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Abstract 
Cytochrome P450 4A1 (CYP4A1) is involved in ω-hydroxylation of fatty acids and 

eicosanoids. The resulting metabolites may have physiological activities such as 

regulation of blood pressure.  

In order to identify structural determinants of substrate binding, site-directed 

mutagenesis was used. According to a model of CYP4A1, the residues K93, R87 and 

N116 were predicted to respond to substrate binding. To test the hypothesis, we 

designed a series of mutants, K93E, R87E, R87E/K93E, R87W/K93E, N116E and 

N116E/K93E, which would change the substrate specificity of CYP4A1 from a fatty 

acid to a fatty amine ω-hydroxylase.  

To reconstitute CYP4A1 activity in vitro, cytochrome b5 and cytochrome P450 

reductase were expressed in E.coli and purified. Recombinant CYP4A1 and mutants 

were expressed in E.coli with an OmpA signal peptide. The conditions of expression 

were optimised; the enzyme was purified by Ni2+-chelate affinity chromatography. 

Under optimal conditions, the expression level of CYP4A1 was approximately 60-

100nmol/l; mutants were expressed at various levels. The purified enzymes were 

used in a spectral substrate-binding assay. The K93E mutation did not induce a major 

change in the substrate specificity from fatty acid to amine; however, K93E showed 

weak binding to dodecyltrimethylammonium bromide and the Ks (Spectral 

dissociation constant) value for binding lauric acid increased about three times. R87E 

mutants had low affinity for lauric acid, but did not show increased affinity for 

dodecyltrimethylammonium bromide. N116E is similar to wild type CYP4A1 in 

substrate affinity and specificity. N116/K93E could not be examined owing to the 

low expression level. These results suggest that K93 is not the principle residue for 
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substrate binding but could be involved in transient contact with substrate; that R87 

is crucial for keeping the substrate binding but might not directly contribute to 

binding of substrate and that N116 does not contribute directly to substrate contact. 

The residues, H141, R142, R143 and F149, which are located in the conserved C-

helix in CYP4A1, were also investigated. We hypothesised that H141 and F149 bind 

to conserved residues in the I-helix. R142 and R143 may be involved in contacts 

with electron donors of CYP. Seven mutants including H141R, H141F, H141L, 

R142A, R143A, F149I and F149Y were constructed. All mutants were expressed and 

purified as for CYP4A1. R142A was expressed in low level and not further purified. 

F149I yielded proteins of the expected size, but these proteins did not support a 

450nm peak in a reduced CO-difference spectrum, demonstrating an improperly 

folded enzyme. The enzyme activity of other mutants for lauric acid metabolism is 

variable; preliminary data showed that the H141L, H141F, R143A and F149Y had 

very poor enzyme activity, whereas the H141R retained enzyme activity. The results 

suggest that certain C-helix: I-helix contacts are not required for correct folding of 

the haem-environment, but are required for function of the P450 enzyme. 
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1 Introduction 

1.1 General background of Cytochrome P450 

The cytochromes P450 (CYPs, P450s) are a superfamily of heme-containing proteins, 

which produce a unique spectral absorption peak at approximately 450nm after the 

protein is reduced and reacted with carbon monoxide. This optical characteristic is 

unusual because most other hemoproteins do not show a similar spectral band. For 

example, the ferrous-CO complex of myoglobin has a maximum absorption at 

423nm (Ortiz de Montellano 1997). Owing to this spectral property, this family of 

proteins is called cytochrome P-450 (R.Lemberg 1973). 

Cytochrome P450 proteins usually contain approximate five hundred amino acids 

with heme as the prosthetic group (Estabrook 1999). The iron in the heme uses a 

thiol-group from the cysteine of the protein as the fifth ligand; the other four ligands 

are from the porphyrin group of heme (Guengerich 1991; Estabrook 1999). Most 

other hemoproteins have nitrogen from histidine as the ligand (Ortiz de Montellano 

1997; Estabrook 1999). Hence, when carbon monoxide binds to the opposite side of 

thiolate ligand coordinated heme-iron, this Fe2+-CO complex of cytochrome P450 

shows a distinctive absorbance band at near 450nm (Ortiz de Montellano 1997). This 

unique spectrum was also used for measurement of P450 content (Omura and Sato 

1964b; Ortiz de Montellano 1997). However, this thiol-ligand is easily destroyed so 

that the non-functional form (P420) (Omura and Sato 1964a; Omura 1999), whose 

carbon monoxide-binding compound has an optical absorption peak at 420nm, can 

be detected. Therefore, the spectral character of maximal absorption at 450nm is 

necessary for cytochrome P450 activity (Ortiz de Montellano 1997). 
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Cytochrome P450 was first found as a new kind of pigment in rat liver microsome in 

1958 (R.Lemberg 1973; Estabrook 1999). Currently, around 1,000 CYP genes have 

been identified (Estabrook 1999), which are widely present in prokaryotes and 

eukaryotes. A great variety of cytochromes P450 from bacteria, fungi, plants, insects 

and animals have been reported (Nelson 1999). Cytochrome P450 is normally bound 

to a membrane except for some soluble bacterial P450s. Most eukaryotic cytochrome 

P450s are associated with the endoplasmic reticulum (ER) and are known as 

microsomal P450; but some P450s are located in mitochondria or mitochondrial 

P450. Cytochrome P450 can be classified into two types on the basis of the redox 

partner: Class I, including mitochondrial P450s and some bacterial P450s, use 

flavoprotein that contains FAD and an iron-sulfur protein as electron transporters. 

Class II, including microsomal P450s, require the flavoprotein that contains both 

FAD and FMN for their function (Estabrook 1999).  

A nomenclature of cytochrome P450 based on evolution has been widely adopted 

(Nebert and Nelson 1991). Those P450 proteins that share at least 40% identity 

belong to the same family, designated by an Arabic number; a letter represents the 

subfamily, which shares more than 55% identity; and the individual gene is indicated 

by numbers (Nebert and Nelson 1991; Coon et al. 1992). 265 families have now 

been identified, of which 18 families and 43 subfamilies are from mammals 

(http://drnelson.utmem.edu/famcount.html). 

