in vitro turnover, in red is a control reaction omitting the P450, in orange is a control reaction 

performed without NADH, and in green is the 2-methylbenzoic acid substrate control (RT = 15.6 min). Gradient: 

20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm.  
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Figure A14. GC-MS analysis of the CYP199A4 in vitro reaction with 2-methylbenzoic acid. In black is the in vitro 

turnover, in red is a control reaction performed without P450 and in green is the 2-methylbenzoic acid substrate 

control (RT = 4.7 min). No oxidation product was detected.  

 

 
2-Methylbenzoic acid substrate (singly derivatised): m/z = 208.05 (exp. m/z = 208.0920), RT = 4.7 min. 

 

Figure A15. Mass spectral data for the CYP199A4 in vitro reaction with 2-methylbenzoic acid. No product was 

detected. 
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ICM-Pro docking scores 

 

Table A3. Selected distances in Å between 3-methylaminobenzoic acid and active-site residues/heme 

Distance (Å) ‘Down’ ‘Up’ 
Fe - CH3 4.1 7.4 
Fe - N 4.6 7.2 

N - nearest heme N 4.0 - 
CH3 - nearest heme N 3.6 - 
CH3 - nearest heme C 3.7 - 

CH3 - closest C of F182 3.8 2.8 
CH3 - closest C of F298 3.8 6.4 
CH3 - closest C of F185 5.5 4.2 

 

Table A4. ICM-Pro scores for 3-methylaminobenzoic acid docked into CYP199A4 in the ‘down’ and ‘up’ 
orientations 

 

Table A5. ICM-Pro scores for 3-methylthiobenzoic acid docked into CYP199A4  

 

Table A6. ICM-Pro scores for 3-methylbenzoic acid docked into CYP199A4 in the ‘up’ and ‘down’ orientations 

 

 

 

 

 

 

Pose Score Vls 
Score 

Strain 
kcal/mol 

Steric 
 

Torsion Electro Hbond 
kcal/mol 

Hydroph 
kcal/mol 

Surface 

‘Down’  -40.19 -43.22 3.028 -13.41 1 -9.149 -10.66 -3.202 6.331 
‘Up’  -26.73 -36.42 9.698 -6.917 1 -11.1 -10.08 -3.049 6.341 

Pose Score Vls 
Score 

Strain 
kcal/mol 

Steric 
 

Torsion Electro Hbond 
kcal/mol 

Hydroph 
kcal/mol 

Surface 

1 -37.52 -39.79 2.272 -17.83 1 -3.519 -9.179 -3.085 6.74 
2 -35.45 -37.55 2.101 -14.09 1 -4.815 -9.431 -3.076 6.728 

Pose Score Vls 
Score 

Strain 
kcal/mol 

Steric 
 

Torsion Electro Hbond 
kcal/mol 

Hydroph 
kcal/mol 

Surface 

‘Down’ -38.05 -39.48 1.425 -16.03 1 -4.867 -8.859 -3.182 4.942 
‘Up’ -36.88 -39.42 2.535 -8.641 1 -11.47 -10.04 -3.136 4.939 
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(a) (b)  

(c) (d)  

Figure A16. Docked poses of (a) 3-methylamino-, (b) 3-methylthio-, (c) 3-methyl- and (d) 3-methoxy-benzoic acid, 

shown in yellow, are overlaid with the crystal structures of the para isomers (cyan). The benzene ring of the meta isomers 

is shifted away from the heme relative to that of the para isomers.  

 

Table A7. ICM-Pro scores for veratric acid docked into CYP199A4  

 

 

Figure A17. Comparison of the top-scoring docked pose (grey) with the crystal structure pose (green) of veratric acid. 

ICM-Pro correctly predicted the binding mode. The RMSD between the docked pose and crystallographic pose is 

0.326 Å. 

 

Pose Score Vls 
Score 

Strain 
kcal/mol 

Steric 
 

Torsion Electro Hbond 
kcal/mol 

Hydroph 
kcal/mol 

Surface 

1 -34.31 -42.1 7.793 -13.86 1 -9.939 -10.17 -3.571 7.777 
2 -29.19 -37.54 8.348 -7.206 1 -11.54 -10.48 -3.55 7.439 
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Figure A18. 2-Methoxybenzoic acid docked into CYP199A4 (PDB code: 5U6W). The top-scoring pose (green) has 

the ortho methoxy group pointing away from the heme. The alternate pose (orange), which has the ortho group pointing 

towards the heme, scored poorly.   

 
Table A8. ICM-Pro scores for 2-methoxybenzoic acid docked into CYP199A4  

 

Table A9. ICM-Pro scores for 3-methoxybenzoic acid docked into CYP199A4 in the ‘up’ and ‘down’ orientations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pose Score Vls 
Score 

Strain 
kcal/mol 

Steric 
 

Torsion Electro Hbond 
kcal/mol 

Hydroph 
kcal/mol 

Surface 

‘Up’ -22.63 -29.79 7.163 -9.916 1 -4.492 -7.886 -3.275 6.177 
‘Down’ -5.564 -10.39 4.831 -7.732 1 5.909 -3.796 -3.301 6.205 

Pose Score Vls 
Score 

Strain 
kcal/mol 

Steric 
 

Torsion Electro Hbond 
kcal/mol 

Hydroph 
kcal/mol 

Surface 

‘Down’ -37.67 -40.63 2.963 -16.55 1 -5.051 -9.507 -3.175 6.446 
‘Up’ -30.02 -38.16 8.143 -8.934 1 -10.83 -10.07 -3.07 6.483 
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Data collection and crystal structure refinement statistics 
 

Table A10. Statistics for data collection and refinement of crystal structures of CYP199A4 with 3-methoxy-, 3-

methylthio-, 3-methylamino-, 3-methyl- and 4-methyl-benzoic acid bound. Values in parentheses correspond to the 

highest resolution (outer) shell. 

Statistic 3-methoxy 3-methylthio 3-methylamino 3-methyl 4-methyl 
PDB code 6PQ6 6PQD 6PRR 6PQW 6PQS 
X-ray 
wavelength 

0.9537 0.9537 0.9537 0.9537 
 

0.9537 

Unit cell 
parameters 

a = 44.5 
b = 51.4 
c = 78.9 
α = 90.0 
β = 92.5 
γ = 90.0 
 

a = 44.3 
b = 51.3 
c = 78.7 
α = 90.0 
β = 92.6 
γ = 90.0 

a = 44.4 
b = 51.4 
c = 79.5 
α = 90.0 
β = 92.1 
γ = 90.0 

a = 44.5 
b = 51.2 
c = 79.0 
α = 90.0 
β = 92.2 
γ = 90.0 

a = 44.2 
b = 51.3 
c = 78.9 
α = 90.0 
β = 92.1 
γ = 90.0 
 

Space group P1211 P1211 P1211 P1211 P1211 
Molecules per 
asymmetric unit 

1 1 1 1 1 

Resolution range 43.05 – 1.66 
(1.69 – 1.66) 

44.25 – 1.89 
(1.93 – 1.89) 

44.32 – 1.67 
(1.70 – 1.67) 

44.42 – 1.68 
(1.71 – 1.68) 

44.19 – 1.60 
(1.63 – 1.60) 

<I/σ(I)> 12.3 (2.4) 13.6 (4.0) 16.7 (4.1) 14.3 (2.6) 10.3 (1.2) 
Unique 
reflections 

41800 28336 40980 40638 45536 

Completeness of 
data 

98.9 (94.3) 99.5 (95.1) 98.0 (62.9) 99.8 (97.3) 97.2 (91.8) 

Multiplicity 6.3 (5.1) 6.7 (6.1) 6.7 (6.3) 6.9 (6.9) 6.9 (6.8) 
Rmerge  
(all I+ and I−) 

9.5 (66.2) 10.2 (46.2) 6.2 (34.9) 7.4 (56.8) 15.9 (149.2) 

Rpim  

(all I+ and I−) 
4.0 (30.8) 4.2 (20.2) 2.6 (15.0) 3.0 (23.1) 6.4 (59.7) 

CC1/2 99.7 (83.2) 99.7 (90.2) 99.9 (91.7) 99.9 (91.5) 
 

99.6 (46.0) 

Rwork 0.1555 0.1540 0.1547 0.1451 0.1598 
Rfree (5% held) 0.1847 0.1999 0.1836 0.1874 0.1939 
Ramachandran 
favoured (%) 

98.2 97.95 97.95 98.47 98.21 

Ramachandran 
outliers (%) 

0 0 0 0 0 

Unusual 
rotamers (%) 

0 0 0 0 0 

RMSD bond 
angles (˚) 

0.708 0.845 0.903 1.036 0.834 

RMSD bond 
lengths (Å) 

0.003 0.006 0.007 0.009 0.004 

Omit map type, 
contour level, 
carve radius 

composite 
omit map, 
1.0 σ, 1.3 Å 
carve 

composite 
omit map, 
1.5 σ, 1.5 Å 
carve 

composite omit 
map, 1.5 σ, 1.2 
Å carve 

polder omit 
map, 2.5 σ, 
1.5 Å carve 

composite 
omit map, 1.5 
σ, 1.5 Å carve 
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Three-dimensional fold of CYP199A4 in complex with 3-methoxy-, 3-

methylamino-, 3-methylthio-, and 3-methyl-benzoic acid  

          
(a) 3- and 4-methoxybenzoic acid         (b) 3- and 4-methylaminobenzoic acid 

(RMSD = 0.588 Å)                          (RMSD = 0.222 Å)  

          
(c) 3- and 4-methylthiobenzoic acid            (d) 3- and 4-methylbenzoic acid 

(RMSD = 0.140 Å)                          (RMSD = 0.131 Å)  

 

Figure A19. Overall fold of CYP199A4. In yellow are the crystal structures of CYP199A4 with meta-substituted 

benzoic acids bound. Superimposed with these are the structures of CYP199A4 with the corresponding para isomers 

bound (blue cartoon, green heme). The root-mean-square deviation between the superimposed structures (measured 

over all 393 pairs of Cα atoms) is given in parentheses under each figure. 

 

4-Methoxybenzoate-bound CYP199A4 (PDB: 4DO1) was crystallised under different conditions than the other crystal 

structures. This is why the RMSD between the 4- and 3-methoxybenzoic acid structures is higher. If the 3-

methoxybenzoic acid structure is superimposed with the 4-methylthiobenzoic acid structure, the RMSD is only 0.155 

Å.  
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Comparison of docked ligand poses and crystallographic poses 

 

     

(a) 3-methoxybenzoic acid        (b) 3-methylaminobenzoic acid          (c) 3-methylthiobenzoic acid 

RMSD = 0.357 Å                       RMSD = 0.461 Å                           RMSD = 0.538 Å 

            

(d) 3-methylbenzoic acid 

RMSD = 0.423 Å 

 
Figure A20. Comparison of docked ligand poses (grey) and crystallographic poses (green). For each substrate, the 

top-scoring docked pose agrees well with the crystallographic pose. The RMSD between the predicted pose and crystal 

structure pose is given beneath each figure. The root-mean-square deviation was calculated using the formula 

 

𝑅𝑀𝑆𝐷 =  ඩ
1

𝑁
෍ 𝑑௜

ଶ

ே

௜ୀଵ

 

 

where di is the distance between the ith pair of equivalent atoms and N is the number of equivalent atom pairs. A 

docked pose is commonly considered ‘good’ if the RMSD is <2 Å.462-463  
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Figure A21. The benzene ring of 3-substituted benzoic acids is held further away from the heme than the benzene 

ring of 4-substituted benzoic acids. If the meta-substituted benzoic acids are repositioned so that their benzene ring is 

superimposable with that of 4-substituted benzoic acids, as shown above, it results in a steric clash between the meta 

substituent and the heme. MolProbity329 uses hot-pink spikes to represent steric clashes.  
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Fe-S distances and displacement of the iron out of the heme plane in substrate-bound 
CYP199A4 crystal structures 

Table A11. Displacement of the heme iron below the porphyrin plane in CYP199A4 crystal structures 

Ligand bound to wild-type 
CYP199A4 

Water occupancy 
in crystal 
structure 

Iron displacement below porphyrin plane (Å) 
Plane defined by the 

four pyrrole 
nitrogens 

Plane defined by the 
24 atoms of the 

porphyrin macrocycle  
3-MethoxyBA 50% 0.222 0.202 

3-MethythioBA 77% 0.150 0.151 
3-MethylaminoBA 90% 0.121 0.110 

3-MethylBA 21% 0.264 0.246 
3-EthoxyBA 0 0.255 0.247 
4-MethylBA 0 0.309 0.287 

 

Table A12. Iron-sulfur bond distances in CYP199A4 crystal structures 

Ligand bound to 
WT CYP199A4 

Iron-sulfur bond 
length (Å) 

3-MethoxyBA 2.35 
3-MethythioBA 2.31 

3-MethylaminoBA 2.31 
3-MethylBA 2.36 
3-EthoxyBA 2.35 
4-MethylBA 2.34 

 

Table A13. Fe-N(porphyrin) bond distances in WT CYP199A4 crystal structures 

WT CYP199A4 crystal structure Fe-NA Fe-NB Fe-NC Fe-ND 
3-MethoxyBA 2.07 2.05 2.07 2.04 

3-MethythioBA 2.04 2.05 2.08 2.02 
3-MethylaminoBA 2.02 2.04 2.04 2.05 

3-MethylBA 2.06 2.08 2.04 2.02 
3-EthoxyBA 2.07 2.05 2.05 2.05 
4-MethylBA 2.06 2.06 2.05 2.05 
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(a) 3-methylthiobenzoic acid                      (b) 3-methylbenzoic acid                      (c) 3-ethoxybenzoic acid                         

 

 

      (d) 3-methylaminobenzoic acid              (e) 3-methoxybenzoic acid                (f) 4-methylbenzoic acid          

 

Figure A22. Displacement of the iron below the porphyrin plane in substrate-bound CYP199A4 crystal structures. 
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Bulky meta-substituted substrates docked into CYP199A4 
 

Table A14. ICM-Pro scores for 3-ethoxybenzoic acid docked into CYP199A4  

 

Table A15. ICM-Pro scores for 3-isopropylbenzoic acid docked into CYP199A4  

 

Table A16. ICM-Pro scores for 3-tert-butylbenzoic acid docked into CYP199A4  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pose Score Vls 
Score 

Strain 
kcal/mol 

Steric 
 

Torsion Electro Hbond 
kcal/mol 

Hydroph 
kcal/mol 

Surface 

1 -38.79 -42.52 3.727 -16.68 2 -7.03 -9.792 -3.507 6.299 
2 -37.55 -41.55 3.997 -15.39 2 -7.129 -9.885 -3.536 6.301 

Pose Score Vls 
Score 

Strain 
kcal/mol 

Steric 
 

Torsion Electro Hbond 
kcal/mol 

Hydroph 
kcal/mol 

Surface 

1 -26.47 -31.12 4.653 -12.03 2 -1.739 -8.031 -3.783 4.937 
2 -18.36 -21.66 3.301 -11.68 2 1.207 -5.205 -3.765 4.948 

Pose Score Vls 
Score 

Strain 
kcal/mol 

Steric 
 

Torsion Electro Hbond 
kcal/mol 

Hydroph 
kcal/mol 

Surface 

1 -12.3 -18.14 5.84 4.167 2 -4.464 -8.536 -3.983 4.94 
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HPLC analysis of the CYP199A4 reaction with 3-isopropylbenzoic acid 

6 8 10 12 14 16 18 20 22 24
0

1x103

2x103

3x103

4x103

9.0 9.5 10.0 10.5 11.0

0

50

100

A
b

so
rb

a
nc

e

Time (min)

metabolites

3-isopropylBA

A
b

so
rb

a
n

ce

Time (min)  
Figure A23. HPLC analysis of the CYP199A4 reaction with 3-isopropylbenzoic acid. In black is the in vitro turnover 

and in red and orange are control reactions omitting the P450 and NADH. The metabolites are expected to be the 

desaturation product, 3-(prop-1-en-2-yl)benzoic acid, and a hydroxylation product based on the retention times and 

by analogy to the products of the reaction with 4-isopropylbenzoic acid.  
 

 
3-Isopropylbenzoic acid substrate (singly derivatised): m/z = 236.05 (expected m/z = 236.12330), RT = 7.9 min 

 
Metabolite assigned as desaturation product (singly derivatised): m/z = 234.00 (expected m/z = 234.1076), RT = 9.0 min 

 
Metabolite assigned as hydroxylation product (singly derivatised): m/z = 252.55 (expected m/z = 252.1182), RT = 11.3 min  

 
Metabolite assigned as hydroxylation product (doubly derivatised): m/z = 324.10 (expected m/z = 324.1577), RT = 14.2 min
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Figure A24. GC-MS analysis of the CYP199A4 in vitro reaction with 3-isopropylbenzoic acid. In black is the in vitro 

turnover and in red is a control reaction omitting the P450.  
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Data collection and refinement statistics for the crystal structure of 3-

ethoxybenzoic acid-bound CYP199A4 and overall fold of the enzyme 
 

Table A17. Statistics for data collection and refinement of 

the crystal structure of CYP199A4 with 3-ethoxybenzoic 

acid bound. Values in parentheses correspond to the 

highest resolution (outer) shell. 