1.1.1 Function of cytochrome P450  

The function of P450 has been intensely studied. The typical function of P450 is 

monooxygenation activity but other atypical functions such as dehydration, 

isomerization and dehydrogenation have been found (Mansuy 1998).   
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As a monooxygenase, P450s have two main functions: 

1) Metabolism of exogenous compounds 

Cytochromes P450 can introduce a polar group, such as hydroxyl, into hydrophobic 

chemicals, which makes these chemicals more hydrophilic and easier to be excreted 

or metabolised by other enzymes (Smith et al. 1998). In human beings, three CYP 

families including CYP1, CYP2 and CYP3 are principally involved in the 

metabolism of �foreign chemicals� (Smith et al. 1998). These CYPs play an 

important role in the metabolism of drugs (Parikh et al. 1997; Smith et al. 1998; 

Murray 1999). For example, CYP2D6, 2C19 and 3A4, can metabolise a wide range 

of clinical drugs (Hasler 1999; van der Weide and Steijns 1999). Therefore, the 

activity, induction and inhibition of these CYPs controls the elimination rate of drugs 

and as a result, the therapeutic response, side effects and drug-drug interaction are 

often related to these CYPs (Farrell 1999; van der Weide and Steijns 1999). 

Furthermore, it was found that an individual�s response to specific medicines is due 

to the polymorphism of several CYP genes (Hasler 1999; van der Weide and Steijns 

1999). CYP1A1, 1A2, 2A6, 2C9, 2C19, 2D6 and 2E1 have already been identified to 

be polymorphic (Hasler 1999; van der Weide and Steijns 1999). The different alleles 

of these genes result in higher, lower or even non-functional enzyme activity (van 

der Weide and Steijns 1999). Thus, �poor metabolisers�, who produce the lower 

activity drug-metabolising P450 such as CYP2D6, possibly have more risk of the 

side effect caused by the high concentration of drug (van der Weide and Steijns 

1999). By contrast, �extensive metabolisers�, who have high activity drug-

metabolising P450, may fail to be treated by the medicine (van der Weide and Steijns 

1999). Therefore, studying these CYPs may change our diagnosis methods and lead 
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us to find new medicine (Boitier and Beaune 1999; Gelboin et al. 1999; van der 

Weide and Steijns 1999). 

Human CYPs are also associated with producing carcinogens. The polycylic 

aromatic hydrocarbons (PAHs), which are strong carcinogens, can be bioactivated by 

some members in the CYP1 family such as CYP1A1, 1A2 and 1B1 (Guengerich 

1991; Kaminsky and Spivack 1999; Omura 1999). Therefore, these CYPs may 

provide a novel target enzyme against cancer. 

Some insects use CYPs to resist xenobiotics. The relationship between insecticide 

resistance and P450s has been examined (Scott 1999).   

2) Biosynthesis and biotransformation of endogenous chemicals 

The role of CYPs in the steroid hormone biosynthesis has been elucidated (Omura 

1999; Pikuleva and Waterman 1999). In the synthesis path of cholesterol, one key 

step is catalysed by the CYP belonging to CYP51 family (Pikuleva and Waterman 

1999). Moreover, the production of bile from cholesterol also depends on several 

CYPs (Pikuleva and Waterman 1999). In insects and plants, CYPs are involved in 

the biosynthesis of certain hormones (Stegeman and Livingstone 1998). The CYP4 

family metabolise fatty acids and arachidonic acid (AA) in mammals (Capdevila et 

al. 1999). The metabolism products are possibly responsible for the regulation of 

vessel pressure (Capdevila et al. 2000; Harder et al. 2000; Capdevila and Falck 2001; 

Holla et al. 2001). Therefore, cytochrome P450 also plays an important role in 

physiological functions.   

1.1.2 Catalytic reaction of cytochrome P450 

A scheme for the catalytic cycle of cytochrome P450 has been proposed (Guengerich 

et al. 1991; Guengerich and Johnson 1997; Ortiz de Montellano 1997; Guengerich et 
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al. 1998; Mansuy 1998). There are nine steps in the reaction cycle as shown in 

Figure 1-1.  Substrate binding is the first step. The P450-substrate complex then 

receives the first electron from cytochrome P450 reductase. The Fe3+ in the heme is 

reduced. The reduced P450-Fe2+ intermediate binds to O2, and then receives the 

second electron from cytochrome b5. The substrate is oxidised by P450 iron-oxo 

intermediate. One oxygen atom is transferred to the substrate; another oxygen atom 

forms H2O molecule. The oxidised substrate is released from cytochrome P450 and 

the iron in P450 returns to Fe3+ form. Although this catalytic cycle is generally 

accepted, details of some steps are still poorly understood because some 

intermediates have a lifespan too short to be detected (Mansuy 1998).   

 
Figure 1-1. Catalytic cycle for cytochrome P450 reactions (adapted from Guengerich, Hosea et 
al. 1998). 
Nine steps in cytochrome P450 catalytic reactions are shown by numbers. Fe3+= oxidised cytochrome 
P450, Fe2+= reduced cytochrome P450, b5= cytochrome b5, RH=substrate, ROH=product, and e- = 
electron.   
 
Substrate binding is well studied among these steps. The spin state of iron in the 

heme is different in the absence and presence of substrate (Jefcoate 1978; Ortiz de 
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Montellano 1997). Without substrate, the ferric in a heme group has six ligands, 

nitrogen atoms of porphyrin provide four ligands, cysteine from cytochrome P450 is 

the fifth ligand and water molecule binds to iron as the sixth ligand (Ortiz de 

Montellano 1997). This state is called low spin state. After substrate binding to 

cytochrome P450, the substrate replaces water and as a result, the ferric state changes 

from hexacoordination to pentacoordination (Ortiz de Montellano 1997). This state is 

called high spin state.  