 
Figure A25. Overlaid structures of 3-ethoxbenzoic acid- (yellow 

cartoon, magenta heme) and 4-ethoxybenzoic acid-bound (blue 

cartoon, green heme) CYP199A4. The RMSD between the Cα 

atoms is 0.182 Å (over all 393 pairs).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistic  
PDB code 6PRS 
X-ray wavelength 
 

0.9537 

Unit cell 
parameters 

a = 44.6 
b = 51.4 
c = 79.4 
α = 90.0 
β = 92.2 
γ = 90.0 

Space group P1211 
Molecules per 
asymmetric unit 

1 

Resolution range 44.56 – 2.37 
(2.45 – 2.37) 

<I/σ(I)> 5.8 (1.5) 
Unique reflections 14637  
Completeness of 
data 

98.3 (84.1) 

Multiplicity 6.2 (5.2) 
Rmerge  
(all I+ and I−) 

19.2 (75.0) 

Rpim  

(all I+ and I−) 
8.3 (35.7) 

CC1/2 
 

98.5 (70.3) 

Rwork 0.1825 
Rfree (5% held) 0.2221 
Ramachandran 
favoured (%) 

97.4 

Ramachandran 
outliers (%) 

0 

Unusual rotamers 
(%) 

0.31 

RMSD bond 
angles (˚) 

0.612 

RMSD bond 
lengths (Å) 

0.002 

Omit map type, 
contour level, 
carve radius 

feature-enhanced 
map, 1.0 σ, 1.5 Å 
carve  
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(a) RMSD = 0.536 Å                       (b) RMSD = 0.367 Å 

 

Figure A26. Comparison of the docked ligand poses (grey) with the crystallographic pose of 3-ethoxybenzoic acid 

(green). In (a) the top-scoring docked pose is compared to the crystallographic pose. In (b) the second-ranked docked 

pose is compared to the crystallographic pose. The crystallographic pose is more similar to the second-ranked docked 

pose shown in (b) than the top-ranked docked pose shown in (a).  

 

 

Crystal structures of 3-methylamino- and 3-methyl-benzoic acid-bound CYP199A4 with 

modelled hydrogens  

 

(a) (b)  

Figure A27. Crystal structures of (a) 3-methylamino- and (b) 3-methyl-benzoate-bound CYP199A4 with modelled 

hydrogens. The Cpd I ferryl oxygen is modelled 1.62 Å above the heme iron.  
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Appendix B: Supplementary Information for Chapter 4 

 
                       (a) P450cam + oxygen donor ligands 

              
(b) P450cam + ‘normal’ nitrogen donors             (c) P450cam + ‘abnormal’ nitrogen donors 

 

Figure B1. UV-Vis spectra of P450cam in complex with (a) oxygen donor ligands, (b) ‘normal’ nitrogen donors and 

(c) ‘abnormal’ nitrogen donors reported by Dawson.363  

This research was originally published in the Journal of Biological Chemistry. Dawson, J. H.; Andersson, L. A.; Sono, 

M. Spectroscopic investigations of ferric cytochrome P-450-CAM ligand complexes. Identification of the ligand trans 

to cysteinate in the native enzyme. J. Biol. Chem. 1982; 257:3606-17. © the American Society for Biochemistry and 

Molecular Biology.  

 

Description of the UV-Vis spectra of P450cam with ‘normal’ and ‘abnormal’ nitrogen ligands  

 

When 2-methylimidazole, a ‘normal’ nitrogen donor ligand, binds to P450cam, the Soret band is red-

shifted from 417 to 424 nm and decreases in intensity (ε = 103 vs. 115 mM-1 cm-1). The β-band is 

red-shifted from 536 to 540 nm, while the α-band becomes substantially less intense than the β-

band. There is a small red-shift in the position of the δ-band and its intensity is increased (ε = 39 

vs. 32 mM-1 cm-1). 

 

The UV-Vis spectra of P450cam in complex with the ‘abnormal’ nitrogen donor ligands 2-

phenylimidazole, benzimidazole and indole were more resemblant of the spectra of P450cam bound 

to oxygen donor ligands.  
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Determination of the extinction coefficients of the Soret band and α, β and δ 

bands of ferric and ferrous CYP199A4 in complex with 4-pyridin-3-ylBA and 

4-pyridin-2-ylBA 

 

Method details  

The UV-Vis spectrum of 1000 μL of 7.1 μM WT CYP199A4 in 50 mM Tris-HCl buffer (pH 7.4) 

was recorded and the extinction coefficients of the α, β, and δ bands were determined. The 

literature Soret band extinction coefficient (ε419 = 119 mM-1 cm-1)162 was used to determine the P450 

concentration. To form the complex of CYP199A4 with 4-pyridin-3-ylbenzoic acid and 4-pyridin-

2-ylbenzoic acid, 20 μL of a 100 mM solution in DMSO was added to the cuvette. To generate the 

ferrous form, dithionite was added to the cuvette and the UV-Vis spectrum was recorded.  
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Figure B2. UV-Vis spectrum of ferric substrate-free WT CYP199A4. 

 

The extinction coefficient of CYP199A4 reported in the literature is ε419 = 119 mM-1 cm-1.162 

Concentration of P450 in cuvette: c = A419/ε419 = 0.8447/119 mM-1 cm-1 = 7.098 μM 

 

Extinction coefficient of δ-band (λmax = 357 nm):  

ε357 = A357/c = 0.2317/7.098 μM = 32.6 mM-1 cm-1 

 

Extinction coefficient of β-band (λmax = 537 nm): 

ε537 = A537/c = 0.078297/7.098 μM = 11.0 mM-1 cm-1 

 

Extinction coefficient of α-band (λmax = 569 nm): 

ε569 = A569/c = 0.08734/7.098 μM = 12.3 mM-1 cm-1 

 

α:β band ratio: 0.08734/0.07830 = 1.12  
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Extinction coefficients of ferric CYP199A4 in complex with 4-pyridin-3-ylbenzoic acid  

 

To form the complex of CYP199A4 with 4-pyridin-3-ylbenzoic acid, 20 μL of a 100 mM solution 

of 4-pyridin-3-ylbenzoic acid in DMSO was added to the cuvette. The protein solution in the 

cuvette was therefore diluted from 1000 μL to 1020 μL. Hence, the protein concentration was 

reduced from 7.098 μM to 6.959 μM.  

 

civi = cfvf 

cf = (1000 μL/1020 μL) × 7.098 μM = 6.959 μM 
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Figure B3. UV-Vis spectrum of ferric CYP199A4 in complex with 4-pyridin-3-ylbenzoic acid (red). 

 

 

Extinction coefficient of δ-band (λmax = 364 nm):  

ε364 = A364/c = 0.2484/6.959 μM = 35.7 mM-1 cm-1 

 

Extinction coefficient of Soret band (λmax = 424 nm):  

ε424 = A424/c = 0.7404/6.959 μM = 106 mM-1 cm-1 

 

Extinction coefficient of β-band (λmax = 541 nm): 

ε541 = A541/c = 0.07496/6.959 μM = 10.8 mM-1 cm-1 

 

Extinction coefficient of α-band (shoulder at ~570 nm): 

ε570 = A570/c = 0.05873/6.959 μM = 8.4 mM-1 cm-1 

 

α:β band ratio: 0.05873/0.07496 = 0.78  
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Extinction coefficients of ferrous CYP199A4 in complex with 4-pyridin-3-ylbenzoic acid  

 

Dithionite was added to the cuvette to reduce the P450 to the ferrous form. The protein 

concentration was assumed to still be 6.959 μM.  
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Figure B4. UV-Vis spectrum of ferrous CYP199A4 in complex with 4-pyridin-3-ylbenzoic acid (green). 

 

 

Extinction coefficient of Soret band (λmax = 447 nm):  

ε447 = A447/c = 0.8242/6.959 μM = 118 mM-1 cm-1 

 

Extinction coefficient of β-band (λmax = 542 nm): 

ε542 = A542/c = 0.1296/6.959 μM = 18.6 mM-1 cm-1 

 

Extinction coefficient of α-band (λmax = 571): 

ε571 = A571/c = 0.1367/6.959 μM = 19.6 mM-1 cm-1 

 

α:β band ratio: 0.1367/0.1296 = 1.05 
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Extinction coefficients of ferric CYP199A4 in complex with 4-pyridin-2-ylbenzoic acid  

 

Initial concentration of CYP199A4 in cuvette:  

A419 = 0.8422  

c = A419/ε419 = 0.8422/(119 mM-1) = 7.077 μM 

 

After addition of 20 μL of 100 mM 4-pyridin-2-ylbenzoic acid to 1 mL of 7.077 μM protein 

solution in the cuvette, the protein concentration was reduced to:  

cf = (1000 μL/1020 μL) × 7.077 μM = 6.938 μM 
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Figure B5. UV-Vis spectrum of ferric CYP199A4 in complex with 4-pyridin-2-ylbenzoic acid (red). 

 

Extinction coefficient of δ-band (λmax = 359 nm):  

ε359 = A359/c = 0.2194/6.938 μM = 31.6 mM-1 cm-1 

 

Extinction coefficient of Soret band (λmax = 422 nm):  

ε422 = A422/c = 0.7999/6.938 μM = 115 mM-1 cm-1 

 

Extinction coefficient of β-band (λmax = 540 nm): 

ε540 = A540/c = 0.07867/6.938 μM = 11.3 mM-1 cm-1 

 

Extinction coefficient of α-band (λmax = 571 nm): 

ε571 = A571/c = 0.09416/6.938 μM = 13.6 mM-1 cm-1 

 

α:β band ratio: 0.09416/0.07867 = 1.20   
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Extinction coefficients of CYP199A4 in complex with 4-pyridin-2-ylbenzoic acid after 

addition of dithionite 

 

Dithionite was added to the cuvette to reduce the P450 to the ferrous form and extinction 

coefficients were measured. The protein concentration was assumed to still be 6.938 μM. 

 

Note that it became apparent that 4-pyridin-2-ylbenzoic acid-bound CYP199A4 could not be 

successfully reduced by dithionite. Binding of 4-pyridin-2-ylbenzoic acid to CYP199A4 lowered 

the reduction potential and prevented reduction, even by the powerful reducing agent dithionite. 

Consequently, the UV-Vis spectrum that was recorded (Figure B6) is not the spectrum of the 

ferrous form, and the calculated extinction coefficients (below) are not valid. 
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Figure B6. UV-Vis spectrum of CYP199A4 in complex with 4-pyridin-2-ylbenzoic acid (green) after addition of 

dithionite. 

 

 

Extinction coefficient of Soret band (λmax = 421 nm):  

ε421 = A421/c = 0.7476/6.938 μM = 108 mM-1 cm-1 

 

Extinction coefficient of β-band (λmax = 541 nm): 

ε541 = A541/c = 0.08649/6.938 μM = 12.5 mM-1 cm-1 

 

Extinction coefficient of α-band (λmax = 570 nm): 

ε570 = A570/c = 0.09479/6.938 μM = 13.7 mM-1 cm-1 

 

α:β band ratio: 0.09479/0.08649 = 1.10   
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Extinction coefficients of ferric and ferrous CYP199A4 in complex with 4-1H-imidazol-1-

ylbenzoic acid  
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Figure B7. UV-Vis spectrum of ferric CYP199A4 in complex with 4-1H-imidazol-1-ylbenzoic acid (red). The P450 

concentration was 5.3 μM and ligand concentration 1.85 mM. 
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Figure B8. UV-Vis spectrum of ferrous CYP199A4 in complex with 4-1H-imidazol-1-ylbenzoic acid (green). 

 

Method details  

 

The UV-Vis spectrum of 1000 μL of 5.3 μM WT CYP199A4 in 50 mM Tris-HCl buffer (pH 7.4) 

was recorded. To form the complex of CYP199A4 with 4-1H-imidazol-1-ylbenzoic acid, 80 μL of 

a 25 mM solution of this ligand in 50 mM Tris buffer (pH 9.5) was added to the cuvette (this 

reduced the P450 concentration to 4.88 μM). To generate the ferrous form, dithionite was added 

to the cuvette and the UV-Vis spectrum was recorded.  
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Ferric CYP199A4 + 4-1H-imidazol-1-ylbenzoic acid: 

 

Initial concentration of CYP199A4 in cuvette:  

A419 = 0.62775  

c = A419/ε419 = 0.62775/(119 mM-1) = 5.275 μM 

 

After addition of 80 μL of 25 mM 4-1H-imidazol-1-ylbenzoic acid to 1 mL of 5.275 μM protein 

solution in the cuvette, the protein concentration was reduced to:  

cf = (1000 μL/1080 μL) × 5.275 μM = 4.884 μM 

 

 

Extinction coefficient of δ-band (λmax = 366 nm):  

ε366 = A366/c = 0.19040/4.8845 μM = 39.0 mM-1 cm-1 

 

Extinction coefficient of Soret band (λmax = 424 nm):  

ε424 = A424/c = 0.46228/4.8845 μM = 94.6 mM-1 cm-1 

 

Extinction coefficient of β-band (λmax = 541 nm): 

ε541 = A541/c = 0.056373/4.8845 μM = 11.5 mM-1 cm-1 

 

Extinction coefficient of α-band (λmax = 571 nm): 

ε571 = A571/c = 0.046799/4.8845 μM = 9.58 mM-1 cm-1 

 

α:β band ratio: 0.046799/0.056373 = 0.83 

 

 

Ferrous CYP199A4 + 4-1H-imidazol-1-ylbenzoic acid: 

 

Extinction coefficient of Soret band (λmax = 414 nm):  

ε414 = A414/c = 0.39885/4.8845 μM = 81.7 mM-1 cm-1 

 

Extinction coefficient of merged α/β band (λmax = 548 nm): 

ε548 = A548/c = 0.084972/4.8845 μM = 17.4 mM-1 cm-1 

 

 

 

 



 

213 
 

Spin-state shifts of CYP199A4 induced by binding of imidazole and pyridine 
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Figure B9. Spin-state shifts induced by addition of (a) imidazole and (b) pyridine to CYP199A4 and difference spectra 

of CYP199A4 with (c) imidazole and (d) pyridine. Addition of a high concentration of either neat pyridine or imidazole 

(from an 8 M stock in Milli-Q water) to WT CYP199A4 was needed to induce a type II shift. Addition of ~250 mM 

imidazole shifted the Soret peak to 425 nm (note that the imidazole increased the pH of the Tris-HCl buffer from 7.4 

to 8.2). Addition of pyridine to CYP199A4 shifted the Soret band (λmax) to 421 nm, but further addition of pyridine 

appeared to denature the enzyme (black dashed line).  
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Calculated mixed type I/type II difference spectra 

 

We considered the possibility that the ‘abnormal’ UV-Vis spectrum induced by binding of 4-

pyridin-2-ylbenzoic acid to CYP199A4 may arise from a mixture of type I and type II binding 

modes. To assess whether this was the case, we generated mixed type I/type II spectra by summing 

different proportions of pure type I and type II spectra (Figure B10). (The spectrum of 4-

methoxybenzoic acid-bound CYP199A4 was used as the pure type I spectrum and the 4-pyridin-

3-ylbenzoic acid-bound CYP199A4 spectrum was used as the pure type II spectrum.) As the 

proportion of type I binding increases, the peak at 432 nm in the type II difference spectrum 

disappears, while the intensity of the peak at ~370 nm increases. There is minimal change at 570 

nm.  
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Figure B10. Calculated mixed type I/type II difference spectra generated by summing different proportions of pure 

type I and type II spectra. The 100% type I spectrum (purple) is that of 4-methoxybenzoic acid-bound CYP199A4, 

while the 100% type II spectrum (red) is that of 4-pyridin-3-ylbenzoic acid-bound CYP199A4. The P450 concentration 

is 4.5 μM. The arrows highlight changes which occur as the proportion of type I binding increases.  
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Figure B11. Comparison of (a) a calculated mixed type I/type II spectrum (75% type II + 25% type I) (red) with (b) 

the 4-pyridin-2-ylbenzoic acid spectrum (blue).   

 

We note that the calculated mixed type I/type II spectra (e.g. Figure B11a) do not resemble 

the 4-pyridin-2-ylbenzoic acid spectrum (Figure B11b). The type I spectrum and ‘normal’ type II 
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spectrum both have troughs at 570 nm. Therefore, if the 4-pyridin-2-ylbenzoic acid spectrum arose 

from a mixture of type I and type II binding modes, we would expect it to also have a trough at 

570 nm, which it does not. Additionally, the calculated mixed type I/type II spectra all have clear 

peaks at ~380 nm, but the 4-pyridin-2-ylbenzoic acid spectrum lacks any peak around 380 nm. 

Therefore, we do not believe that the spectrum induced by 4-pyridin-2-ylbenzoic acid is a mixed 

type I/type II spectrum.    

 

Reduction of CYP199A4 in complex with type II ligands using ferredoxin 

(HaPux), ferredoxin reductase (HaPuR) and NADH  
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Figure B12. Reduction of (a) 4-pyridin-3-ylbenzoic acid-bound CY199A4 by HaPux, HaPuR and NADH. Reduction 

of the 4-pyridin-3-ylbenzoic acid complex shifted the Soret band to 447 nm. The reaction mixture contained 2 μM 

CYP199A4, 2 μM HaPux, 2 μM HaPuR and 1 mM inhibitor. NADH was added to a concentration of ~1 mM. The 

reaction mixture was incubated for ~15 min. (b) On the other hand, 4-pyridin-2-ylbenzoic acid-bound CYP199A4 

could not be reduced by NADH/HaPux/HaPuR under the same conditions. (c) Reduction of 4-imidazol-1-ylbenzoic 

acid-bound CYP199A4 by HaPux, HaPuR and NADH was evidenced by a shift of λmax from 424 nm to ~417 nm. 

The reaction mixture was incubated for ~7 min.  
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UV-Vis spectra of CYP199A4 first reduced with dithionite and then 

complexed with type II ligands/substrates 
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Figure B13. Spectra of ferrous WT CYP199A4 in complex with type II inhibitors/substrates. Substrate-free 

CYP199A4 was reduced prior to addition of the ligands. This experiment was performed because ligation of a nitrogen 

ligand to the heme iron may hinder reduction of the iron.359 The ligands are: (a) 4-pyridin-3-ylBA, (b) 4-pyridin-2-

ylBA, (c) 4-methoxyBA, (d) 4-1H-imidazol-1-ylBA, (e) imidazole, (f) pyridine.   