Spectroscopy can be used to detect a change of the spin state of the haem iron. The 

change from low spin state to high spin state results in the blue shift of maximal 

absorption in the optical spectrum (Jefcoate 1978; Ortiz de Montellano 1997); 

therefore, the difference spectrum can be used to monitor the process of substrate 

binding. Difference spectra are categorised by three types (Jefcoate 1978; Ortiz de 

Montellano 1997). Type I difference spectrum, which shows a peak at approximate 

385-390nm and a trough at approximate about 420nm. Type II difference spectrum, 

which shows the maximal absorption at 425-435nm and the minimum at 390-405nm. 

Finally, Reverse Type I difference spectrum, which is opposite to Type I spectrum, 

has an absorption peak at approximate 420nm and trough at approximate 388-390nm.  

Type I difference spectrum is caused by change from low spin to high spin of 

cytochrome P450 (Jefcoate 1978). However, some substrates such as amine 

compounds produce Type II spectrum. It has been proposed that this is because the 

nitrogen from these compounds is coordinating with ferric heme (Jefcoate 1978). In 

contrast to Type I spectrum, change of low spin to high spin results in a reverse Type 

I spectrum.  



Ming Qi Fan                                                            1 Introduction 

  

 
- 19 - 

In summary, owing to the large number and various function of cytochrome P450, 

this superfamily plays a central role in biological world.  

1.1.3 Redox partners of cytochrome P450 

Cytochrome P450 requires redox partners for its function. Cytochrome P450 

reductase (CPR) and cytochrome b5 are the electron donors for microsomal 

cytochrome P450 (Guengerich 1991).  

CPR is a 78k-dalton flavoprotein containing equal molar amount of FMN and FAD 

(Strobel and Dignam 1978). Natural CPR in mammals is also bound to endoplasmic 

reticulum (Strobel and Dignam 1978), similar to cytochrome P450. CPR catalyses 

electron transfer from NADPH to FMN to FAD to cytochrome P450 (Shen et al. 

1989). Heterologous expression systems, including bacteria and yeast are developed 

to express CPR at high level (Porter et al. 1987; Shen et al. 1989; Ohgiya et al. 1997).  

Cytochrome b5 is approximately a 17kDa hemoprotein (Schenkman and Jansson 

1999). In animals, cytochrome b5 is associated with the endoplasmic reticulum. This 

protein comprises of two domains, a hydrophobic C-terminal tail which binds to 

membrane, and a heme-containing region (Holmans et al. 1994). It was once thought 

that cytochrome b5 helped cytochrome P450 receive the second electron from 

NADPH in the catalytic reaction of cytochrome P450 (Schenkman and Jansson 

1999). However, the role of cytochrome b5 remains in question. Certain observations 

have shown that catalytic activity of several cytochromes P450 was stimulated by 

apo-cytochrome b5 without heme group, therefore providing the argument that 

cytochrome b5 was only a allosteric effector but not an electron donor (Yamazaki et 

al. 1996; Loughran et al. 2001; Yamazaki et al. 2001). However, it has also been 

demonstrated that stimulation of CYP3A4 and CYP17A activities by apo-b5 was 
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caused by heme transfer from P450 to apo-b5 (Gilep et al. 2001; Guryev et al. 2001). 

Therefore, it is necessary to further investigate the real function of cytochrome b5 in 

the P450 reaction cycle.   

Originally, cytochrome b5 was purified from liver (Strittmatter et al. 1978). More 

recently, it has been found that recombinant cytochrome b5 can be expressed in high 

level E.coli (Holmans et al. 1994; Chudaev and Usanov 1997; Mulrooney and 

Waskell 2000), and therefore it is easy to obtain a large amount of eukaryotic 

cytochrome b5 from bacteria.   

1.2 The CYP 4 family 

The CYP 4 family is one of the oldest cytochrome P450 families, which is 

approximately one billion years old (Simpson 1997; Okita and Okita 2001). This 

family contains eighteen subfamilies (http://drnelson.utmem.edu/biblioB.html). 

However, in mammals, there are only three subfamilies: CYP4A, 4B and 4F (Nelson 

et al. 1996; Simpson 1997).   

1.2.1 CYP4A 

Currently, 24 members belonging to CYP4A subfamily have been identified  

(http://drnelson.utmem.edu/famcount.html). CYP4As are known for hydroxylation of 

a series of fatty acids, eicosanoids and prostaglandins (PGs) (Simpson 1997; 

Capdevila et al. 1999; Omura 1999). Furthermore, CYP4A uniquely prefers to 

hydroxylate the ω position of the substrate, which is not thermodynamically 

favourable.  
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Table 1-1. CYP4A subfamily 

 Species GenEMBL References 
CYP4A1 Rat M14972 

M33937 and M57718 
(Hardwick et al. 1987; 
Kimura et al. 1989a) 

CYP4A2 Rat M33938 and M57719 (Kimura et al. 1989a) 
CYP4A3 Rat M33936 (Kimura et al. 1989b) 
CYP4A4 Rabbit J02818 

 
L04758 

(Matsubara et al. 1987; 
Palmer et al. 1993) 

CYP4A5 Rabbit M28655 
X57209 

(Johnson et al. 1990; 
Yokotani et al. 1991) 

CYP4A6 Rabbit M28656 
L04755 

(Johnson et al. 1990; 
Muerhoff et al. 1992) 

CYP4A7 Rabbit M28657 (Johnson et al. 1990) 
CYP4A8 Rat M37828 (Stromstedt et al. 1990) 
Cyp4a10 Mouse X71478 (Bell et al. 1993) 
CYP4A11 Human S67580 (Imaoka et al. 1993) 
Cyp4a12 Mouse X71479 (Bell et al. 1993) 
CYP4A13 Guinea 

Pig 
X71481 (Bell et al. 1993) 

Cyp4a14 Mouse Y11639-Y11642 (Heng et al. 1997) 
CYP4A15 Koala AF252263 (Ngo et al. 2000) 
CYP4A16 Cat U91789 Gebremedhin, Lange et al., 

unpublished 
CYP4A17 Hamster No accession number  Bell, unpublished 
CYP4A18 Hamster No accession number Bell, unpublished 
CYP4A19 Hamster No accession number Bell, unpublished 
CYP4A20* Human AC026935 (replaced by 

AL450996, from genome)  
Mclay, unpublished 

CYP4A21 Pig AJ278474 (Lundell et al. 2001) 
CYP4A22 Human AL390073 (from genome) Mclay, unpublished 
CYP4A23 Pig AF384031 Van Es et al., unpublished 
CYP4A24 Pig AJ318096 (Lundell 2002) 
CYP4A25 Pig AJ318097 (Lundell 2002) 
*Formerly named 4Z1. 
Twenty-four CYP4A members are summarised in the Table 1-1. The accession numbers of CYP4A 
members are also shown in the table. The accession numbers of CYP4A20 and CYP4A22 are from 
the human genomic sequence.  
 
The function of CYP4A in vivo is not well understood. CYP4A could be involved in 

degrading long or medium fatty acids to short chain dicarboxylic acids in 

hepatocytes via hydroxylation (Okita and Okita 2001). However, CYP4A can also 

metabolise long chain polyunsaturated fatty acids such as arachidonic acid in vivo, 
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and generate metabolites that have various and significant biological activities (Okita 

and Okita 2001).  

The relationship between CYP4As and hypertension has been extensively studied. 

CYP4A1, 4A2 and 4A3 were able to catalyse ω and ω-1 hydroxylation of 

arachidonic acid (AA), and CYP4A1 was thought to be a main enzyme for the 

synthesis of 20-hydroxyeicosatetraenoic acid (20-HETE), a vasoconstrictor (Nguyen 

et al. 1999). Also, CYP4A2 and 4A3 showed AA 11,12-epoxidation activity, which 

could convert AA to epoxyeicosatrienoic acids (EETs), a potential vasodilator (Wang 

et al. 1996; Nguyen et al. 1999). Specific antisense oligonucleotides (ODNs) of 4A1, 

4A2 and 4A3 were used to inhibit the expression of 20-HETE in Sprague-Dawley 

rats (Wang et al. 1999). The ODNs of 4A1 and 4A2 decreased the synthesis of 20-

HETE, and the blood pressure of rats which received the CYP4A1 and 4A2 ODNs 

was reduced (Wang et al. 1999). In the spontaneously hypertensive rat, CYP4A1 

antisense oligonucleotide reduced 20-HETE synthesis in mesenteric arterial vessels 

and decreased the blood pressure, but scrambled antisense ODNs had no effect 

(Wang et al. 2001). Furthermore, the mRNA level of CYP4A3 and 4A8 in 

spontaneous hypertensive rats was higher than that in ordinary Wistar-Kyoto rats 

(Kroetz et al. 1997). 

In human beings, CYP4A11 was identified as the dominant lauric acid ω-

hydroxylase in human liver (Powell et al. 1996), and ω-hydroxylation of AA was 

mainly catalysed by CYP4F2 and 4A11 in human kidney (Lasker et al. 2000). 

CYP4A11 and CYP4F2 were the major enzymes to generate 20-HETE in human 

liver. However, CYP4F2 was the more important form based on both kinetic 
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parameters and the inhibition of 20-HETE formation using antibodies of CYP4A11 

and CYP4F2 (Powell et al. 1998).  

Another important endogenous substrate of CYP4A is prostaglandin (PG), a 

precursor for the generation of thromboxanes (TXs) (Capdevila et al. 1999).  

CYP4A4 expressed in E.coli was able to metabolise PGE1 (Nishimoto et al. 1993); 

CYP4A4 expressed in COS-1 cells exhibited activity of hydroxylation of PGE1 and 

PGA1 (Roman et al. 1993). Therefore, CYP4A is possibly involved in many 

important physiological activities in mammals. 

Although the members of CYP4A show high sequence identity, some of them have 

distinct substrate profiles. For example, CYP4A4 can metabolise PGs, but fails to use 

lauric acid as the substrate (Nishimoto et al. 1993; Palmer et al. 1993; Roman et al. 

1993). However, CYP4A5, 4A6 and 4A7 can utilize lauric acid but PGs are poor 

substrates (Roman et al. 1993). Although 4A1, 4A2 and 4A3 can metabolise medium 

to long length of fatty acids, their kinetic parameters, such as Km and Vmax, are 

different (Nguyen et al. 1999; Hoch et al. 2000a; Hoch et al. 2000b). Recently, 

CYP4A21, a new member of the CYP4A subfamily in pig, was cloned. It showed a 

unique activity as a taurochenodeoxycholic acid 6α-hydroxylase but it did not 

metabolise lauric acid, a common substrate for other CYP4As (Lundell et al. 2001).  
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Table 1-2. Activity of ωωωω-hydroxylation in Rat, Rabbit and Human CYP4A forms 

Enzyme Lauric acid Palmic acid Arachidonic acid PGE1 PGA1 
CYP4A1 36a (13.5d) 7.5d 6.3a 0.6d 2.5d 
CYP4A2 5a 6e 1.1a - - 
CYP4A3 8.5a NDe 0.7a - - 
CYP4A4 NDb 13b  30b 145b 80b 

CYP4A5 99b 7b 4b NDb NDb 

CYP4A6 47b 19b 23b NDb NDb 

CYP4A7 250b 54b 114b NDb 29b 
CYP4A8 0.4a - NDa - - 
CYP4A11 14.7d 0.78d NDd NDd NDd 

ND=Not detected 
a) (Nguyen et al. 1999) (nmol/min/nmol P450) 
b) (Roman et al. 1993) (nmol/min/mg protein) 
c) (Kawashima et al. 2000) (nmol/min/nmol P450) 
d) (Hardwick 1991) (nmol/min/nmol P450) 
e) (Hoch et al. 2000b) (min-1) 

CYP 4A1, as a member in 4A subfamily, has the important and unique physiological 

activities described above. Because CYP4A1 is from the rat, one of the most often 

used animal models, it is easier to study the properties of CYP4A1. Research on 

CYP4A1 can help us to understand other CYP4A members, such as 4A11 in humans, 

because of the similar activity among them (Simpson 1997; Okita and Okita 2001). 