 

Method 

 

The UV-Vis spectrum of 500 L of substrate-free WT CYP199A4 in 50 mM Tris-HCl buffer (pH 7.4) was recorded 

and dithionite was then added to reduce the P450. The reduced P450 was subsequently saturated with ligand (≥1 mM) 

and the spectrum of the ferrous CYP199A4-ligand complex was recorded. To obtain the spectra of the ferrous 

CYP199A4-imidazole and CYP199A4-pyridine complexes, 320 mM imidazole or 250 mM pyridine were added to the 

reduced P450.  
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UV-Vis spectra of ferrous CYP199A4 in complex with substrates/type II 

ligands at pH 7.4 

 

(a)

300 350 400 450 500 550 600
0.0

0.1

0.2

0.3

0.4

0.5

 CYP199A4
 CYP199A4 + 4Py3BA
 dithionite reduced

447 nm

424 nm

A
bs

or
ba

n
ce

Wavelength (nm)

419 nm

541 nm 571 nm

(b)

300 350 400 450 500 550 600
0.0

0.1

0.2

0.3
422 nm

 CYP199A4
 CYP199A4 + 4Py2BA
 dithionite reduced

422 nm

A
b

so
rb

a
n

ce

Wavelength (nm)

419 nm

538 nm 571 nm

 

(c)

300 350 400 450 500 550 600
0.0

0.1

0.2

0.3

414 nm  CYP199A4
 CYP199A4 + 4MethoxyBA
 dithionite reduced

396 nm

A
b

so
rb

an
ce

Wavelength (nm)

419 nm

547 nm

(d)
300 350 400 450 500 550 600

0.0

0.1

0.2

0.3

415 nm  CYP199A4
 CYP199A4 + 4VinylBA
 dithionite reduced

397 nm

A
bs

or
ba

nc
e

Wavelength (nm)

419 nm

546 nm

 
 

Figure B14. UV-Vis spectra of substrate-free CYP199A4 (black), substrate-bound (red) and reduced substrate-bound 

CYP199A4 (green). The UV-Vis spectrum of CYP199A4 was recorded (in pH 7.4, 50 mM Tris-HCl buffer) and the 

protein was then saturated with substrate/inhibitor (≥1 mM). Sodium dithionite was then added and the spectrum of 

the ferrous P450 complex was recorded. Shown are the spectra of CYP199A4 in complex with (a) 4-pyridin-3-

ylbenzoic acid (4Py3BA), (b) 4-pyridin-2-ylbenzoic acid (4Py2BA), (c) 4-methoxybenzoic acid (4MethoxyBA) and (d) 

4-vinylbenzoic acid (4VinylBA).  
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UV-Vis spectra of ferrous CYP199A4 in complex with type II ligands at pH 

8.5 and 9.3  
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Figure B15. UV-Vis spectra of reduced CYP199A4 in complex with (a) 4-1H-imidazol-1-yl-, (b) 4-pyridin-2-yl-, and 

(c) 4-pyridin-3-yl-benzoic acid measured in pH 8.5 Tris buffer (50 mM). The experiments were repeated in pH 9.3 

Tris buffer (d,e). In black is substrate-free CYP199A4, in red is inhibitor-bound CYP199A4 and the reduced complex 

is in green. Abbreviations are: 4Py2BA = 4-pyridin-2-ylbenzoic acid; 4Py3BA = 4-pyridin-3-ylbenzoic acid; 4ImidzBA 

= 4-1H-imidazol-1-ylbenzoic acid.  

 

These spectra were recorded at higher pH to assess whether 4-1H-imidazol-1-ylbenzoic acid was being protonated at 

lower pH, resulting in breakage of the Fe-N bond. However, the spectra at pH 8.5 and 9.3 were identical to those at 

lower pH (pH 7.4).  
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UV-Vis spectra of ferrous WT CYP199A4 in complex with pyridine and 

imidazole at pH 7.4 

 

CYP199A4 was complexed with imidazole/pyridine and then reduced with dithionite (Figure B16). 

It appeared that the high concentration of imidazole/pyridine required to achieve binding 

denatured the enzyme, with two molecules of imidazole/pyridine coordinating to the heme in the 

two axial positions. The reduced CYP199A4-pyridine spectrum is consistent with that of pyridine 

hemochromogen  (reduced heme with two axial pyridine ligands288). The reduced CYP199A4-

imdiazole spectrum is consistent with the spectrum of reduced cytochrome b5,370 which has peaks 

at 423, 528 and 558 nm. In cytochrome b5, the heme iron has two histidine (imidazole) ligands in 

the axial positions. Identical spectra were obtained when the experiment was repeated using 

enzyme which had been denatured by heating it at 65 ˚C for 30 min (Figure B18).  
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Figure B16. UV-Vis spectra of ferrous CYP199A4 in complex with (a) imidazole and (b) pyridine. The Soret peak 

failed to shift to ~447 when dithionite was added to the CYP199A4-ligand complexes.  

 
Method 

 

The UV-Vis spectrum of 1 mL of WT CYP199A4 in 50 mM Tris-HCl buffer (pH 7.4) was recorded and the P450 was 

then complexed with imidazole (400 mM) or pyridine (370 mM). Dithionite was added to reduce the P450 and the 

UV-Vis spectrum of the ferrous CYP199A4-ligand complex was recorded. Upon reduction, spectral changes were 

observed; however, the Soret peak failed to shift to ~447 nm. 
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An experiment was performed to identify whether the CYP199A4 enzyme was still functional or 

whether it was partially denatured when a large quantity of imidazole/pyridine was added to induce 

a type II spectrum.   

 

After addition of pyridine (250 mM) or imidazole (320 mM) to WT CYP199A4 and reduction with 

dithionite, a saturating concentration of 4-pyridin-3-ylbenzoic acid was added. If the enzyme was 

still functional, the Soret band should have shifted completely to 447 nm. 

 

The Soret band only partially shifted to 447 nm, indicating that a portion of the enzyme was 

denatured (Figure 17).  
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Figure B17. UV-Vis spectra of ferric CYP199A4 complexed with (a) imidazole (320 mM) or (b) pyridine (250 mM) 

(red) and reduced spectra (green). In magenta are the spectra after addition of saturating amounts of 4-pyridin-3-

ylbenzoic acid (4Py3BA).  

 

Method 

 

To 500 μL of WT CYP199A4 protein was added 10 μL of pyridine (250 mM) or 20 μL of an 8 M imidazole solution 

in Milli-Q water (320 mM) and dithionite was added to reduce the heme. To this was added 20 μL of 100 mM 4-

pyridin-3-ylbenzoic acid in DMSO. The Soret band only partially shifted to 447 nm, indicating that the enzyme was 

now largely denatured.  
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UV-Vis spectra of heat-denatured CYP199A4 treated with pyridine/imidazole 

and reduced with dithionite 

 

We suspected that when large quantities of imidazole/pyridine were added to CYP199A4 to 

achieve binding, the protein was partially denatured. We expect that the reduced spectra (Figure 

B16) are those of ferrous heme (from denatured protein) with two pyridine/imidazole ligands in 

the axial positions. To confirm this, pyridine/imidazole and dithionite were added to heat-

denatured CYP199A4. The resulting spectra (Figure B18) were identical to those previously 

obtained using functional CYP199A4, indicating that the enzyme was being denatured.  
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Figure B18. UV-Vis spectra of heat-denatured CYP199A4 which was heated it at 65 ˚C for 30 min (black), and the 

spectra after addition of (a) imidazole (300 mM) or (b) pyridine (240 mM) and dithionite (green).  
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Crystallisation method  

 

To form the complex of CYP199A4 with 4-pyridin-2-yl- and 4-pyridin-3-yl-benzoic acid, a 

co-concentration method was used.330, 464 To dilute protein (~10 μM) was added 4-pyridin-3-

ylbenzoic acid or 4-pyridin-2-ylbenzoic acid (3 mM) from a 100 mM stock solution in 100% 

DMSO. The mixture was incubated at 4 ˚C for 2 hours, and the protein-ligand complex was then 

concentrated to 30-35 mg/mL. Clusters of plate-like crystals appeared within half a day to one 

week (Figure B19).  

 

Crystals of 4-pyridin-2-yl-, 4-pyridin-3-yl- and 4-1H-imidazol-1-yl-benzoate-

bound CYP199A4 

 

(a) (b) (c)  

(d) (e) (f)  

 

Figure B19. Crystals of (a, b, c) 4-pyridin-3-ylbenzoate-, (d, e) 4-pyridin-2-ylbenzoate- and (f) 4-1H-imidazol-1-

ylbenzoate-bound CYP199A4 under magnification. Refer to Appendix E for crystal dimensions.   
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Data collection and crystal structure refinement statistics 
 

Table B1. Statistics for data collection and refinement of crystal structures of WT CYP199A4 in complex with type 

II ligands. Values in parentheses correspond to the highest resolution (outer) shell.  

 
Statistic 4-pyridin-2-yl 4-pyridin-3-yl 4-1H-imidazol-1-yl 
PDB code 6U3K 6U30 6U31 
X-ray wavelength (Å) 0.9537 0.9537 0.9537 
Unit cell parameters 
(Å/˚) 

a = 44.3 
b = 51.2 
c = 79.2 
α = 90.0 
β = 92.4 
γ = 90.0 
 

a = 44.4 
b = 51.5 
c = 78.8 
α = 90.0 
β = 92.1 
γ = 90.0 

a = 44.4 
b = 51.4 
c = 78.9 
α = 90.0 
β = 92.3 
γ = 90.0 
 

Space group P1211 P1211 P1211 
Molecules per 
asymmetric unit 

1 1 1 

Resolution range 44.23 – 1.80 
(1.84 – 1.80) 

44.36 – 1.66 
(1.68 – 1.66) 

44.38 – 1.58 
(1.60 – 1.58) 

<I/σ(I)> 3.0 (0.9) 14.2 (3.4) 18.2 (3.3) 
Unique reflections 32441 42402 48847 
Completeness of data 98.3 (97.1) 99.7 (96.7) 99.6 (99.0) 
Multiplicity 7.2 (7.3) 7.0 (6.0) 7.0 (6.5) 
Rmerge  
(all I+ and I−) 

49.2 (280.7) 9.3 (48.9) 7.7 (57.0) 

Rpim  

(all I+ and I−) 
19.6 (109.9) 3.8 (21.5) 3.1 (24.0) 

CC1/2 93.4 (44.6) 99.8 (90.7) 99.9 (87.0) 
Rwork 0.197 0.151 0.143 
Rfree (5% held) 0.241 0.193 0.177 
Ramachandran favoured 
(%) 

97.95 98.47 98.72 

Ramachandran outliers 
(%) 

0 0 0 

Unusual rotamers (%) 0.31 0.62 0.3 
RMSD bond angles (˚) 0.795 1.02 0.933 
RMSD bond lengths (Å) 0.006 0.009 0.007 
Omit map type, contour 
level, carve radius 

feature-enhanced 
map, 1.5 σ, 1.5 Å 
carve 

composite omit 
map, 1.5 σ, 1.2 Å 
carve 

feature-enhanced 
map, 1.5 σ, 1.5 Å 
carve 
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Overall fold of CYP199A4 in complex with 4-pyridin-3-yl-, 4-pyridin-2-yl- and 
4-1H-imidazol-1-yl-benzoic acid 

          

(a) 4-pyridin-2-ylbenzoic acid                    (b) 4-pyridin-3-ylbenzoic acid  

                              (RMSD = 0.622 Å)                                  (RMSD = 0.604 Å) 

 
(c) 4-1H-imidazol-1-ylbenzoic acid 

(RMSD = 0.567 Å) 

 

Figure B20. Overlaid structure of WT CYP199A4 in complex with type II ligands with the structure of 4-

methoxybenzoate-bound CYP199A4 (4DO1). In each image, the Cα trace of 4-methoxybenzoic acid-bound 

CYP199A4 is shown in green (with the heme in blue). The Cα trace of CYP199A4 in complex with each type II ligand 

is shown in yellow (with the heme in magenta). The RMSD between the Cα atoms is given below each figure (over all 

393 pairs).  
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Chloride binding sites 

(a) (b) (c)  

Figure B21. Chloride binding sites of WT CYP199A4 in complex with (a) 4-pyridin-2-ylBA, (b) 4-pyridin-3-ylBA 

and (c) 4-1H-imidazol-1-ylBA. A composite omit map of the chloride anion (purple sphere) is shown as grey mesh 

contoured at 1.0 σ. 

 

 

Fe-N bond lengths in crystal structures of inhibitor-bound P450s 

 

The Fe-N bond length in the 4-pyridin-3-ylbenzoic acid-bound WTCYP199A4 crystal structure 

was refined to 2.2 Å. This bond length is longer than the Fe-N bond length in [Fe(bipy)3]2+, which 

is 1.97 Å.372 However, it is comparable to the Fe-N bond lengths in crystal structures of other 

P450s with directly bound pyridine derivatives (Table B2).359, 364, 373-374 

 
Table B2. Fe-N bond distances in crystal structures of P450 enzymes with directly coordinated pyridine or imidazole 
derivatives. 
 

PDB 
code 

Crystal structure description Fe-N distance (Å) Resolution (Å) 

Pyridine derivatives 
4I4H359 CYP3A4 in complex with pyridine-substituted 

desoxyritonavir 
2.14 2.9 

3QU8374 P450 2B6 (Y226H/K262R) in complex with 4-
(4-nitrobenzyl)pyridine 

2.37, 2.28, 2.25, 2.34, 
2.30 

2.8 

1W0G373 P450 3A4 in complex with metyrapone 2.27 2.73 
3QOA374 P450 2B6 (Y226H/K262R) in complex with 4-

benzylpyridine 
2.36 2.1 

1PHG364 P450cam in complex with metyrapone  2.16 1.6 
Imidazole derivatives 
1PHF364 P450cam in complex with 4-phenylimidazole 2.22 1.6 
1PHD364 P450cam in complex with 1-phenylimidazole 2.28 1.6 
3MDM156 CYP46A1 in complex with thioperamide 2.00 1.6 

 
 

 
 
 



 

226 
 

Overlaid structures of CYP199A4 in complex with 4-pyridin-2-ylbenzoic acid 
and 4-ethylthiobenzoic acid  

(a) (b)  

Figure B22. (a) 4-Pyridin-2-ylbenzoic acid displaces the phenyl ring of F298, as do bulky substrates such as 4-

ethylthiobenzoic acid and 4-thiophen-3-ylbenzoic acid.277 In cyan is the 4-ethylthiobenzoic acid structure (5U6U) 

overlaid with that of 4-pyridin-2-ylbenzoic acid (yellow). (b) 4-Pyridin-3-ylbenzoic acid (cyan), unlike 4-pyridin-2-

ylbenzoic acid (yellow), is not positioned close enough to interfere with F298 and does not displace this residue.   

 

Overlaid structures of CYP199A4 in complex with 4-pyridin-2-ylbenzoic acid 
and 4-ethylbenzoic acid  

 

 
Figure B23. Overlaid structures of 4-pyridin-2-ylbenzoate-bound CYP199A4 (yellow) and 4-ethylbenzoate-bound 

CYP199A4 (cyan; PDB ID: 4EGM). The α-carbon and β-nitrogen of 4-pyridin-2-ylbenzoic acid are in similar positions 

to the α- and β-carbons of 4-ethylbenzoic acid.  
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Distances between equivalent atoms of 4-pyridin-3-ylbenzoic acid and 4-
pyridin-2-ylbenzoic acid and displacement of nearby active-site residues in 
the two CYP199A4 crystal structures 

 

Table B3. Distances between equivalent atoms of 4-pyridin-3-ylbenzoic acid and 4-pyridin-2-ylbenzoic and 
displacement of nearby active-site residues in the two CYP199A4 crystal structures. The nomenclature used to specify 
the position of atoms in the amino acid residues is that described by Markley et al.465  

        

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Displacement of F182 
phenyl ring (Å) 

 Displacement of 
V295 (Å) 

 

Cγ 0.8 Cβ 1.1 

C1 0.9 Cγ1 1.3 
Cε1 0.9 Cγ2 1.1 
Cζ 0.9 Displacement of 

A248 (Å) 
 

Cε2 0.9 

C2 0.8 Cα 0.8 
Displacement of F298 

phenyl ring (Å) 
 Cβ 1.0 

Displacement of 
T252 (Å) 

 

 
Cγ 1.1 

C1 2.9 Cβ 0.9 
Cε1 4.7 Cγ2 1.0 
Cζ 4.4 Oγ1 0.9 

Cε2 2.4 Displacement of 
V181 (Å) 

 

 

C2 1.4 
Displacement of F185 

phenyl ring (Å) 
 Cβ 0.4 

Cγ1 0.4 
Cγ 0.4 Cγ2 0.3 

C1 0.4 Displacement of 
L98 (Å) 

 

 
Cε1 0.5 
Cζ 0.4 Cγ 0.4 
Cε2 0.5 C1 0.5 

C2 0.5 C2 0.6 

Displacement of 
bridging water (Å) 

   
   

W1 - W10 0.3   

Distances between equivalent 
atoms of 4Py2BA and 4Py3BA (Å) 

C1 - C1 3.1 
C2 - C2 2.3 
C3 - C3 1.7 
C4 - N4 2.1 
N5 - C5 2.7 
C6 - C6 3.1 
C7 - C7 1.2 
C8 - C8 0.9 
C9 - C9 0.6 

C10 - C10 0.4 
C11 - C11 0.6 
C12 - C12 1.0 
C13 - C13 0.3 
O14 - O14 0.3 
O15 - O15 0.4 
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Angle between pyridine/imidazole ring and iron-sulfur axis in inhibitor-
bound P450 crystal structures from the PDB 
 

 

(a) 1PHG                              (b) 3QOA                           (c) 1W0G 

 

                        (d) 3QU8                             (e) 4I4H                              (f) 2BDM 

 

                        (g) 1PHF                            (h) 1PHD                            (i) 4KF2 

 

(j) 3MDM 

 

Figure B24. In many of the crystal structures shown above, the imidazole/pyridine ring of the type II ligand is held 

approximately perpendicular to the plane of the heme. However, the imidazole ring is noticeably tilted in the structure 

of P450cam in complex with 1-phenylimidazole (PDB ID: 1PDH) (h).  