1.2.2 CYP4B 

The CYP4B subfamily contains the least members (4B1) of all the CYP4 subfamilies 

(Nelson et al. 1996). CYP4B1 has been found in human (Nhamburo et al. 1989), 

mouse (Imaoka et al. 1995), rats and rabbits (Gasser and Philpot 1989). CYP4B1 

mRNA was mainly detected in the lung (Gasser and Philpot 1989; Nhamburo et al. 

1989). However, CYP4B1 could be induced in rabbit liver by phenobarbital (PB) 

(Gasser and Philpot 1989). In rat, no or little CYP4B was expressed in liver, 

irrespective of PB treatment (Gasser and Philpot 1989). The Cyp4b1 gene in mouse 

was cloned from kidney cDNA library (Imaoka et al. 1995) .   
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The real function of CYP4B in vivo is not well understood. In mouse, Cyp4b1 was 

identified as the activator of 3-methoxy-4-aminoazobenzene (3-MeO-AAB), a potent 

procarcinogen, and therefore the authors proposed that Cyp4b1 was the main form 

responsible for carcinogenesis in renal microsomes of male mice (Imaoka et al. 

1995). CYP4B1 can also ω and ω-1 hydroxylate short-medium fatty acids, which 

partly overlaps with the fatty acid ω-hydroxylation activity of 4A (Fisher et al. 1998; 

Zheng et al. 1998).   

1.2.3 CYP4F 

CYP4F is a growing subfamily, currently ten members have been identified, in sea 

bass (Sabourault et al. 1999), rat and human (Nelson et al. 1996). CYP4F shows 

hydroxylation activity of a series of eicosanoids including leukotrienes (LTBs), 

prostaglandings (PGs), lipoxins, arachidonic acid (AA) and HETEs. (Kikuta et al. 

1993; Kawashima et al. 1997; Jin et al. 1998; Kikuta et al. 1998; Christmas et al. 

1999; Kikuta et al. 1999a; Kikuta et al. 1999b; Bylund et al. 2000; Bylund et al. 

2001; Hashizume et al. 2001). These metabolites of CYP4Fs contribute to various 

biological activities. For example, metabolites of AA play an important role in blood 

pressure (Capdevila and Falck 2001). Moreover, LTB4, one of most common 

substrates of CYP4Fs, is a known mediator of inflammation and is also associated 

with some important physiological activities such as chemotaxis and chemokinesis, 

cellular aggregation and superoxide generation (Jin et al. 1998). Therefore, CYP4Fs 

possibly play a role in inflammation and other related diseases. 
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Table 1-3. CYP4F subfamily and its substrate profile 

 Species Tissue Substrates References 
CYP4F1 Rat Liver LTB4, PGA1, 

lipoxin A4 and 
HETEs 

(Chen and Hardwick 
1993; Kikuta et al. 
1999a) 

CYP4F2 Human Liver LTB4 (Jin et al. 1998; Powell 
et al. 1998; Kikuta et al. 
1999b; Lasker et al. 
2000) 

CYP4F3 Human Liver, 
neutrophil 

LTB4, lipoxin 
A4 and B4, 
HETEs 

(Kikuta et al. 1998; 
Christmas et al. 1999) 

CYP4F4 Rat Brain PGA1, PGE1 
and LTB4 

(Kawashima and 
Strobel 1995; 
Kawashima et al. 1997) 

CYP4F5 Rat Brain LTB4 (Kawashima and 
Strobel 1995; 
Kawashima et al. 1997) 

CYP4F6 Rat Brain - (Kawashima and 
Strobel 1995) 

CYP4F7 Sea Bass Kidney - (Sabourault et al. 1999) 
CYP4F8 Human Seminal 

vesicles   
AA, PGH1 and 
PGH2 

(Bylund et al. 1999; 
Bylund et al. 2000) 

CYP4F11 Human Liver, kidney, 
heart and 
skeletal 

- (Cui et al. 2000) 

CYP4F12 Human 
 

Human 

Small intestine 
and liver 
Liver, kidney, 
colon, small 
intestine and 
heart 

LTB4, AA, 
ebastine 
AA, LTB4, 
PGH2, 
PGE2,PGF2α 

(Bylund et al. 2001; 
Hashizume et al. 2001) 

Ten CYP4F members are summarised in Table 1-3. The substrates of CYP4Fs are also described in 
the table. AA= Arachidonic Acid, HETE= Hydroxyeicosatetraenoic acid, LTB= Leukotriene, PG= 
Prostaglanding. 

1.3 Heterologous expression of cytochrome P450 

In order to investigate catalytic activity of cytochrome P450, it is necessary to obtain 

enough functional protein. However, the traditional purification from animal organs 

is fairly complicated and time-consuming. Moreover, it is difficult to purify a 

specific cytochrome P450 from other similar P450s. It is particularly problematic, if 

cytochrome P450 is expressed in low level. Hence, cDNA-directed heterologous 
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expression provides an efficient way to obtain a large amount of cytochrome P450. It 

is also easy to study structure-function relationships of cytochrome P450 by site-

directed mutagenesis in a heterologous expression system.  

Several expression systems including bacteria, yeast, insect cells and mammalian 

cells have been successfully developed to produce CYPs in the last twenty years 

(Gonzalez and Korzekwa 1995; Crespi and Miller 1999). All of the systems have 

advantages and disadvantages. 

1.3.1 Mammalian expression system 

Mammal cells offer the native environment such as phospholipid bilayer, which is 

required for membrane-binding of cytochrome P450. In mammalian cells, the 

heterologously expressed eukaryotic P450 should fold accurately to keep its function. 

Furthermore, mammalian cells contain endogenous redox partners, such as P450 

reductase and cytochrome b5, which makes it possible to establish the catalytic 

activity in a single cell. Several mammalian expression systems have been 

established for expression of CYP. Heterologous cytochrome P450s have been 

expressed in COS cells (Clark and Waterman 1991), V79 chinese hamster cells 

(Doehmer and Oesch 1991) and human B lymphoblastoid cells (Crespi 1991). The 

method of using vaccinia virus to express mammalian cytochromes P450 has also 

been reported (Gonzalez et al. 1991a).  

However, heterologous cytochrome P450s are expressed in relatively low level in 

mammalian cells because excess cytochrome P450 could disturb the growth of host 

mammalian cell (Crespi and Miller 1999). Another potential problem of the 

mammalian expression system is the endogenous cytochrome P450. It is important to 
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choose a mammalian cell line that has low background of endogenous P450 as the 

host. Proper controls are necessary.  

Therefore, the mammalian expression system is ideal for mutagenicity and drug 

metabolism, which do not require large quantities of enzyme (Doehmer and Oesch 

1991; Crespi and Miller 1999). However, this system can have difficulty in providing 

enough protein for spectral analysis, kinetic study and investigation of function 

(Clark and Waterman 1991).  

1.3.2 Yeast expression system 

The yeast was the first system that successfully expressed the mammalian CYP 

(Gonzalez and Korzekwa 1995). Yeast provides a way to express CYPs in high level 

with low cost (Gonzalez and Korzekwa 1995).  

Special yeast expression vectors have been designed (Guengerich et al. 1991). In 

order to overcome the inefficient activity of endogenous electron donors, the redox 

partners can either be co-expressed with CYPs in yeast or fused with CYP cDNA 

(Gonzalez and Korzekwa 1995). However, co-expression and fusion expression 

systems are not very stable owing to the large size of foreign DNA and therefore 

genomically modified yeast have been developed to provide the optimal redox 

environment for expression of cytochrome P450 (Pompon et al. 1996).   

The defect of this system is the endogenous P450 in yeast. It is important to prevent 

contamination from the endogenous yeast P450 during extraction and purification 

(Crespi and Miller 1999). 
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1.3.3 Insect cell expression system 

Insect cells infected by baculovirus are currently one of the most popular systems for 

expressing CYPs (Crespi and Miller 1999) because of the high expression level 

(Gonzalez et al. 1991b; Lee et al. 1996). When expression levels of P450c17 in yeast, 

mammalian cells, E.coli and insect cells were compared, the insect cell expression 

system produced the most molecules of P450 per cell. The environment in insect 

cells is relatively closer to mammals, which benefits expression of mammalian 

proteins (Galleno and Stick 1999). 

To express cytochrome P450 in insect cell, the cDNA was firstly cloned in a shuttle 

vector. The baculovirus, AcMNPV, transfected insect cell such as Sf9 or T.ni with 

the shuttle vector (Gonzalez et al. 1991b; Lee et al. 1996). The CYP cDNA was 

integrated into the viral DNA to generate the recombinant baculovirus because the 

vector and AcMNPV carried the same DNA such as polyhedrin gene promoters and 

p10 gene (Gonzalez et al. 1991b; Lee et al. 1996). The use of multiple viral 

promoters allowed the co-expression of several genes in insect cells at the same time 

(Lee et al. 1996). Therefore, redox partners including cytochrome P450 reductase or 

cytochrome b5 could be expressed in insect cells with cytochrome P450 under the 

control of different promoters (Buters et al. 1995; Lee et al. 1995; Patten and Koch 

1995; Chen et al. 1997). The co-expression system with redox partners was 

established, in which the total P450 activity could be recovered (Lee et al. 1995). 

However, the selection of recombinant virus and the culture of insect cells are time-

consuming, and cost of media is expensive (Fernandez and Hoeffler 1999; Galleno 

and Sick 1999). 
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1.3.4 Bacterial expression system 

The bacterial system is often the first choice for expressing heterologous proteins due 

to the low cost, high expression level and easy control (Fernandez and Hoeffler 

1999). However, it has been a challenge to express mammalian P450s in bacteria 

because there is a hydrophobic N-terminal tail in mammalian P450s, which possibly 

inhibits expression. Several strategies have been developed for the expression of 

P450s.  

1) Modification in the N-terminus of the protein (Porter and Larson 1991; Barnes 

1996). The high level expression of functional microsomal P450, P45017α, was 

obtained by modifying the first seven codons of cDNA (Barnes et al. 1991). The 

modified 5-terminus of cDNA was believed to favour expression in E.coli (Barnes et 

al. 1991). This modified N-terminus  (MALLLAVF) was widely applied in 

expressing other mammalian P450s including 1A2 (Fisher et al. 1992a), 2D6 (Gillam 

et al. 1995), 2C10 (Sandhu et al. 1993) , 3A4 (Gillam et al. 1993), 4A1(Dierks et al. 

1998a) and 4A5 (Hosny et al. 1999), which cover CYP 1-4 subfamilies. It seems the 

modification of the hydrophobic tail at the N-terminus does not seriously affect the 

activity of the enzyme.  

Some similar methods also have been reported. For example, only the second codon 

was changed to Ala (GCT), which is thought to be the preferred second codon for 

expression in E.coli (Soucek 1999), or the whole hydrophobic area was removed 

(Guengerich et al. 1996). The replacement of the hydrophobic tail by an amphipathic 

peptide also enhanced the expression level of P450 2a-4 (Sueyoshi et al. 1995).   

2) Fusion of bacterial signal peptide. Although the signal peptide has been used in 

expression of mammalian P450 reductase (Shen et al. 1989), until recently, this 
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strategy was not applied in the expression of CYPs (Pritchard et al. 1997). There are 

several advantages to using a bacterial signal peptide fusion. Firstly, the signal 

peptide is often from a naturally secreted protein such as OmpA (Baneyx 1999), 

therefore this sequence is easily recognised and expressed in bacteria. The 

modification of the CYP at the N-terminus can be reduced to minimum by using 

signal peptide fusion, which could benefit understanding of the function of new 

P450s.  Secondly, the leader sequences help to transport recombinant proteins to the 

periplasm of E.coli, which avoids proteolysis in the cytoplasm (Shen et al. 1989). 

There are other methods that were developed to enhance expression of eukaryotic 

cytochromes P450 in bacteria. It was reported that co-expression with chaperone 

GroEL could help to obtain functional CYP3A7 (Inoue et al. 2000). Therefore, the 

extra molecular chaperones that help proteins fold correctly, such as GroEL and 

GroES, may benefit expression of CYPs in E.coli.    