 



 

229 
 

Table B4. Angle between the pyridine ring and heme in crystal structures of P450 enzymes with directly coordinated 

pyridine derivatives 

PDB 
code 

Description Angle between 
pyridine ring and Fe-S 

bond (˚) 

Angle between pyridine ring 
and plane defined by four 

heme pyrrole N (˚) 
4I4H CYP3A4 in complex with pyridine-

substituted desoxyritonavir 
2.0 84.3 

3QU8 P450 2B6 (Y226H/K262R) in complex 
with 4-(4-nitrobenzyl)pyridine 

6.6 82.9 

1W0G P450 3A4 in complex with metyrapone 12.9 72.1 
3QOA P450 2B6 (Y226H/K262R) in complex 

with 4-benzylpyridine 
9.4 89.3 

1PHG P450cam in complex with metyrapone  5.1 80.1 

 

Table B5. Angle between the imidazole ring and heme in crystal structures of P450 enzymes with directly coordinated 

imidazole derivatives  

PDB 
code 

Description Angle between 
imidazole ring and 

Fe-S bond (˚) 

Angle between imidazole ring 
and plane defined by four heme 

pyrrole N (˚) 
1PHF P450cam in complex with 4-

phenylimidazole 
11.1 76.9 

1PHD P450cam in complex with 1-
phenylimidazole 

22.6 63.6 

4KF2 P450BM3 (A82F F87V) in 
complex with imidazole 

6.6 80.8 

2BDM CYP2B4 in complex with 
bifonazole 

2.0 80.7 

3MDM CYP46A1 in complex with 
thioperamide 

9.0 78.8 

 

Table B6. Angle between the imidazole/pyridine ring and heme in crystal structures of CYP199A4 in complex with 

type II ligands 

PDB 
code 

Description Angle between 
imidazole/pyridine 
ring and Fe-S bond 

(˚) 

Angle between 
imidazole/pyridine ring and 
plane defined by four heme 

pyrrole N (˚) 
6U3K 4-pyridin-2-ylBA-bound 

CYP199A4 
42.0 40.3 

6U30 4-pyridin-3-ylBA-bound 
CYP199A4 

18.0 63.8 

6U31 4-1H-imidazol-1-ylBA-bound 
CYP199A4 

26.3 56.8 
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Iron-sulfur and iron-nitrogen bond lengths in hexacoordinate and 
pentacoordinate CYP199A4 crystal structures 

 

Table B7. Iron-sulfur bond distances in CYP199A4 crystal structures 

Ligand bound to wild-
type CYP199A4 

 Iron-sulfur bond 
length (Å) 

4-Pyridin-3-ylBA Hexacoordinated, 
low-spin iron 

2.30 
4-Pyridin-2-ylBA 2.29 

4-Imidazol-1-ylBA 2.31 
4-MethylBA Pentacoordianted, 

high-spin iron 
2.34 

4-CyclopropylBA (5UVB) 2.36 
4-MethoxyBA (4DO1) 2.40 
4-EthoxyBA (5U6T) 2.40 

4-IsopropylBA (5KDB) 2.40 
 

Table B8. Fe-N(porphyrin) bond distances in CYP199A4 crystal structures 

WT CYP199A4 crystal structure Fe-NA Fe-NB Fe-NC Fe-ND 
4-Pyridin-3-ylBA 2.05 2.04 2.04 2.05 
4-Pyridin-2-ylBA 2.02 2.08 2.05 2.04 

4-Imidazol-1-ylBA 2.01 2.01 2.03 2.03 
4-MethylBA 2.06 2.06 2.05 2.05 

4-CyclopropylBA (5UVB) 2.08 2.07 2.05 2.02 
4-MethoxyBA (4DO1) 2.13 2.03 2.07 2.13 
4-EthoxyBA (5U6T) 2.05 2.05 2.10 2.11 

4-IsopropylBA (5KDB) 2.08 2.03 2.08 2.06 
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CW and HYSCORE EPR data for substrate/inhibitor-bound CYP199A4 

 

 
(a) 4-methoxybenzoic acid-bound CYP199A4 

 

 

(b) CW EPR spectra 

 

Figure B25. (a) HYSCORE spectrum of CYP199A4 with the substrate 4-methoxybenzoic acid, which largely 

displaces the water ligand. (b) CW EPR spectra of CYP199A4 without substrate (NS) and in complex with the type II 

inhibitors 4-pyridin-2-ylbenzoic acid (4Py2BA) and 4-pyridin-3-ylbenzoic acid (4Py3BA) and the substrate 4-

methoxybenzoic acid (4MOBA). These figures were supplied by Josh Harbort and Jeffrey Harmer at the 

University of Queensland, who performed the EPR experiments. 
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Table B9. CW EPR parameters for CYP199A4 in complex with type I ligands (4-methoxy- and 4-vinyl-benzoic acid) 
and the type II inhibitors 4-pyridin-2-yl- and 4-pyridin-3-ylbenzoic acid.  

This table was supplied by Jeffrey Harmer and Josh Harbort at the University of Queensland, who performed 
the EPR experiments.  

Substrate Spe-
cies 

gz gy gx gz 
strainc 

gy 
strainc 

gx  
strainc 

D E/D Comp. 
 % 

HS 
(%) 

Substrate-
free 

1 2.4332 2.2530 1.9141 0.0308 0.0182 0.0179   100 0 

4-methoxy 
benzoic acid 

1 2.4147 2.2549 1.9216 0.0262 0.0170 0.0151   50.4 20 
2 2.4546 2.2561 1.9039 0.0418 0.0195 0.0208   21.1  

 3 2.3851 2.2366 1.9811 0.0279 0.0183 0.0102   8.52  
HS a 4 8.0990 3.4808 1.6695 0.2337 0.1650 0.0633   

19.9 
 

      b “ 2 2 2 0.0932 0.0608 0.0501 ~108 ~0.108  
4-vinyl 

benzoic acid 
1 2.4215 2.2562 1.9165 0.0250 0.0130 0.0223   41.1 32.6 
2 2.4447 2.2562 1.9194 0.0208 0.0148 0.0094   12.0  

 3 2.3918 2.2346 1.9794 0.0311 0.0141 0.0086   14.3  
HS a 4 8.1323 3.4295 1.6515 0.2039 0.1889 0.0699   

32.5 
 

      b “ 2 2 2 0.1209 0.0643 0.0601 ~108 ~0.110  
4-pyridin-2-
yl benzoic 

acid 

1 
2.4388 2.2504 1.9103 0.0246 0.0117 0.0117   100 0 

4-pyridin-3-
yl benzoic 

acid 

1 2.5262 2.2583 1.8798 0.0385 0.0156 0.0201   94.4 0 
2 2.4112 2.2665 1.9195 0.0299 0.0079 0.0120   5.6 d  

a Modelled with a Seff = ½ spin Hamiltonian. b Modelled with a S = 5/2 spin Hamiltonian.  
c g-strain values shown for X-band only. d Signal from remaining substrate-free CYP199A4.  
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Structure of 4-phenylbenzoate-bound CYP199A4 overlaid with the 4-pyridin-
2-ylbenzoic acid and 4-pyridin-3-ylbenzoic acid structures 

(a)  

(b)  

 

Figure B26. (a) Overlaid structures of 4-pyridin-2-ylbenzoate-bound CYP199A4 (yellow) and 4-phenylbenzoate-

bound CYP199A4 (cyan). (b) Overlaid structures of 4-pyridin-3-ylbenzoate-bound CYP199A4 (yellow) and 4-

phenylbenzoate-bound CYP199A4 (cyan). The 4-phenylbenzoic acid structure is unpublished data and was obtained 

by Joel Lee (PhD student in the Bell Group).  
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Displacement of 4-pyridin-3-ylbenzoic acid from the CYP199A4 active site by 

4-methoxybenzoic acid  
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Figure B27. Displacement of 4-pyridin-3-ylbenzoic acid from the active site of (a) ferric and (b) ferrous CYP199A4 

by 4-methoxybenzoic acid.  

 

4-Pyridin-3-ylbenzoic acid could be readily displaced from the active site of CYP199A4 by the tight-binding 

type I substrate 4-methoxybenzoic acid.  

 

CYP199A4 was first complexed with 4-pyridin-3-ylbenzoic acid (1 mM), which shifted the Soret band to 

424 nm. Subsequent addition of 1 mM 4-methoxybenzoic acid almost completely converted the enzyme 

into the HS form (λmax = 396 nm), indicating that the type I substrate had replaced 4-pyridin-3-ylbenzoic 

acid in the enzyme active site.   

 

4-Methoxybenzoic acid also readily displaced 4-pyridin-3-ylbenzoic acid from the active site of the 

dithionite-reduced enzyme. Replacement of 4-pyridin-3-ylbenzoic acid in the active site by 4-

methoxybenzoic acid was evidenced by a Soret band shift from 447 nm to 415 nm.  

 

4-Pyridin-3-ylbenzoic acid could also be displaced from the active site of CYP199A4 by 4-pyridin-2-

ylbenzoic acid.  
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Figure B28. Displacement of 4-pyridin-3-ylbenzoic acid from the active site of ferrous CYP199A4 by 4-pyridin-2-

ylbenzoic acid.  

 



 

235 
 

Displacement of 4-1H-imidazol-1-yl- and 4-pyridin-2-yl-benzoic acid from the 

CYP199A4 active site by 4-methoxybenzoic acid  

 

The type I substrate 4-methoxybenzoic acid readily displaced the type II ligand 4-1H-imidazol-1-ylbenzoic 

acid from the active site of CYP199A4.  

Displacement of the ‘pseudo’ type II ligand 4-pyridin-2-ylbenzoic acid from the CYP199A4 active site by 

4-methoxybenzoic acid was more difficult. A larger concentration of 4-methoxybenzoic acid was required 

to displace 4-pyridin-2-ylbenzoic acid.  
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Figure B29. Displacement of (a) 4-1H-imidazol-1-ylbenzoic acid and (b) 4-pyridin-2-ylbenzoic acid from the active 

site of ferric CYP199A4 by 4-methoxybenzoic acid.  
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Crystal structure of 2-phenylimidazole-bound P450cam reported by Poulos364 
 

 
Figure B30. Crystal structure of P450cam in complex with the ‘abnormal’ nitrogen ligand 2-phenylimidazole reported 

by Poulos (PDB ID: 1PHE)364. 

 

Poulos reported that the ‘abnormal’ nitrogen donor ligand 2-phenylimidazole fails to displace the 

heme-bound water when it binds to P450cam and does not form a Fe-N bond, explaining the 

abnormal spectrum. The imidazole moiety of 2-phenylimidazole does not hydrogen-bond to the 

heme-bound water ligand.155, 364   
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Spectrum of ferrous CYP199A4 in complex with 4-pyridin-2-ylbenzoic acid 

supplied by Professor Paul V. Bernhardt 

 
Figure B31. Spectra of ferric 4-pyridin-2-ylbenzoic acid-bound CYP199A4 (red) and the reduced form (black), with 

the Soret band shifted to 412 nm and the α/β bands merged into a single peak at 544 nm. This experiment was 

performed by Professor Paul V. Bernhardt who supplied the figure.  
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Spectra of ferrous CYP199A4 in complex with inhibitors and substrates 

supplied by Professor Paul V. Bernhardt 

(a)  

(b)  

 

Figure B32. Spectra of ferric CYP199A4 (red) and the reduced form (black) in complex with the type II ligands (a) 

4-pyridin-3-ylBA and (b) 4-1H-imidazol-1-ylBA. These experiments were performed by Professor Paul V. 

Bernhardt who supplied the figures.  
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(c)  

(d)  

 

Figure B32. (Continued) Spectra of ferric CYP199A4 (red) and the reduced form (black) in complex with (c) 4-

methoxybenzoic acid and (d) without substrate. These experiments were performed by Professor Paul V. 

Bernhardt who supplied the figures.  
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Table B10. Reduction potentials of CYP199A4 in complex with type II inhibitors and substrates supplied by Professor 

Paul V. Bernhardt at the University of Queensland. The wavelengths of spectra peaks for the ferric and ferrous forms 

are given.   

 

Substrate Em,8 (mV vs NHE) Fe(III) Fe(II) 
No substrate -438  417, 546, 561 nm 414, 548 nm 
4-MethoxyBA -188 390, 500, 645 nm 412, 544 nm 
4Py2BA -462 420, 538, 567 nm 412, 544 nm 
4Py3BA -321 422, 532, 562 nm 447, 540, 567 nm 
4-Imidazol-1-ylBA -278 423, 527 nm 414, 545 nm 
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Appendix C: Supplementary Information for Chapter 5 
 

Determination of the extinction coefficient of WT CYP199A4 by the CO 
binding method284 
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Figure C1. Spectra of native WT CYP199A4 (black) and the FeII–CO versus FeII difference spectrum (red).  

 

Concentration of P450 = (A450 – A490)/91 mM-1 cm-1 = 12.6 μM 

 

Extinction coefficient for the CYP199A4 Soret band: 

ε418 = A418/(P450 conc. × path length) = 122 mM-1 cm-1 

 

 

 

Determination of the extinction coefficient of CYP199A4 isoforms by the 
pyridine hemochromogen method288 

 
Table C1. Calculated Soret band extinction coefficients for WT CYP199A4 and the T252E, D251N and T252A 

mutants by the pyridine hemochromogen method288-289 

 

Trial Calculated Soret band extinction coefficient (mM-1 cm-1) 
WT CYP199A4 

ε419 nm 
T252E mutant 

ε419.5 nm 
D251N mutant 

ε420 nm 
T252A mutant 

ε419 nm  
1 122.9 122.5 123.3 120.3 
2 120.8 116.0 123.3 118.3 
3 121.8 119.5 123.3 116.4 
4 123.4 119.7 122.5 126.5 
5 126.5 122.0 122.5  
6 128.6 120.2 123.3  
7 123.2 116.7 122.5  
8 129.1 119.0 121.7  

Mean ± SD 125 ± 3 119 ± 2 122.8 ± 0.6 120 ± 4 
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Determination of the extinction coefficient of T252ECYP199A4 by the pyridine 
hemochromogen method 
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Figure C2. Determination of the Soret band extinction coefficient of native T252ECYP199A4 by the pyridine 

hemochromogen method.288  

 

A solution of native T252ECYP199A4 was prepared with an absorbance of 1.861 at 419.5 nm. 

 

The T252ECYP199A4 solution (0.5 mL) was diluted by addition of 0.5 mL of 

pyridine/NaOH/K3[Fe(CN)6] solution, followed by addition of 10 μL of 0.5 M dithionite solution 

to reduce the heme. Heme concentration in this sample was determined using ε557 = 34.7 mM-1 

cm-1. 

 

Heme concentration: c = A557/ε557 = 0.2672/34.7 = 7.70 μM heme 

 

Heme concentration in original (undiluted) P450 solution: 7.70 μM heme × (1.01 mL/0.5 mL) = 

15.55 μM heme 

 

Extinction coefficient of native T252ECYP199A4: 

ε419.5 nm = A419.5 nm/c = 1.861/15.55 μM = 119.7 mM-1 cm-1 
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Spin-state shifts induced by binding of benzoic acids to T252ECYP199A4 with 

alternative functional groups at the para position 
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Figure C3. Spin-state shifts of the T252E mutant of CYP199A4 induced by (a) 4-formylbenzoic acid, (b) 4-

vinylbenzoic acid, (c) 4-methylthiobenzoic acid, (d) 4-ethylthiobenzoic acid and (e) 4-ethynylbenzoic acid.   

 

For substrates which induced a red-shift of the Soret band, these red-shifts are shown more clearly in Figure C4.  
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Red-shifts of the Soret band induced by binding of benzoic acids to 

T252ECYP199A4 with alternative functional groups at the para position 
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Figure C4. Red-shifts of the Soret band of T252ECYP199A4 induced by (a) 4-formylbenzoic acid, (b) 4-

methylthiobenzoic acid, (c) 4-ethylthiobenzoic acid and (d) 4-vinylbenzoic acid and (e) veratric acid.   
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Dissociation constant analysis of T252ECYP199A4 with para-substituted benzoic 

acid substrates 
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     (a) 4-vinylbenzoic acid                    (b) 4-methylthiobenzoic acid 

       (2.6 μM, trough: 416 nm)              (2.6 μM, peak: 376 nm, trough: 416 nm)  
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Figure C5. UV-Vis titrations to determine the dissociation constant of T252ECYP199A4 with para-substituted benzoic 

acid substrates. The enzyme concentration used and the peak and trough wavelengths are provided under each graph. 

The data were fitted to the Morrison tight-binding equation, but the fits are poor. Consequently, the Kd values are not 

likely to be accurate, but still reveal that the T252ECYP199A4 enzyme can tightly bind these substrates.  
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Co-elution of reaction products with authentic compounds to confirm their 

identity 
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Figure C6. HPLC analysis of the NADH/O2-driven oxidation of 4-methoxybenzoic acid by T252ECYP199A4 (black). 

In red is a control reaction omitting the P450, and in blue is authentic 4-hydroxybenzoic acid (RT = 5.8 min). The 

substrate appears at 11.4 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm.  
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Figure C7. HPLC analysis of the NADH/O2-driven oxidation of veratric acid by T252ECYP199A4 (black). In red is a 

control reaction omitting the P450, in blue is authentic vanillic acid (RT = 6.1), in orange is isovanillic acid (RT = 6.4 

min), and in green is 3,4-dihydroxybenzoic acid (RT = 4.5 min). The substrate appears at 9.4 min. Gradient: 20-95% 

AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm. * Impurity in substrate.  
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Figure C8. HPLC analysis of the NADH/O2-driven oxidation of 4-ethylbenzoic acid by (a) T252ECYP199A4 and (b) 

WT CYP199A4 (black). In red is a control reaction omitting the P450, in blue is authentic 4-vinylbenzoic acid (RT 

= 14.1 min), in green is 4-2-hydroxyethylbenzoic acid (RT = 6.2 min), in orange is 4-1-hydroxyethylbenzoic acid (RT 

= 6.6 min), in purple is 4-acetylbenzoic acid (RT = 9.9 min) and in dark red is chemically synthesised epoxide (RT = 

10.4 min). The substrate appears at 14.9 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 

254 nm.  
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Lifetime of the T252ECYP199A4 catalyst in the presence of H2O2 
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Figure C9. In preliminary experiments, the T252ECYP199A4 enzyme was found to be catalytically active for only ~4 

hours when exposed to 60 mM H2O2. This reaction was performed at room temperature and 4-methoxybenzoic acid 

was used as the substrate. 

 

Control reactions performed with CYP101B1 and heat-denatured T252ECYP199A4 

 

We demonstrated that a Fenton-type reaction was not responsible for the formation of product in 

the H2O2-driven P450 reactions (Figures C10 and C11). In the Fenton reaction, iron reacts with 

H2O2 to generate the potent hydroxyl radical, which is capable of oxidising organic molecules.411, 

451  
 

Control reactions were performed in which functional T252E enzyme was substituted with 

CYP101B1, a P450 which does not bind para-substituted benzoic acid substrates (Figure C12), or 

heat-denatured T252E enzyme. In both control reactions, no product was generated. Product was 

only observed in the presence of functional T252E or WT CYP199A4.     
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Figure C10. Control reactions performed to demonstrate that a Fenton-type reaction was not responsible for the 

formation of product in the H2O2-driven turnovers. The substrate was 4-methoxybenzoic acid (1 mM), the H2O2 

concentration was 50 mM and the reaction time was 4 hours. In red is a control reaction omitting the P450, in orange 

is a control reaction performed with 3 μM CYP101B1, and in green is a control reaction performed with 3 μM heat-

denatured T252ECYP199A4. These reactions did not generate any product. For comparison, the amount of product (4-

hydroxybenzoic acid) generated by functional T252ECYP199A4 under the same conditions is shown (black).  
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Figure C11. Control reactions performed to demonstrate that a Fenton-type reaction was not responsible for veratric 

acid demethylation in H2O2-driven turnovers.  

 

In orange is a control reaction which contained CYP101B1 instead of T252ECYP199A4 and in green is a control reaction 

performed with heat-denatured T252ECYP199A4. No product was generated in these control reactions. Product was only 

formed when functional T252ECYP199A4 enzyme was present (black). The reaction time was 4 hours.  
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CYP101B1 spin-state shifts  
Para-substituted benzoic acids do not bind to CYP101B1 based on the lack of any appreciable spin-state 

shift to high-spin when these substrates are added to the enzyme. Substrates of CYP101B1 are the 

norisoprenoids α-ionone, β-ionone and β-damascone.299, 466  
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Figure C12. Spin-state shifts of WT CYP101B1 with para-substituted benzoic acids: (a) 4-methoxybenzoic acid, (b) 

4-methylthiobenzoic acid, (c) 4-formylbenzoic acid, (d) 4-ethynylbenzoic acid, (e) 4-ethylbenzoic acid, (f) veratric 

acid, and (g) 4-vinylbenzoic acid.  
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Reaction of the T252ECYP199A4 enzyme with 4-nitroanisole and 60 mM H2O2 
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Figure C13. (a) O-demethylation of 4-nitroanisole produces a vivid yellow product which absorbs at 410 nm.  

(b) Reaction of 3 μM T252ECYP199A4 enzyme with 1 mM 4-nitroanisole and 60 mM H2O2 monitored at 410 nm. Instead 

of observing an increase in absorbance at 410 nm due to 4-nitrophenolate production, a rapid decrease in absorbance 

occurred due to rapid heme bleaching by H2O2.  
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Heme bleaching by H2O2 inactivates the P450 
 

In the absence of substrate, the T252ECYP199A4 enzyme was rapidly bleached by H2O2. To show that 

the bleached enzyme was inactive, 3 μM substrate-free T252ECYP199A4 was pre-incubated with 50 

mM H2O2 for 20 minutes before addition of 1 mM 4-methoxybenzoic acid. No product was 

generated by the bleached enzyme, demonstrating that it was completely inactive (Figure C14).   
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Figure C14. HPLC analysis of a 20-minute reaction of bleached T252ECYP199A4 (3 μM) with 4-methoxybenzoic acid 

(red), demonstrating that the bleached enzyme is completely inactive. The T252E enzyme had been bleached by pre-

incubation with 50 mM H2O2 for 20 minutes before addition of substrate. No 4-hydroxybenzoic acid product was 

generated by the bleached enzyme.  

For comparison, a 20-minute reaction of active T252ECYP199A4 enzyme (3 μM) with 4-methoxybenzoic acid in the 

presence of 50 mM H2O2 is shown in black, which generated product. In blue is authentic 4-hydroxybenzoic acid.  
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Rate of heme bleaching of substrate-free T252ECYP199A4 by H2O2  
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Figure C15. Rate of heme bleaching of substrate-free T252ECYP199A4 (3 μM) when exposed to 20 and 60 mM H2O2. 

Spectra were recorded at 2 min intervals to monitor the loss of the Soret absorption band. The heme signal of the 

substrate-free enzyme was rapidly bleached. 
 

Substrate protected T252ECYP199A4 from rapid heme bleaching by H2O2 
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Figure C16. Rate of heme bleaching of 3 μM T252ECYP199A4 in the presence of (a) 1 mM 4-formylbenzoic acid and 

(b) 1 mM 4-vinylbenzoic acid when exposed to 60 mM H2O2. Spectra were recorded at 2 min intervals to monitor 

the loss of the Soret absorption band. Substrate protected the T252E mutant from rapid bleaching.  
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Data collection and crystal structure refinement statistics  

 
Table C2. Statistics for data collection and refinement of crystal structures of the T252E mutant of CYP199A4 in 

complex with benzoic acid substrates. Values in parentheses correspond to the highest resolution (outer) shell. 

 

Statistic 4-methoxy 4-methylthio 4-ethylthio 4-benzyl 4-thiophen-3-yl 4-pyridin-2-yl 
X-ray 
wavelength (Å) 

0.71080 0.95370 
 

0.95370 0.95373 0.95373 0.95370 

Unit cell 
parameters 
(Å/˚) 

a = 41.3 
b = 51.5 
c = 79.7 
α = 90.0 
β = 92.2 
γ = 90.0 
 

a = 41.1 
b = 51.8 
c = 80.0 
α = 90.0 
β = 92.3 
γ = 90.0 
 

a = 40.7 
b = 51.5 
c = 79.3 
α = 90.0 
β = 92.3 
γ = 90.0 
 

a = 44.2 
b = 51.6 
c = 79.2 
α = 90.0 
β = 92.4 
γ = 90.0 
 

a = 44.1 
b = 51.6 
c = 79.5 
α = 90.0 
β = 92.4 
γ = 90.0 
 

a = 44.2 
b = 51.5 
c = 79.2 
α = 90.0 
β = 92.3 
γ = 90.0 
 

Space group P1211 P1211 P1211 P1211 P1211 P1211 
Molecules per 
asymmetric unit 

1 1 1 1 1 1 

Resolution range 43.24 – 1.55 
(1.57 – 1.55) 

43.46 – 1.66 
(1.68 – 1.66) 

40.70 – 1.66 
(1.68 – 1.66) 

44.15 – 1.77 
(1.80 – 1.77) 

44.08 – 2.02   
(2.07 – 2.02) 

44.13 – 1.73 
(1.76 – 1.73) 

<I/σ(I)> 8.5 (2.2) 7.4 (1.6) 9.3 (1.0) 8.7 (1.1)  8.1 (2.1) 13.1 (2.0) 
Unique 
reflections 

48517 38747 31873 33739 23380 37249 

Completeness of 
data 

98.9 (92.5) 96.3 (90.4) 81.1 (73.3) 96.3 (37.3) 98.8 (89.5) 99.7 (94.3) 

Multiplicity 7.2 (6.6) 6.1 (5.1) 5.0 (4.3) 6.2 (3.5) 6.6 (5.7) 7.3 (6.7) 
Rmerge  
(all I+ and I−) 

16.6 (95.1) 16.7 (93.0) 14.5 (152.1) 16.3 (139.1) 13.0 (63.2) 13.0 (87.5) 

Rpim  

(all I+ and I−) 
6.6 (39.6) 7.1 (44.0) 6.7 (76.3) 7.3 (78.8) 5.4 (28.1) 5.2 (36.1) 

CC1/2 99.3 (76.4) 99.1 (61.8) 99.4 (37.6) 99.1 (-13.9) 99.5 (87.4) 99.7 (70.0) 
Rwork 0.1707 0.1923 0.1668 0.1709 0.1767 0.1510 
Rfree (5% held) 0.2031 0.2326 0.2045 0.2159 0.2229 0.1852 
Ramachandran 
favoured (%) 

97.95 98.21 97.95 97.44 97.19 98.21 

Ramachandran 
outliers (%) 

0 0 0 0 0 0 

Unusual 
rotamers (%) 

0.30 0.31 0.31 0.31 0 0.31 

RMSD bond 
angles (˚) 

0.892 0.829 0.736 1.001 0.678 0.674 

RMSD bond 
lengths (Å) 

0.007 0.006 0.004 0.009 0.004 0.004 

Omit map type, 
contour level, 
carve radius 

composite 
omit map, 2.0 
σ, 1.5 Å carve 

composite 
omit map, 
1.5 σ, 1.5 Å 
carve 

feature-
enhanced 
map, 1.0 σ, 
1.5 Å carve 

feature-
enhanced 
map, 1.5 σ, 
1.5 Å carve 

feature-
enhanced map, 
1.0 σ, 1.5 Å 
carve 

feature-
enhanced 
map, 2.0 σ, 
1.5 Å carve 
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Unidentified ligand bound in the crystal structure of ‘substrate-free’ 
T252ECYP199A4 

 
Figure C17. We attempted to obtain a crystal structure of substrate-free T252ECYP199A4, but an unidentified ligand was 

bound in the active site (grey mesh). The electron density map is a 2mFo-DFc map contoured at 1 σ. The enzyme 

crystallised in the substrate-bound conformation with a closed substrate-access channel, rather than in a conformation 

with an open substrate-access channel. When Bell et al. previously crystallised WT CYP199A4 in the absence of any 

intentionally added substrate, they too observed electron density corresponding to an unknown ligand bound in the 

active site.29 Bell et al. did successfully crystallise CYP199A2, a related enzyme which shares 86% sequence identity 

with CYP199A4, in the substrate-free form and this had an open substrate-access channel.29, 467  
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T252ECYP199A4 chloride binding sites 

(a) (b)  (c)  

 (d)  (e)  

 

Figure C18. Chloride binding site of the T252E mutant of CYP199A4 in complex with (a) 4-methoxyBA, (b) 4-

pyridin-2-ylBA, (c) 4-ethylthioBA, (d) 4-methythioBA and (e) 4-benzylBA. A composite omit map of the chloride 

ion (purple sphere) is shown as grey mesh contoured at 1.0 σ (1.5 Å carve).  

 

 
Figure C19. In WT CYP199A4, the para-methoxy moiety of 4-methoxybenzoic acid lies in the plane of the benzene 

ring, whereas in the T252E mutant the para-methoxy group is rotated away from the heme by 18˚. The methoxy group 

cannot lie in the same plane as the benzene ring in the T252E mutant because this would result in a steric clash 

(represented by hot-pink spikes) between the methyl group and the heme-bound H2O/OH− ligand, as illustrated by 

the image above.  
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Structure of the I-helix in WT CYP199A4 and the T252E mutant  

          

(a) CYP199A4 in complex with 4-methoxybenzoic acid (PDB ID: 4DO1), 2 Å resolution 

In WT CYP199A4, the side chain hydroxyl of T253 is hydrogen bonded to the carbonyl of L250 (2.8 Å) 
and peptide N-H of V254 (3.0 Å). It is 3.9 Å from the carbonyl of G249.  

The figure on the right was generated using the crystal structure of 4-pyridin-3-ylbenzoate-bound 
CYP199A4 (PDB ID: 6U30). The electron density of T252 and T253 is shown as grey mesh contoured at 
4 σ to highlight the position of the oxygen atoms. (The map is a 2mFo-DFc composite omit map.)  

 

(b) T252ECYP199A4 in complex with 4-methoxybenzoic acid, 1.55 Å resolution 

Note the altered orientation of T253 (black arrow), which is now H-bonded to the G249 carbonyl (2.7 Å). 

 
(c) substrate-free P450terp (PDB ID: 1CPT), 2.3 Å resolution 

In P450terp, the side chain of T272 is hydrogen bonded to the carbonyl of G268 (3.1 Å). 
 

Figure C20. I-helix hydrogen-bonding network of WT CYP199A4, the T252E mutant and P450terp. The orientation 

of T253 in the T252E mutant resembles the orientation of the equivalent threonine in P450terp (T272), P450cin (T243) 

and P450BM3 (T269). Hydrogen bonds with donor-acceptor distances less than 3.2 Å are shown as dashed lines. 

Hydrogen bonds were identified using Coot.322  
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Overlay of substrate-bound T252E and WT CYP199A4 structures 

 

(a) 4-methylthiobenzoic acid                   (b) 4-ethylthiobenzoic acid 

(RMSD = 0.400 Å)                                (RMSD = 0.396 Å) 

 

(c) 4-pyridin-2-ylbenzoic acid           (d) 4-thiophen-3-ylbenzoic acid 

                                 (RMSD = 0.257 Å)                           (RMSD = 0.256 Å) 

 

 

Figure C21. Overlaid structures of the T252E mutant (yellow cartoon, magenta heme) and WT CYP199A4 (blue 

cartoon, green heme) with various ligands bound. The RMSD between the Cα atoms is given below each figure (over 

all 393 pairs).  
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Dissociation constant analysis for T252ECYP199A4 with bulky ligands 
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Figure C22. UV-Vis titrations to determine the dissociation constant of T252ECYP199A4 with (a) 4-cyclohexyl- and (b) 

4-t-butyl-benzoic acid and spin-state shifts induced by (c) 4-t-butylbenzoic acid and (d) 4-isopropylbenzoic acid. The 

enzyme concentration used and the peak and trough wavelengths are provided under each graph. Note that the fit of 

the Morrison equation to the 4-t-butylbenzoic acid data is poor.     

 

Table C3. Binding affinities of 4-cyclohexyl- and 4-t-butyl-benzoic acid to the T252E variant of CYP199A4. Crude 

values for Kd were determined by performing UV-Vis titrations. More accurate values were obtained by Giang T. H. 

Nguyen at the University of New South Wales using a mass spectrometry method.291 Literature Kd values for WT 

CYP199A4 are provided for comparison. 

  T252E WT 
 
Substrate 

 
Method 

Kd (μM) 
UV-Vis titrationa 

Kd (μM) 
Mass spectrometry 

Kd (μM) 
UV-Vis titration 

4-cyclohexylBA  0.4 ± 0.1 1.5 ± 0.1 0.45 ± 0.05277 

4-t-butylBA  2 ± 2 - 39 ± 2277 
 

aUV-Vis titrations were performed in triplicate.  
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(a) 0.5 nm red-shift                    (b) 1 nm red-shift                   (c) 0.5 nm red-shift   

 

Figure C23. Magnitude of the red-shift induced by binding of (a) 4-benzylbenzoic acid, (b) 4-thiophen-3-ylbenzoic 

acid and (c) 4-phenylbenzoic acid to T252ECYP199A4.  

 

B-factors of 4-benzylbenzoic acid 

 

Table C4. B-factors of 4-benzylbenzoic acid in the T252ECYP199A4 crystal structure. The benzyl substituent has higher 

B-factors than the benzoic acid moiety, indicating greater mobility.  
 

Atom B-factor (Å2) 

C1 24 
C2 21 
C3 23 
C4 21 
C5 19 
C6 21 
C7 15 
C8 14 
C9 12 
C10 13 
C11 13 
C12 12 
C13 13 
C14 13 
O15 11 
O16 12 
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Crystals of 4-cyclohexyl- and 4-pyridin-3-yl-benzoic acid-bound T252ECYP199A4 

(a) (b) (c) (d)  
 

Figure C24. Crystals of T252ECYP199A4 in complex with (a, b) 4-cyclohexylbenzoic acid and (c, d) 4-pyridin-3-

ylbenzoic acid. Although crystals were obtained of these complexes, we were unable to solve the structures.  

 

Crystal structure of 4-isopropylbenzoate-bound T252ECYP199A4 

 

 
Figure C25. Crystal structure of 4-isopropylbenzoate-bound T252ECYP199A4. A polder omit map of the substrate 

and F298 is shown as grey mesh contoured at 4 σ (3 Å carve).  

 

We attempted to solve the crystal structure of the T252E mutant in complex with 4-

isopropylbenzoic acid. The aim was to identify whether this bulky ligand could displace the heme-

bound H2O/OH– ligand. A 1.6-Å resolution data set was collected. The crystal structure revealed 

that the H2O/OH– ligand was not displaced. However, the two isopropyl methyl groups were not 

visible in the electron density map, and residue F298 appeared to be disordered (Figure C25). The 

structure therefore could not be solved. There may be mobility in the structure; the substrate and 

F298 side chain may have multiple orientations.  
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Identification of the position of the sulfur of 4-thiophen-3-ylbenzoic acid in 

the T252ECYP199A4 crystal structure 
 

   
(a) sulfur ‘down’                               (b) sulfur ‘up’ 

 
(c) two alternative conformations of substrate modelled 

Figure C26. 4-Thiophen-3-ylbenzoic acid positioned with the sulfur pointing (a) ‘down’ towards the heme or (b) ‘up’ 

away from the heme. The mFo-DFc difference map (red and green blobs) is contoured at the ± 3 σ level. (c) The 

difference peaks in the mFo-DFc difference map could be removed by modelling both orientations of the substrate. 