Some antibiotics, which can induce a cold shock response, and ethanol, which 

induces the heat shock response, were found to improve expression of P450s in 

E.coli. The authors proposed that cold shock proteins induced by antibiotics, could 

enhance translation of protein; and that ethanol could induce a series of chaperones 

that assist the folding of protein. 

The initial expression of functional CYP3A7 (Inoue et al. 2000) and human placental 

CYP4B1 (Zheng et al. 1998) in E.coli failed, but when  residues, Ser427 in CYP4B1 

and Thr485 in CYP3A7, which are near the heme-binding region, were replaced by 

Pro residue, functional P450s were detected (Zheng et al. 1998; Inoue et al. 2000). It 

seems that these Pro residues could be involved in heme incorporation (Zheng et al. 

1998; Inoue et al. 2000). 
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In order to express P450s in bacteria, only a few specific plasmids have been used 

including pCWori+, pSP19g10L (GIBCO-BRL), pKK233-2 (Amersham Pharmacia 

biotech) and pTrc99A (Amersham Pharmacia biotech)(Jenkins et al. 1998). Recently, 

another plasmid pLW01 was constructed to express CYP2B4 (Bridges et al. 1998; 

Saribas et al. 2001).  

The pCWori+ plasmid is most widely used. It was originally derived from plasmid 

pHSe5 (Muchmore et al. 1989). The foreign DNA is tightly controlled by the two 

copies of a tac promotor (Barnes 1996). The expression of foreign protein is induced 

by IPTG (Barnes 1996). The pCWori+ plasmid carries the ampicillin resistance gene, 

which helps select the recombinant bacteria (Barnes 1996). However, this plasmid is 

not commercially available and as a result the whole length sequence is unknown. 

Also it does not contain multiple cloning sites that could be used in subcloning. 

pSP19g10L, pKK233-2 and pTrc-99A are commercially available.  pSP19g10L has a 

lac promotor (Barnes 1996); pKK233-2 and pTrc-99 (pTrc99 is derived from 

pKK233-2) have a trc promotor (Porter and Larson 1991). All of them carry the 

ampicillin resistance gene. Subcloning CYP cDNA in these plasmids is relatively 

convenient because there are multiple cloning sites (Porter and Larson 1991; Barnes 

1996).   

It was reported that a strong promoter such as T7 could cause the formation of 

inclusion bodies during expression of P450 in E.coli (Barnes 1996). However 

pLW01, based on the T7 promoter, could express functional CYP2B4, which might 

benefit from the high copy origin of replication in this plasmid (Bridges et al. 1998). 

Therefore, the origin of plasmid replication may also affect heterologous expression 

of functional P450 in E.coli.  



Ming Qi Fan                                                            1 Introduction 

  

 
- 33 - 

Mammalian cytochromes P450 have been expressed in the common E.coli strains 

such as JM105, JM109, DH5α and XL-1 blue (Porter and Larson 1991; Barnes 1996; 

Jenkins et al. 1998). More recently, special host strains derived from BL21(DE3) 

were developed to express membrane protein (Miroux and Walker 1996). CYP2B4 

was expressed in one of the strains, C41(DE3), and up to 100mg of 2B4 per liter was 

obtained (Saribas et al. 2001). However, the choice of plasmid is limited because 

these strains are based on the T7 expression system.  

Cytochrome P450 was also co-expressed with reductase in E.coli. A couple of 

similar strategies were developed. The cDNA of CYP and reductase carry individual 

promoters and terminators and could be linked in tandem in the same plasmid (Iwata 

et al. 1998). Alternatively, CYP and reductase cDNA shared the same promoter but 

there was a stop code after the CYP gene (Dong and Porter 1996). A plasmid 

containing cytochrome P450 and reductase fusion was also constructed (Fisher et al. 

1992b; Fisher et al. 1996). A CYP4A1-reductase fusion was expressed in E.coli and 

the purified fusion protein showed hydroxylation activity (Shet et al. 1996). 

P450c17-reductase expressed in E.coli also showed the full function (Shet et al. 

1997). 

1.4 Structure and function of cytochrome P450 

Information about cytochrome P450 structure is essential for understanding enzyme 

function and new drug design. The direct way to reveal the structure is using X-ray 

crystallography, however eukaryotic P450s, as membrane proteins, are very difficult 

to crystallise due to their hydrophobic membrane-bound region (Alberts et al. 1994). 

The soluble bacterial P450s provide the first step to explore the structure of 

cytochrome P450. Several crystals of soluble bacterial P450s have been obtained. 



Ming Qi Fan                                                            1 Introduction 

  

 
- 34 - 

The crystal structures of CYP101, CYP102, CYP108, CYP107A1 and CYP 35A1 

have been elucidated (Graham and Peterson 1999). A great effort has been made to 

crystallise mammalian P450 and only recently the first eukaryotic P450 crystal, 

CYP2C5, was obtained by removing the membrane-spanning area in the N-terminus 

(Cosme and Johnson 2000; Williams et al. 2000b; Williams et al. 2000a). 

At the same time, homology models of mammalian P450s were constructed based on 

the crystal structure of similar bacterial P450 (Lewis 1995; Lewis and Lake 1995; 

Modi et al. 1996; Lewis and Lake 1999; Lewis et al. 1999; Dai et al. 2000). 

However, most of bacterial P450s belong to Class I, and only one bacterial P450, 

CYP102 (CYPBM3) from Bacillus megaterium, belongs to Class II, which is the 

same as microsomal P450s (Ravichandran et al. 1993). Therefore, CYP102 is an 

ideal model to study the structure of mammalian P450s.  

Apart from these approaches, site-directed mutagenesis is also a common and 

powerful method of deducing structural information of about mammalian P450s 

(Domanski and Halpert 2001).  