 

The thiophene ring of 4-thiophen-3-ylbenzoic acid could either be oriented with the sulfur 

pointing ‘down’ towards the heme or ‘up’ away from the heme (Figure C26a,b). The substrate was 

initially positioned with the sulfur ‘down’. However, negative density (red blobs) in the vicinity of 

the sulfur in the mFo-DFc difference map indicated that the electron density at this position was 

too high. Positive density (green blobs) opposite the sulfur implied that the electron density at this 

position was too low. This suggested that the sulfur was inappropriately placed. 

When the ring was flipped, placing the sulfur on the opposite side, again negative and positive 

peaks in the difference map indicated that the sulfur was incorrectly positioned.  

The difference peaks in the mFo-DFc difference map could be removed by modelling the 

substrate in both orientations. It appears that the substrate can bind with the sulfur in either 

position. The occupancies of these alternative conformations were refined to 36% (‘down’) and 

45% (‘up’) (Table C5).   

 

Table C5. Refined occupancies of the alternative conformations of 4-thiophen-3-ylbenzoic acid 

Conformation Occupancy 

Sulfur ‘down’ 36% 

Sulfur ‘up’ 45% 
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Table C6. Distances and angles between notable features of the 4-thiophen-3-ylbenzoate-bound T252ECYP199A4 crystal 

structure. Distances are given for the ligand orientation in which the sulfur is pointing ‘up’ away from the heme. 

 

 
Distance 

4-thiophen-3-yl-
T252E  

Fe - C11 4.3 
Fe - C10 5.0 
OH2/OH– ligand - C11 3.3 
OH2/OH– ligand - C10 4.1 
Angle (˚)  
dihedral angle C11-C7-C6-C5 59.1 

 
 

 

S-Fe-O angle in T252ECYP199A4 crystal structures 

 

In the crystal structures of T252ECYP199A4 in complex with 4-methoxy-, 4-methylthio-, 4-ethylthio- 

and 4-pyridin-2-yl-benzoic acid, the S-Fe-O angle is approximately linear. We noticed that when 

bulky hydrophobic substrates are bound (e.g. 4-benzylbenzoic acid and 4-thiophen-3-ylbenzoic 

acid), the S-Fe-O angle is bent because the aqua/hydroxo ligand is shifted away from the sterically 

bulky substrate.  

 

In the 4-thiophen-3-ylbenzoic acid structure, the Fe-O bond is at a 20.7˚ angle to the Fe-S bond. 

In the 4-benzylbenzoic acid structure, the Fe-O bond is at a 15.9˚ angle to the Fe-S bond.  
 

 
Table C7. S-Fe-O angle in substrate-bound T252ECYP199A4 crystal structures 

 
T252ECYP199A4 crystal structure S-Fe-O angle (˚) 

4-methoxyBA 172.7 
4-ethylthioBA 174.3 

4-methylthioBA 172.8 
4-pyridin-2-ylBA 173.3 

4-thiophen-3-ylBA 159.3 
4-benzylBA 164.1 
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Spin-state shifts of T252ECYP199A4 induced by type II ligands 
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(c) T252E + 4-oxopropylbenzoic acid 

 

Figure C27. Spin-state shifts of T252ECYP199A4 induced by the ligands 4-propionylbenzoic acid and 4-

oxopropylbenzoic acid (red). Spin-state shifts of WT CYP199A4 (blue) are shown for comparison.  

 

Table C8. Spin-state shifts of T252ECYP199A4 and WT CYP199A4 induced by type II ligands 

 

Substrate Spin-state shift (% HS) 

T252E WT 

4-PropionylBA ~2.5 nm red-shift ~2 nm red-shift 277 

4-2-OxopropylBA ~2.5 nm red-shift 50% 277 

4-Pyridin-2-ylBA ~3 nm red-shift 3 nm red-shift277 

4-Pyridin-3-ylBA ~3.5 nm red-shift 5 nm red-shift277 
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Dissociation constant analysis for T252ECYP199A4 with type II ligands 
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Figure C28. UV-Vis titrations to determine the dissociation constant of T252ECYP199A4 with (a) 4-pyridin-2-yl- and 

(b) 4-pyridin-3-yl-benzoic acid. The enzyme concentration used is provided under each graph.    

 
Table C9. Binding affinities of 4-pyridin-2-yl- and 4-pyridin-3-yl-benzoic acid to the T252E variant of CYP199A4. 

Crude values for Kd were determined by performing UV-Vis titrations. More accurate values were obtained by Giang 

T. H. Nguyen at the University of New South Wales using a mass spectrometry method.291 Literature Kd values for 

WT CYP199A4 are provided for comparison. 

  T252E WT 
 

Substrate 
 

Method 
Kd (μM) 

UV-Vis titrationa 

Kd (μM) 
Mass spectrometry 

Kd (μM) 
UV-Vis titration 

4-pyridin-2-ylBA  Sub micromolar 0.10 ± 0.01 1.0 ± 0.1 277 

4-pyridin-3-ylBA  1.1 ± 0.2 7.9 ± 0.1 2.3 ± 0.1 277 
 

aUV-Vis titrations were performed in triplicate.  
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Determination of the orientation of the pyridine ring in the 4-pyridin-2-

ylbenzoate-T252ECYP199A4 crystal structure 

 

At resolutions >1.5 Å, carbon and nitrogen can be difficult to distinguish from the electron 

density map.468 However, we expect that the pyridine ring must be oriented with the N pointing 

‘down’ towards the heme based on the knowledge that this compound induces a type II spin-state 

shift, which implies that the N is hydrogen-bonded to the aqua ligand (or coordinated directly to 

the heme iron). If the pyridine ring were oriented with the N pointing away from the heme, it 

would instead result in a steric clash between the ring and the aqua ligand (represented by pink 

spikes in Figure C29b).  

 

    
(a) nitrogen ‘down’                                  (b) nitrogen ‘up’  

              (H-bond between N and aqua ligand)   (steric clash between ring and aqua ligand) 

 

Figure C29. Two possible orientations of the pyridine ring of 4-pyridin-2-ylbenzoic acid in the active site of 

T252ECYP199A4. The ring must be oriented with the nitrogen pointing ‘down’ towards the heme because this results in 

a favourable hydrogen bond between the N and aqua ligand. If the ring were oriented with the N pointing away from 

the heme, it would result in a steric clash between the ring and the aqua ligand (represented by hot-pink spikes).  
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UV-Vis spectra of T252ECYP199A4 in complex with 4-1H-imidazol-1-ylbenzoic 

acid  

 

4-1H-Imidazol-1-ylbenzoic acid is another compound that is known to directly coordinate to 

the heme iron when it binds to WT CYP199A4 (Chapter 4). When added to the T252E mutant, it 

induced a ~1.5 nm red-shift of the Soret band, which is smaller than the 5 nm red-shift it induces 

when it binds to WT CYP199A4 (Figure C30a,b). Note that the spectrum of WT CYP199A4 in 

complex with 4-1H-imidazol-1-ylbenzoic acid resembles the spectra of P450cam in complex with 

‘normal’ nitrogen donor ligands reported by Dawson (the α-band intensity is greatly diminished 

and the δ-band intensity is increased).363, 365 In contrast, the spectrum of 4-1H-imidazol-1-ylbenzoic 

acid-bound T252ECYP199A4 is an ‘abnormal’ spectrum (the α-band remains more intense than the β-

band). The difference spectra of WTCYP199A4 and T252ECYP199A4 with 4-1H-imidazol-1-ylbenzoic acid 

also differ substantially (Figure C30c,d). This again appears to indicate that the aqua ligand in the 

T252E mutant is not displaced. 
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Figure C30. Spin-state shifts of (a) WT CYP199A4 and (b) the T252E mutant with 4-1H-imidazol-1-ylbenzoic acid. 

Difference spectra of (c) WT CYP199A4 and (d) T252ECYP199A4 with 4-1H-imidazol-1-ylbenzoic acid are also given.   
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Attempts to reduced T252ECYP199A4 in complex with type II inhibitors with 

dithionite 

 

To further investigate whether the distal oxygen ligand in the T252E mutant is displaced by 

type II ligands, we sought to obtain spectra of the reduced enzyme in complex with 4-pyridin-3-

yl-, 4-pyridin-2-yl- and 4-1H-imidazol-1-yl-benzoic acid (Figure C31). As discussed in Chapter 4, 

ferrous P450s with directly bound σ-donor nitrogen ligands display red-shifted Soret peaks at 440-

450 nm.358, 365-366  

Recall that reduced WT CYP199A4 in complex with 4-pyridin-3-ylbenzoic acid exhibits a 

Soret band at 447 nm. On the other hand, addition of dithionite to the 4-pyridin-3-ylbenzoate-

T252ECYP199A4 complex did not red-shift the Soret peak (Figure C31a). This is evidence that 4-

pyridin-3-ylbenzoic acid is not displacing the aqua ligand in the T252E mutant. The small shoulder 

which appeared at ~447 nm indicates that only in a minor proportion of enzyme molecules is the 

nitrogen ligand directly coordinated to the iron. As expected, when dithionite was added to the 

T252E-4-pyridin-2-ylbenzoic acid complex, the Soret band was again not red-shifted (Figure 

C31b). This agrees with the crystal structure, which showed that the nitrogen ligand fails to replace 

the water ligand. We also found that addition of dithionite to the 4-1H-imidazol-1-ylbenzoic acid-

T252E complex failed to red-shift the Soret band to 440-450 nm (Figure C31c).   
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Figure C31. UV-Vis spectra of dithionite-reduced T252ECYP199A4 in complex with type II ligands: (a) 4-pyridin-3-yl-, 

(b) 4-pyridin-2-yl- and (c) 4-1H-imidazol-1-yl-benzoic acid. In black and red are substrate-free and substrate-bound 

ferric T252ECYP199A4. In green is the spectrum after addition of dithionite.  
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For comparison, we added dithionite to the T252E mutant in complex with type I ligands (4-

phenylbenzoic acid and 4-methoxybenzoic acid) and recorded UV-Vis spectra (Figure C32). Recall 

that when we reduced WT CYP199A4 in complex with these type I ligands, the Soret band was 

blue-shifted to ~414 nm. However, the Soret band of the T252E mutant was not substantially 

shifted when we added dithionite, which may indicate that the T252E enzyme was not completely 

reduced under the experimental conditions.   
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Figure C32. UV-Vis spectra of the T252E enzyme in complex with type I substrates: (a) 4-phenyl- and (b) 4-methoxy-

benzoic acid. In black is the substrate-free ferric enzyme, and substrate-bound ferric T252ECYP199A4 is in red. In green 

is the spectrum after addition of dithionite.  

 

In case the T252E mutant was not being successfully reduced, we attempted to more fully 

reduce the T252E mutant by incubating it with dithionite on ice for 10-30 minutes before addition 

of substrate (4-methoxybenzoic acid or 4-pyridin-3-ylbenzoic acid). The resulting spectra were 

essentially identical to those previously recorded (Figure C33). Thus, the T252E variant appears to 

be difficult to reduced with dithionite.  
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Figure C33. UV-Vis spectra of the T252E mutant incubated with dithionite on ice for 10-30 minutes (red) before 

complexation with (a) 4-pyridin-3-ylbenzoic acid or (b) 4-methoxybenzoic acid (green).   
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CW EPR spectra of P450st at pH 7 and pH 10 and formate-bound P450cam 

reported by Dawson et al.164 and Hayakawa et al.418  

 

(a) (b)  

 

Figure C34. (a) EPR spectrum of P450cam with formate (HCOO–) bound reported by Sono and Dawson164, and (b) 

the EPR spectra of P450st at pH 7 and pH 10 reported by Hayakawa et al.418 Figure (a) was originally published in the 

Journal of Biological Chemistry. Sono, M.; Dawson, J. H. Formation of low spin complexes of ferric cytochrome P-

450-CAM with anionic ligands. Spin state and ligand affinity comparison to myoglobin. J. Biol. Chem. 1982, 257 (10), 

5496-5502. © the American Society for Biochemistry and Molecular Biology. Figure (b) is reproduced with permission 

from Wiley and the approval of the corresponding author, Prof. Nobuhumi Nakamura. © 2012 Federation of 

European Biochemical Societies. 
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Iron displacement out of the porphyrin plane in crystal structures of substrate-
bound T252ECYP199A4  

 

Table C10. Displacement of the heme iron below the porphyrin plane in crystal structures of substrate-bound T252E 
CYP199A4 

Ligand bound to T252E 
CYP199A4 

 Iron displacement below porphyrin plane 
Plane defined by 
the four pyrrole 

nitrogens 

Plane defined by the 
24 atoms of the 

porphyrin 
macrocycle  

4-MethoxyBA Hexacoordinated, 
low-spin iron 

0.156 Å 0.118 Å 
4-MethylthioBA 0.161 Å 0.130 Å 
4-EthylthioBA 0.077 Å 0.055 Å 

4-Pyridin-2-ylBA 0.064 Å 0.053 Å 
4-BenzylBA 0.150 Å 0.113 Å 

4-Thiophen-3-ylBA 0.113 Å 0.077 Å 
 

Table C11. Displacement of the heme iron below the porphyrin plane in crystal structures of substrate-bound WT 
CYP199A4 for comparison 

Ligand bound to wild-
type CYP199A4 

 Iron displacement below porphyrin plane 
Plane defined by 
the four pyrrole 

nitrogens 

Plane defined by the 
24 atoms of the 

porphyrin 
macrocycle  

4-MethoxyBA (4DO1) Pentacoordinated, 
high-spin iron 

0.204 Å 0.234 Å 
4-MethylthioBA (5KT1) 0.223 Å 0.230 Å 

4-Thiophen-3-ylBA (6C3J) 0.262 Å 0.221 Å 
4-Pyridin-2-ylBA Hexacoordinated, 

low-spin iron 
0.131 Å 0.096 Å 
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Table C12. Iron-sulfur bond distances in T252E CYP199A4 crystal structures 

Ligand bound to 
T252E CYP199A4 

 Iron-sulfur bond 
length (Å) 

4-MethoxyBA Hexacoordinated, 
low-spin iron 

2.27 
4-MethylthioBA 2.31 
4-EthylthioBA 2.27 

4-Pyridin-2-ylBA 2.28 
4-BenzylBA 2.25 

4-Thiophen-3-ylBA 2.27 
 

Table C13. Iron-sulfur bond distances in WT CYP199A4 crystal structures for comparison 

Ligand bound to wild-
type CYP199A4 

 Iron-sulfur bond 
length (Å) 

4-MethoxyBA (4DO1) 
Pentacoordinated, 

high-spin iron 

2.40 
4-Thiophen-3-ylBA (6C3J) 2.42 
4-MethylthioBA (5KT1) 2.48 

4-Pyridin-2-ylBA Hexacoordinated, 
low-spin iron 

2.29 
4-Pyridin-3-ylBA 2.30 

 

Table C14. Fe-N(porphyrin) bond distances (in Å) in T252E CYP199A4 crystal structures  

T252E CYP199A4 crystal 
structure 

Fe-NA Fe-NB Fe-NC Fe-ND 

4-MethoxyBA 2.05  1.99 2.01 2.03 
4-MethylthioBA 2.08 2.05 2.02 2.05 
4-EthylthioBA 2.05 2.04 2.03 2.05 

4-Pyridin-2-ylBA 2.02 2.01 2.07 2.04 
4-BenzylBA 2.05 2.07 2.00 2.03 

4-Thiophen-3-ylBA 2.03 2.05 2.05 2.06 
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(a) 4-ethylthiobenzoic acid                           (b) 4-pyridin-2-ylbenzoic acid 

 

(c) 4-benzylbenzoic acid                                    (d) 4-methoxybenzoic acid 

 

(e) 4-methylthiobenzoic acid                                   (f) 4-thiophen-3-ylbenzoic acid 

 
 

Figure C35. Position of the heme iron in substrate-bound T252E crystal structures. In the substrate-bound 

T252ECYP199A4 crystal structures, in which the iron is six-coordinate and low-spin, the iron is less displaced out of the 

porphyrin plane than in crystal structures of substrate-bound WT CYP199A4 (where the iron is five-coordinate and 

high-spin). Note that the S-Fe-O angle is bent when bulky hydrophobic substrates such as 4-benzylbenzoic acid and 

4-thiophen-3-ylbenzoic acid are bound.  
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Appendix D: Supplementary Information for Chapter 6 
In vitro NADH turnover data 
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Figure D1. Rates of NADH consumption by the T252ECYP199A4 mutant with para-substituted benzoic acid substrates:  

4-methoxybenzoic acid (red), veratric acid (green), 4-formylbenzoic acid (dark blue), 4-vinylbenzoic acid (cyan), 4-

methylthiobenzoic acid (magenta), 4-ethylbenzoic acid (orange), 4-ethylthiobenzoic acid (purple), and 4-

ethynylbenzoic acid (black). 4-Ethynylbenzoic acid absorbs at 340 nm and therefore the absorbance increased when 

this substrate was added.  

 

HPLC retention times 
 
Table D1. HPLC retention times for para-substituted benzoic acid substrates and products. Gradient: 20 → 95% 
acetonitrile in H2O with 0.1% TFA over 20 minutes. 
 

Compound Retention time (min) 
4-Methoxybenzoic acid 11.4 
4-Hydroxybenzoic acid 5.8 
4-Vinylbenzoic acid 14.1 
4-Oxiran-2-ylbenzoic acid 10.4 
4-Methylthiobenzoic acid 13.6 
4-Methylsulfinylbenzoic acid 4.7 
4-Mercaptobenzoic acid 12.5 
4-Methylsulfonylbenzoic acid (sulfone) 6.9 
4-Ethylthiobenzoic acid 15.5 
4-Ethylsulfinylbenzoic acid 5.7 
4-Ethylbenzoic acid 14.9 
4-(1-Hydroxyethyl)benzoic acid 6.6 
4-(2-Hydroxyethyl)benzoic acid 6.2 
4-Acetylbenzoic acid 9.9 
4-Ethynylbenzoic acid 13.2 
4-Carboxyphenylacetic acid 6.8 
4-Formylbenzoic acid 9.1 
Terephthalic acid 6.2 
Veratric acid 9.4 
Vanillic acid 6.1 
Isovanillic acid 6.4 
3,4-Dihydroxybenzoic acid 4.5 
9-Hydroxyfluorene (internal standard) 15.7 
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Co-elution of reaction products with authentic compounds to confirm their 

identity 
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Figure D2. HPLC analysis of the NADH/O2-driven oxidation of 4-methylthiobenzoic acid by T252ECYP199A4 (black), 

which exclusively generated 4-methylsulfinylbenzoic acid. In red is a control reaction omitting the P450, and in blue 

is authentic 4-methylsulfinylbenzoic acid (RT = 4.7 min).  In orange is authentic 4-mercaptobenzoic acid (RT = 12.5 

min) and in green is authentic 4-methylsulfonylbenzoic acid (RT = 6.9 min); the dealkylation product and sulfone 

were not formed by the T252E enzyme. No 4-sulfobenzoic acid was detected. The substrate appears at 13.6 min. 

Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm.  

 

    

6 8 10 12 14 16 18

0.0

5.0x101

1.0x102

1.5x102

2.0x102

2.5x102

3.0x102

3.5x102

5.50 5.75 6.00

0

20

40

60

4-mercaptobenzoic acid

4-ethylsulfinyl-

benzoic acid
internal 

standard

4-ethylthio-

benzoic acid

A
b

so
rb

an
ce

Time (min)

4-ethylsulfinyl-

benzoic acid A
b

so
rb

an
ce

Time (min)

 

Figure D3. HPLC analysis of the NADH/O2-driven oxidation of 4-ethylthiobenzoic acid by T252ECYP199A4 (black). 

In red is a control reaction omitting the P450, and in blue is chemically synthesised 4-ethylsulfinylbenzoic acid (RT 

=5.7 min). The substrate appears at 15.5 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 

254 nm.  
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Difference spectra induced by binding of sulfur ligands to P450cam and 
CYP199A4 
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Figure D4. Difference spectra of P450cam with thioanisole (red) and D251NCYP199A4 with 4-ethylthiobenzoic acid 

(blue). The type I difference spectrum of T252ACYP199A4 with 4-ethylthiobenzoic acid is also shown as a black dashed 

line for comparison.  
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Figure D5. Difference spectra of P450cam with dithiothreitol (DTT). 

 

Table D2. Features of the difference spectra of P450cam with thioanisole and DTT and D251NCYP199A4 with 4-
ethylthiobenzoic acid 

Enzyme / Sulfide Absorbance maxima (nm) Absorbance minimum 
(nm) 

P450cam + thioanisole 370, 436 416 
D251NCYP199A4 + 4-

ethylthiobenzoic acid 
376, 425 412 

P450cam + DTT 375, 464 417 
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NADH-supported sulfoxidation of 4-ethylthiobenzoic acid by the T252E, 

D251N, T252A and WT isoforms 
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Figure D6. Comparison of the rates of NADH consumption by (a) D251NCYP199A4, (b) T252ACYP199A4 and (c) 

WTCYP199A4 with 4-ethylthiobenzoic acid.  
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Figure D7. HPLC analysis of the in vitro NADH reaction of CYP199A4 variants with 4-ethylthiobenzoic acid. The 

T252E, D251N, T252A and WT CYP199A4 reactions are shown in black, red, green and blue, respectively. 

Retention times are: 4-ethylsulfinylbenzoic acid, 5.8 min; 4-ethylthiobenzoic acid, 15.5 min; 9-hydroxyfluorene, 15.7 

min. Gradient: 20 → 95% AcCN in H2O (with 0.1% TFA). It has been reported that 4-mercaptobenzoic acid 

represents ~1% of the product in the WT turnover.117  

 

No 4-mercaptobenzoic acid was detected in the T252E or D251N turnovers. In the T252A and WT turnovers, minimal 

4-mercaptobenzoic acid was formed. In the T252A turnover, the 4-mercaptobenzoic acid peak was ~2% of the size 

of the sulfoxide peak. In the WT turnover, it was <1% of the size of the sulfoxide peak.  
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Co-elution of reaction products with authentic compounds  
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Figure D8. HPLC analysis of the NADH/O2-driven oxidation of 4-formylbenzoic acid by T252ECYP199A4 (black). In 

red is a control reaction omitting the P450, and in blue is authentic terephthalic acid (RT = 6.2 min). The substrate 

appears at 9.1 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm.  
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Figure D9. HPLC analysis of the NADH/O2-driven oxidation of 4-ethynylbenzoic acid by T252ECYP199A4 (black). In 

red is a control reaction omitting the P450, and in blue is authentic 4-carboxyphenylacetic acid (RT = 6.8 min). The 

substrate appears at 13.2 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 nm.  
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Figure D10. HPLC analysis of the NADH/O2-driven oxidation of 4-vinylbenzoic acid by T252ECYP199A4 (black). In 

red is a control reaction omitting the P450, and in blue is chemically synthesised 4-oxiran-2-ylbenzoic acid (RT =10.4 

min). The substrate appears at 14.1 min. Gradient: 20-95% AcCN in H2O with 0.1% TFA. Detection wavelength: 254 

nm. 
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WT CYP199A4 converts 4-vinylbenzoic acid into 4-oxiran-2-ylbenzoic acid 

and the aldehyde rearrangement product (4-(2-oxoethyl)benzoic acid)  
 

 
4-Vinylbenzoic acid substrate (singly derivatized), m/z = 220.10 (exp. m/z = 220.0920), RT = 8.3 min 

 
4-Oxiran-2-ylbenzoic acid (singly derivatized), m/z = 236.10 (exp. m/z = 236.0869), RT = 11.2 min 

 
Aldehyde rearrangement product, 4-(2-oxoethyl)benzoic acid (singly derivatized), m/z = 236.00 (exp. m/z = 236.0869), 

RT = 10.8 min 
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Figure D11. GC-MS analysis of the NADH/O2-driven oxidation of 4-vinylbenzoic acid by WT CYP199A4. In black 

is the in vitro turnover and in red is the 4-vinylbenzoic acid substrate control. The substrate appears at 8.3 min, the 

epoxide product at 11.2 min, and the aldehyde rearrangement product at 10.8 min. 

 

 
Figure D12. Mechanism of formation of the aldehyde rearrangement product via a cationic intermediate.437  
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NMR spectrum of chemically synthesised 4-oxiran-2-ylbenzoic acid 

 
1H NMR (500 MHz, DMSO): δH 2.85 [dd, J = 2.6, 5.4 Hz, 1H, 1 × 7-H], 3.16 [dd, J=4.2, 5.4 Hz, 

1H, 1 × 7-H], 4.01 [dd, J = 2.6, 4.2 Hz, 1H, 6-H], 7.40 [d, J=8.4 Hz, 2H, 4-H], 7.92 [d, J=8.4 Hz, 

2H, 3-H].   

 

 

 

Figure D13. 1H NMR spectrum of chemically synthesised 4-oxiran-2-ylbenzoic acid. 
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Figure D13 (continued). Full 1H NMR spectrum of chemically synthesised 4-oxiran-2-ylbenzoic acid. 

 

Purification of 4-oxiran-2-ylbenzoic acid by HPLC resulted in ring-opening 

of the epoxide in the acidic solvent 

 
4-Oxiran-2-ylbenzoic acid (singly derivatized): m/z = 236.15 (exp. m/z = 236.0869), RT = 12.4 min 

 
4-(1,2-Dihydroxyethyl)benzoic acid (triply derivatized), m/z = 398.3 (exp. m/z = 398.1765), RT = 18.8 min 
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Figure D14. GC-MS data for the chemically synthesised epoxide (4-oxiran-2-ylbenzoic acid) and the 1,2-diol resulting 

from ring-opening of the epoxide. In black is the crude epoxide prior to purification by semi-prep HPLC, and in red 

is the 1,2-diol arising from ring-opening of the epoxide caused by acid in the HPLC solvent.  
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Product distribution of in vitro NADH-supported reactions of D251N, T252A 

and WT CYP199A4 with 4-vinylbenzoic acid  

 
Table D3. Product distribution of in vitro reactions of D251N, T252A and WT CYP199A4 with 4-vinylbenzoic acid. 

Reactions were supported by NADH. Predominantly the epoxide was formed with minor quantities of the aldehyde 

rearrangement product. Product was quantified by GC-MS and it was assumed that the epoxide and aldehyde had 

identical detector responses. The aldehyde rearrangement product had a retention time of 10.8 min; the epoxide had a 

retention time of 11.2 min. Both products have identical mass (m/z = 236.1). 

 

CYP199A4 

isoform 

Trial Product Peak 

area 

Percentage of 

total product 

(%) 

Mean ± SD 

WTCYP199A4 

 

1 
Aldehyde 392488 4.4 

96.1 ± 0.7% epoxide,  

3.9 ± 0.7% aldehyde 

Epoxide 8576023 95.6 

2 
Aldehyde 181297 3.4 

Epoxide 5148185 96.6 

D251NCYP199A4 

 

1 
Aldehyde 206747 5.1 

94.8 ± 0.2% epoxide, 

5.2 ± 0.2% aldehyde 

Epoxide 3853117 94.9 

2 
Aldehyde 209936 5.3 

Epoxide 3730649 94.7 

T252ACYP199A4 

 

1 
Aldehyde 65989 5.3 

95 ± 1% epoxide, 

5 ± 1% aldehyde 

Epoxide 1183118 94.7 

2 
Aldehyde 92369 4.0 

Epoxide 2209207 96.0 

3 
Aldehyde 126761 6.4 

Epoxide 1842442 93.6 
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20-minute T252ECYP199A4 oxidation reactions driven by 50 mM H2O2 

 

H2O2-driven oxidation of 4-vinylbenzoic acid by T252ECYP199A4 
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Figure D15. HPLC analysis of the 20-minute T252ECYP199A4 reaction (black) with 4-vinylbenzoic acid driven by 50 

mM H2O2 at 30 ˚C. The T252E mutant converted 4-vinylbenzoic acid predominantly into the corresponding epoxide, 

4-oxiran-2-ylbenzoic acid, but additional minor products with retention times of 5.1, 4.3 and 4.1 min were also 

detected. In purple is a control reaction omitting the P450.  

 

 

Table D4. Estimated product concentration in the 20-min H2O2-driven reaction of T252ECYP199A4 with 4-vinylbenzoic 

acid. The H2O2 concentration was 50 mM.  

 

Product concentration (μM) 

Epoxide  

(RT = 10.4 min) 

Aldehyde?  

(RT = 9.4 min) 

Unknown product   

(RT = 5.1 min) 

Additional products  

(RT = 6.4, 4.3, 4.1 min) 

54 ± 1 μM 1 ± 0.5 μM 12 ± 0.2 μM  11 ± 0.4 μM 

Percentage of total product (%) 

~69% ~2% ~15% ~14% 

 

The epoxide and unidentified minor products were all quantified using the calibration curve for 

4-(1-hydroxyethyl)benzoic acid. 
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H2O2-driven oxidation of 4-methylthiobenzoic acid by T252ECYP199A4 
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Figure D16. (a) Sulfoxidation of 4-methylthiobenzoic acid by the T252E mutant over a 20-minute period. H2O2 (50 

mM) was used as the oxygen donor. The black line is the T252E turnover. In orange is the heat-denatured T252E 

control, and in purple is the no P450 control. (b) In red and green are authentic 4-sulfobenzoic acid and 4-

methylsulfonylbenzoic acid; these products were not formed by the T252E enzyme.  

 

Table D5. Sulfoxide concentration in the T252E turnover, no P450 control and heat-denatured T252E control 

reactions. H2O2 (50 mM) was used as the oxygen donor and the reaction time was 20 minutes.  

 

Substrate Product concentration (μM)  

  T252E turnover no P450 control heat-denatured 
T252E 

4-methylthioBA  311 ± 2  66 ± 1 86 
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Control reactions to assess whether a Fenton-type reaction is responsible for 

the formation of product in the H2O2-driven reactions 
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(a) 4-methoxybenzoic acid                          (b) 4-formylbenzoic acid 
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(c) 4-vinylbenzoic acid                          (d) 4-ethynylbenzoic acid 
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(e) 4-methylthiobenzoic acid                          (f) 4-ethylthiobenzoic acid 

 

Figure D17. Comparison of the amount of product generated in the H2O2-driven T252E reactions (black) to the 

amount of product detected in the no P450 control (purple), CYP101B1 control (green) and heat-denatured T252E 

control (orange) reactions. The reaction time was 240 min. The H2O2 concentration was 6 mM for the sulfide 

substrates but 50 mM for all other substrates.  
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(g) 4-ethylbenzoic acid 

Figure D17. (Continued) Comparison of the amount of product generated in the H2O2-driven oxidation of 4-

ethylbenzoic acid by the T252E mutant (black) to the amount of product detected in the no P450 control (purple), 

CYP101B1 control (green) and heat-denatured T252E control (orange) reactions. The reaction time was 240 min. 

Note that in the no P450 control reaction and CYP101B1 control reaction (but not in the heat-denatured T252E 

control), there is a peak at 6.2 min which elutes at the same time as 4-2-hydroxyethylbenzoic acid. This may be due to 

a contaminant in these control reactions.  

 

 

Table D6. Amount of product detected in the no P450 control, CYP101B1 control and heat-denatured T252E control 

reactions after 240-min reactions. *For the thioether reactions, 6 mM H2O2 was used instead of 50 mM H2O2.  

Substrate Product concentration (μM)  

  no P450 control CYP101B1 
control 

heat-denatured 
T252E 

4-methoxyBA  1 1 1 
4-formylBA  8 15 14 
4-vinylBA  5 29 8 
4-methylthioBA *  91 92 107 
4-ethylthioBA *  115 130 161 
4-ethylBA  ~0 ~0 ~0 
4-ethynylBA   6 7 7 
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HPLC analysis of product formation by CYP199A4 isoforms driven by H2O2 
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Figure D18. Conversion of 4-methoxybenzoic acid into 4-hydroxybenzoic acid by WT CP199A4 (blue) and the 

T252E (black), D251N (red) and T252A (green) mutants over a 4-hour period. H2O2 (50 mM) was used as the oxygen 

donor.    
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Figure D19. Conversion of 4-formylbenzoic acid into terephthalic acid by WT CP199A4 (blue) and the T252E 

(black), D251N (red) and T252A (green) mutants over a 4-hour period. H2O2 (50 mM) was used as the oxygen donor.    
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Figure D20. Oxidation of 4-ethynylbenzoic acid to 4-carboxyphenylacetic acid by WT CYP199A4 (blue) and the 

T252E (black), D251N (red) and T252A (green) mutants over a 4-hour period. H2O2 (50 mM) was used as the oxygen 

donor.    
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Figure D21. HPLC analysis of the 240-min, H2O2-driven reaction of T252ECYP199A4 with 4-ethynylbenzoic acid 

(black) and a control reaction performed with heat-denatured T252ECYP199A4 (orange).  

A single product, 4-carboxyphenylacetic acid, was generated by T252ECYP199A4. Notice that the HPLC chromatogram 

contains multiple other peaks, but these peaks also appear in the control reactions.    
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Figure D22. Oxidation of 4-vinylbenzoic acid to the corresponding epoxide by WT CYP199A4 (blue) and the T252E 

(black), D251N (red) and T252A (green) mutants over a 4-hour period.  H2O2 (50 mM) was used as the oxygen 

donor.    
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Table D7. Product distribution for the H2O2-driven oxidation of 4-vinylbenzoic acid by CYP199A4 isoforms. The 

percentage of each product was determined by assuming that the detector response was identical for all products. 

Authentic samples of the products were not available for calibration.  

 

CYP199A4 

isoform 

Product distribution (%) 

Epoxide  

(RT 10.4 = min) 

Aldehyde?  

(RT = 9.4 min) 

Unknown product   

(RT = 5.1 min) 

Additional products  

(RT = 6.4, 4.3, 4.1 min) 

T252E ~66% ~8% ~15.5% ~10.5% 

WT ~82% ~10% ~3% ~5% 

D251N ~67% ~23% ~6% ~4% 

T252A ~71% ~19.5% ~3.5% ~6% 

 

 
 

HPLC retention time of the diol (4-1,2-dihydroxyethylbenzoic acid) 

 

The diol, 4-(1,2-dihydroxyethyl)benzoic acid, which could arise from ring opening of the epoxide, 

was chemically synthesised by Luke Churchman and James de Voss at the University of 

Queensland. This diol had a HPLC retention time of 4.1 min (Figure D23).  
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Figure D23. HPLC analysis of chemically synthesised 4-(1,2-dihydroxyethyl)benzoic acid, which was synthesised by 

Luke Churchman at the University of Queensland. The diol eluted at 4.1 min.  

 

In black is the H2O2-driven T252ECYP199A4 reaction with 4-vinylbenzoic acid, which generated multiple unidentified 

products, including minor quantities of this diol. Gradient: 20-95% AcCN in H2O2 with 0.1% TFA.  
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HPLC retention time of 4-hydroxymethylbenzoic acid 

 

We also considered the possibility that the product at 5.1 min in the T252E reaction with 4-

vinylbenzoic acid was 4-hydroxymethylbenzoic acid, arising from a cleavage reaction. We 

speculated that the aldehyde rearrangement product may undergo Baeyer-Villiger oxidation, 

followed by hydrolysis of the ester (Figure D24a). However, the retention time of the enzyme 

product different from that of authentic 4-hydroxymethylbenzoic acid (Figure D24b).  
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Figure D24. (a) We speculated that the aldehyde rearrangement product may be undergoing Baeyer-Villiger oxidation, 

followed by ester hydrolysis to give 4-hydroxymethylbenzoic acid. (b) However, 4-hydroxymethylbenzoic acid did not 

co-elute with the enzyme product at 5.06 min. Authentic 4-hydroxymethylbenzoic acid had a retention time of 5.16 

min. These samples were analysed by HPLC on the same day.  
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The 4-vinylbenzoic acid epoxide is further metabolised by T252ECYP199A4 to 
yield an additional product with a retention time of 5.1 min  
 
We performed reactions to assess whether the peak seen at 5.1 min in the T252E reaction with 4-

vinylbenzoic acid arises from further oxidation of the epoxide product by the T252E mutant. A 

120-minute, H2O2-driven reaction of the T252E mutant (3 μM) with chemically synthesised 

epoxide as the substrate was performed (Figure D25, black). The reaction was performed at 30 ˚C 

and was driven by 50 mM H2O2. The concentration of the epoxide substrate was 50 μM.  

 

In this reaction, the T252ECYP199A4 enzyme converted the epoxide into an unknown product with a 

retention time of 5.1 min. This confirms that the product observed at 5.1 min arises from further 

metabolism of the epoxide by the T252ECYP199A4 enzyme.  

 

H2O2 alone failed to convert the epoxide into this product (Figure D25, red).  
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Figure D25. HPLC analysis of a 120-minute, H2O2-driven reaction of the T252E mutant (3 μM) with chemically 

synthesised epoxide (4-oxiran-2-ylbenzoic acid) as the substrate (50 μM) (black). The reaction was performed at 30 

˚C and was driven by 50 mM H2O2. In red is a control reaction omitting the P450. Gradient: 20-95% AcCN in H2O2 

with 0.1% TFA. The T252E mutant generated an unknown product with a retention time of 5.1 min.  

 
 
We aimed to determine the mass of this unidentified product by GC-MS. After quenching the 

reaction mixture (1 mL) by adding 20 μL of catalase solution, 3 μL of 3 M HCl was added and the 

reaction mixture extracted with EtOAc (3 × 400 μL). The organic extracts were dried over 

anhydrous MgSO4 and the solvent evaporated under N2. The residue was redissolved in anhydrous 

AcCN (150 μL) and derivatised with 15 μL BSTFA + TMCS (99:1). The reaction was left for 2 

hours prior to analysis by GC-MS. The unidentified product was not detected by GC-MS.  
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We repeated this experiment using a higher concentration of the epoxide substrate and a longer 

reaction time with the aim of producing more of the unknown product so that it could be detected 

by GC-MS. The reactions contained 50 mM H2O2, 3 μM T252ECYP199A4 enzyme and 1 mM 

chemically synthesised 4-oxiran-2-ylbenzoic acid as the substrate; the reaction time was 4 hours.  

 

The H2O2-driven reaction of T252ECYP199A4 with the epoxide generated the unidentified product 

with a retention time of 5.1 min. Control reactions omitting the P450 or H2O2 did not generate this 

product (Figure D26). As the T252ECYP199A4 enzyme produced only minor quantities of this 

product, we again expected that we would be unable to detect it by GC-MS.  

 

A peak at 4.1 min increased substantially in size over the 4-hour period in both the T252E reaction 

and the no P450 and no H2O2 control reactions. This peak is the diol resulting from ring-opening 

of the epoxide over time.  
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Figure D26. (a) HPLC analysis of the H2O2-driven reaction of the T252E mutant with chemically synthesised 4-

oxiran-2-ylbenzoic acid over a 240-min period. In (b) and (c), control reactions omitting the P450 or H2O2 are shown. 

In both the T252E reaction and control reactions, a peak at 4.1 min increased substantially in size over time. The peak 

at 5.1 min increased in size only in the T252E reaction, not in the control reactions. Note that the epoxide substrate 

was impure so there are multiple impurity peaks which appear in the control reactions. 
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Figure D27. Conversion of 4-methylthiobenzoic acid into 4-methylsulfinylbenzoic acid by WT CP199A4 (blue) and 

the T252E (black), D251N (red) and T252A (green) mutants over a 4-hour period. H2O2 (6 mM) was used as the 

oxygen donor.    
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Figure D28. Conversion of 4-ethylthiobenzoic acid into 4-ethylsulfinylbenzoic acid by WT CP199A4 (blue) and the 

T252E (black), D251N (red) and T252A (green) mutants over a 4-hour period. H2O2 (6 mM) was used as the oxygen 

donor. No 4-mercaptobenzoic acid was detected.  
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Figure D29. Oxidation of 4-ethylbenzoic acid by WT CYP199A4 (blue) and the T252E (black), D251N (red) and 

T252A (green) mutants over a 4-hour period. H2O2 (50 mM) was used as the oxygen donor.    
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Figure D30. Enlarged view of the HPLC chromatogram of the H2O2-driven reaction of T252ECYP199A4 with 4-

ethylbenzoic acid. There are multiple peaks corresponding to minor products that were not generated by the other 

CYP199A4 isoforms (indicated by red arrows). One of the additional products is the diol arising from ring opening of 

the epoxide (RT = 4.1 min), but the other metabolites are yet to be identified.  

 
Table D8. Estimated concentration of additional products formed in the H2O2-driven T252E reaction with 4-

ethylbenzoic acid. The calibration curve for 4-1-hydroxyethylbenzoic acid was used to estimate the concentration of 

these unknown metabolites.  

 

 Concentration of unidentified products (μM) 

Retention time 4.1 min 4.3 min 5.0 min 9.1 min Total concentration 
 2.2 2.6 14.2 7.8 ~27 
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The active-site structure of CYP199A4 is largely unaffected by the T252 → A, 

D251 → N and T252 → E mutations 

 

Mutation of T252 to alanine or glutamate, or D251 to asparagine, did not appreciably alter the 

geometry of the active site of CYP199A4 nor the binding mode of 4-methoxybenzoic acid (Figure 

D31).277  

 

 
Figure D31. Active-site structure of WT CYP199A4 (cyan) and the T252E (grey), D251N (salmon) and T252A (green) 

isoforms in complex with 4-methoxybenzoic acid. These mutations do not appreciably alter the geometry of the active 

site nor the substrate binding mode. The D251N and T252A structures were reported by Coleman277 (PDB codes: 

5KDY and 5KDZ).   
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Enantioselectivity of NADH- or H2O2-driven epoxidation of 4-vinylbenzoic 

acid catalysed by CYP199A4 isoforms 

 

Table D9. Enantioselectivity of NADH- or H2O2-driven epoxidation of 4-vinylbenzoic acid catalysed by CYP199A4 

isoforms. In all cases, the major enantiomer is the (S)-enantiomer, which was first to elute.  

CYP199A4 isoform Trial Peak area Average 
% ee 

Ratio of 
enantiomers 

(S : R) 
(S)-epoxide (R)-epoxide 

WT-NADH 1 4400427 21392 98.9 ± 0.2 99.4 : 0.6 
2 3842471 24143 

D251N-NADH 1 2197733 69220 93.7 ± 0.3 96.8 : 3.2 
2 2095310 71196 

T252A-NADH 1 1852366 8752 98.9 ± 0.1 99.5 : 0.5 
2 1094290 6676 
3 572697 3099 

T252E-NADH 1 120210 1507 ~97.5 98.8 : 1.2 
T252E-60 mM H2O2 

(60-min reaction) 
1 541523 17608 ~93.7 96.9 : 3.1 

WT-60 mM H2O2 
(60-min reaction) 

1 43971 1883 93 ± 1 96 : 4 
2 43351 1274 
3 44092 1816 

Racemic epoxide  23538662 23490290 0.1 50.05 : 49.95 
 

 

Enantioselectivity of H2O2-driven epoxidation of 4-vinylbenzoic acid by WT 
CYP199A4  
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Figure D32. In H2O2-driven reactions, WT CYP199A4 converted 4-vinylbenzoic acid into predominantly the (S)-

epoxide; the enantiomeric excess was 93 ± 1%. (The ratio of enantiomers was 96% (S)-epoxide and 4% (R)-epoxide.) 
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Assignment of the absolute configuration of the 4-vinylbenzoic acid epoxide 

generated by CYP199A4 isoforms 
 

CYP199A4 converted 4-vinylbenzoic acid into predominantly the (S)-epoxide. The absolute 

configuration of the epoxide was identified by HPLC co-elution of the major enantiomer with an 

authentic sample of the (S)-epoxide synthesised by Luke Churchman and James de Voss at the 

University of Queensland (Figure D33). 
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(b)  

Figure D33. (a) CYP199A4 converts 4-vinylbenzoic acid almost exclusively into the (S)-epoxide. In black is the (S)-

enantiomer synthesised by Luke Churchman and James de Voss at the University of Queensland. In orange is the 

racemic epoxide. In blue is the epoxide generated by WT CYP199A4 in an NADH-supported reaction and in purple 

is a reaction omitting the P450. (b) 1H NMR spectrum of the (S)-epoxide supplied by Luke Churchman at the 

University of Queensland.  
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Enantioselectivity of NADH- and H2O2-driven α-hydroxylation of 4-
ethylbenzoic acid catalysed by WT CYP199A4  
 

In NADH-supported reactions, WT CYP199A4 and the D251N and T252A mutants catalysed the 

α-hydroxylation of 4-ethylbenzoic acid with high enantioselectivity (≥60% ee) (Table D10). These 

isoforms predominantly gave the (S)-enantiomer. In H2O2-driven reactions, WT CYP199A4 also 

gave the (S)-enantiomer as the major enantiomer (Figure D34).  

 

In contrast, the T252E mutant displayed low enantioselectivity (~6% ee) and had a small 

preference for the (R)-enantiomer. In H2O2-driven reactions, the T252E mutant also had low 

enantioselectivity (~13% ee) and again favoured the (R)-enantiomer.  

 

Table D10. Enantioselectivity of NADH- or H2O2-driven α-hydroxylation of 4-ethylbenzoic acid catalysed by 

CYP199A4 isoforms. The (S)-enantiomer eluted at 9.4 min, while the (R)-enantiomer eluted at 10.3 min. It has 

previously been reported that WT CYP199A4 predominantly gives the (S)-enantiomer of 4-1-hydroxyethylbenzoic 

acid in NADH-supported reactions and our ee value for this reaction (76% ee) agrees with the previously published 

value.117  

CYP199A4 
isoform 

Trial Peak area Average 
% ee 

Ratio of 
enantiomers 

(S : R) 
(S)-

enantiomer 
(R)-

enantiomer 
WT-NADH 1 951885 136447 76 ± 1 88 : 12 

2 936077 121132 
3 299501 43077 
4 136431 18832 

D251N-NADH 1 417003 27383 87.5 ± 0.4 93.7 : 6.3 
2 388445 26926 
3 415355 27173 

T252A-NADH 1 213019 52422 60.2 ± 0.4 80.1 : 19.9 
2 211414 53064 

T252E-NADHa 1 7160 8229 6 ± 5 47 : 53 
2 7841 8051 
3 5404 6700 

T252E-60 mM 
H2O2 

(60-min reaction) 

1 57761 75219 ~13 43.4 : 56.6
  

WT-60 mM H2O2 
(60-min reaction) 

1 5580 1163 59 ± 7 79 : 21 

2 5636 1427 

3 5616 1810 
Racemic 4-1-
hydroxyethyl-
benzoic acid 

 1099642 1100786 0.05 49.97 : 50.03 

 

a Note that minor amounts of 4-1-hydroxyethylbenzoic acid were detected in control reactions omitting the P450. The 

product peak areas in the control reaction were subtracted from the product peak areas in the NADH-driven T252E 

reaction when calculating the enantioselectivity of the T252E reaction.  
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Enantioselectivity of H2O2-driven α-hydroxylation of 4-ethylbenzoic acid 
catalysed by WT CYP199A4  
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Figure D34. In H2O2-driven reactions, WT CYP199A4 performed enantioselective α-hydroxylation of 4-ethylbenzoic 

acid, giving predominantly the (S)-enantiomer. The enantiomeric excess was 59 ± 7%. (The ratio of enantiomers was 

79% (S)-enantiomer and 21% (R)-enantiomer.  
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Enantioselectivity of 4-ethylthiobenzoic acid sulfoxidation by CYP199A4 

isoforms 
 

Table D11. Enantioselectivity of NADH- and H2O2-supported sulfoxidation of 4-ethylthiobenzoic acid catalysed by 

CYP199A4 isoforms. I performed these NADH- and H2O2-driven CYP199A4 reactions and synthesised racemic 4-

ethylsulfinylbenzoic acid. These reactions were then extracted and sent to the University of Queensland, where the 

enantioselectivity was measured by Professor James de Voss. The table and figures below were supplied by the 

University of Queensland.    

 

 Substrate Enantiomer 1 Enantiomer 2 1:2 ratio % ee 

Racemic sulfoxide 563.703 685.168 699.066 0.98 - 

WT_NADH 431.497 390.919 36.872 10.60 83% 

T252A_NADH 221.069 112.907 11.17 10.11 82% 

T252E_NADH 790.379 35.652 6.839 5.21 68% 

D251N_NADH 755.839 44.594 19.958 2.23 38% 

WT_6 mM H2O2  621.171 56.754 32.382 1.75 27% 

T252A_6 mM H2O2  3169.367 178.883 124.751 1.43 18% 

T252E_6 mM H2O2  1850.834 79.859 55.354 1.44 18% 

D251N_6 mM H2O2  2719.882 145.148 106.376 1.36 15% 

Enantiomer numbering based on elution order. 
 

 

Note that the true enantioselectivity of the H2O2-driven sulfoxidation reactions catalysed by the 

CYP199A4 isoforms could not be determined. H2O2 alone can convert sulfides into sulfoxides. In 

the presence of H2O2, formation of racemic sulfoxide through uncatalysed background oxidation 

of the sulfide would have occurred alongside the P450 reaction (Figure D35).   
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Figure D35. Amount of sulfoxidation of 4-ethylthiobenzoic acid that occurred over a 2-hour period in the presence 

of 6 mM H2O2, with or without P450 present. A substantial amount of sulfoxidation occurred when no P450 was 

present due to uncatalysed oxidation by H2O2 (purple). 

A considerable portion of the sulfoxide in the T252E (black), WT (blue), D251N (red) and T252A (green) reactions 

would therefore be racemic sulfoxide resulting from background oxidation of the sulfide by H2O2.    
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(a) WT_NADH                                 (b) T252A_NADH 

 

(c) T252E_NADH                          (d) D251N_NADH 

 

(a) WT_H2O2                                 (b) T252A_H2O2 

 

(c) T252E_H2O2                          (d) D251N_H2O2 

 

Figure D36. Chiral HPLC analysis of NADH- and H2O2-driven sulfoxidation of 4-ethylthiobenzoic acid catalysed 

by CYP199A4 isoforms. Chiral analysis was performed by Professor James de Voss at the University of Queensland, 

who supplied the figures. In all cases, the major enantiomer was the first to elute.  

 

Note that the measured enantioselectivity of the reactions is low for the H2O2-driven reactions. In the presence of 

H2O2, uncatalysed conversion of 4-ethylthiobenzoic acid into racemic sulfoxide would have occurred alongside the 

P450 reaction. Because of this background oxidation, we could not determine the true enantioselectivity of the 

CYP199A4-catalysed reactions.  
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Use of t-BuOOH as a surrogate oxygen donor to drive CYP199A4 reactions 

 

Table D12. Product generated by T252ECYP199A4, WT CYP199A4 or the D251N or T252A mutants utilising t-BuOOH 

as the oxygen donor during 60-min reactions. The values given are mean ± SD, with n ≥ 2. Reaction volumes were 

990 μL and contained 1 mM substrate, 3 μM P450 and 50 mM t-BuOOH in 50 mM Tris-HCl buffer (pH 7.4). 

Reactions were performed at 30 ˚C and were quenched after 60 min.  

 

Substrate / CYP199A4 isoform Product concentration (μM)  

4-methoxyBAT252E ~1 
4-methoxyBAWT ~0 

4-methoxyBAD251N ~0 
4-methoxyBAT252A ~0 
4-formylBAT252E 11 ± 1 
4-vinylBAT252E

 6 ± 1 
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Figure D37. Comparison of the amount of product generated in 1 hour by T252ECYP199A4 using either H2O2 (black) 

or t-BuOOH (red) as the surrogate oxygen donor. The oxidant concentration was 50 mM. The substrate was (a) 4-

formylbenzoic acid or (b) 4-vinylbenzoic acid. In purple is a control reaction that contained substrate and 50 mM t-

BuOOH but omitted the P450.  
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Figure D38. Amount of 4-methoxybenzoic acid converted into 4-hydroxybenzoic acid in 1 hour by CYP199A4 

isoforms using 50 mM t-BuOOH. In black is the T252E reaction, in blue the WT reaction, in red the D251N reaction 

and in green the T252A reaction. In purple is a control reaction omitting the P450.  
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Appendix E: Dimensions of CYP199A4-ligand crystals  

                          

3-MethylthioBA-bound WTCYP199A4                           4-tert-ButylBA-bound T252ECYP199A4 

                            

4-Pyridin-2-ylBA-bound T252ECYP199A4                          4-Pyridin-3-ylBA-bound WTCYP199A4 

                     

3-MethoxyBA-bound WTCYP199A4                                             4-EthylthioBA-bound T252ECYP199A4 

Figure E1. Dimensions of mounted crystals of WT and T252E CYP199A4. Diffraction data were collected from 

these crystals at the Australian Synchrotron.  
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4-Pyridin-3-ylBA-bound WTCYP199A4 

 
Figure E1. (Continued) Dimensions of mounted crystals of WT and T252E CYP199A4. Diffraction data were 

collected from these crystals at the Australian Synchrotron.  
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