1.4.1 The structure of CYP102 

CYP102 (CYPBM3) is a natural fusion protein, which contains the heme domain and 

flavoprotein domain (Li and Poulos 1999). The heme domain is similar to 

microsomal cytochrome P450 and the flavoprotein is similar to reductase. CYPBM3 

has fatty acid hydroxylation catalytic activity, similar to the CYP4A subfamily (Li 

and Poulos 1999).   

The crystal structures of the hemoprotein domain of CYPBM3 with and without the 

substrate, were published (Ravichandran et al. 1993; Li and Poulos 1997; Haines et 

al. 2001; Li et al. 2001b). A hydrophobic substrate channel has been identified in 
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CYPBM3. It is formed by sheet 1, sheet 4, B� and F helices including Phe42, Tyr51, 

Leu181, Met185, Leu188, Ala328, Ala 330 and Met354 residues (Ravichandran et al. 

1993). The substrate channel opens near the surface, and ends at the active centre 

heme (Ravichandran et al. 1993). The end of channel is narrower than the open 

entrance (Ravichandran et al. 1993). There is a hydrophobic area at the entrance of 

the substrate binding channel, which is proposed to initially help dock the substrate 

(Ravichandran et al. 1993). The basic residue R47 flanks the entrance of the 

substrate channel but was poorly defined in the CYPBM3 crystal structure 

(Ravichandran et al. 1993). It was found that Y51 and F42 were located at the mouth 

of the substrate channel (Ravichandran et al. 1993). The crystal structure of 

CYPBM3 with palmitoleic acid, the substrate of CYPBM3, showed that Y51 and 

R47 could form hydrogen and ion pairs with the carboxylate of palmitoleic acid (Li 

and Poulos 1997).  The position of Y51 has been properly determined, but the 

electron density of R47 has not been well characterised (Li and Poulos 1997). 

Molecular dynamic simulations of BM3 have shown strong electrostatic interaction 

between palmitoleic acid and the region near the entrance of the substrate channel 

(Chang and Loew 1999b). Y51, R47 and S72 in this region are believed to be 

involved in protein-substrate contact (Chang and Loew 1999b). Moreover, the 

distance between R47 and S72 is 1.26Å closer after substrate binding, suggesting 

that this movement could help R47 and S72 to interact well with the substrate 

(Chang and Loew 1999b). Therefore several residues in CYPBM3, including R47, 

Y51 and S72 could contribute to substrate binding.   

F87 is located at the distal side of heme in CYPBM3. In the presence of substrate, 

the phenyl group of F87 moves from a perpendicular position to become parallel 
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with the heme (Li and Poulos 1997). Therefore, F87 could block the substrate access 

to the heme, explaining why CYPBM3 failed to hydroxylate ω-terminal methyl 

groups of fatty acids (Li and Poulos 1997).  

The conformational change was observed in the crystal structure of CYPBM3 with 

palmitoleic acid and palmitoylglycine (Li and Poulos 1997; Haines et al. 2001). The 

axial water molecule, serving as the sixth ligand of heme-iron, shifts to the side of 

the iron and forms hydrogen bonds with Ala264 and Thr268 (Haines et al. 2001). 

This movement creates the space for further oxygen binding, which is important for 

later catalytic reaction. 

Site-directed mutagenesis was also used to identify some key residues, which were 

related to substrate binding and stereo and regio-selectivity of products. The role of 

R47 and Y51 has been extensively studied. For examples, an R47E mutant failed to 

metabolise arachidonic acid (AA), with no difference spectrum induced by 

arachidonate (Graham-Lorence et al. 1997). Another group reported that the R47E 

mutant changed substrate specificity from C12-C16 fatty acids to corresponding 

trimethylammonium compounds (Oliver et al. 1997). It has also been shown that a 

R47A mutant decreases the affinity for AA and palmitoleic acid (PA) and the activity 

of AA and PA hydroxylation also decreases (Cowart et al. 2001). A Y51F mutant 

showed a similar kcat/Km value for laurate to the wild type but it was four times 

smaller than wild type for AA (Noble et al. 1999). The Y51A mutant has also shown 

as increased spectral dissociation constant (Ks) for binding AA and PA, and a 

decreased turnover for oxidation of AA and PA (Cowart et al. 2001). Furthermore, a 

R47A/Y51A double mutant has shown an even lower substrate affinity than a single 
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mutant (Cowart et al. 2001). Therefore, the role of R47 and Y51 in substrate binding 

was supported by site-directed mutangenesis. 

F87G and F87Y mutants had higher Km and lower kcat for fatty acid than wild type 

CYPBM3 (Noble et al. 1999). The F87V mutant showed a low rate of metabolising 

AA and PA (Graham-Lorence et al. 1997). More interestingly, the F87A mutant has 

shown ω-hydroxylation activity for laurate and myristate which is not observed in 

wild type CYPBM3 (Cowart et al. 2001). F87 mutants have also been shown to 

affect the stereoselectivity of propylbenzene and 3-chlorostyrene oxidation (Li et al. 

2001a). Therefore, F87 has been proposed as a key residue that kept the stero and 

regio-selectivity of products. 

An F42A mutant showed a 9-fold decrease of kcat/Km value, compared with the wild 

type, and it has been proposed that F42 helps to keep the hydrophobic environment 

and improve the electrostatic contact between substrate and enzyme (Noble et al. 

1999). P25 has been identified to contribute to the initial docking of substrates by 

random mutagenesis because in previous work a P25Q mutant exhibited 

approximately 100-fold weaker affinity for palmitate than the wild type (Maves et al. 

1997).    

Mutagenesis of T268 has confirmed that the role of T268 is keeping the substrate in 

its proper position in the enzyme (Truan and Peterson 1998).  

Recently, the role of conserved phenylalanine 393 was elucidated by site-directed 

mutagenesis (Ost et al. 2001a; Ost et al. 2001b). This residue is involved in 

transferring electrons from the redox partner to oxygen in CYPBM3. 
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1.4.2  Structure-function relationships of CYP4 family 

Owing to the progress in understanding the structure of bacterial cytochromes P450, 

the structure-function relationships of mammalian P450s has been gradually revealed. 

Compared with some drug metabolising P450s such as CYP2D6 and CYP3A4, the 

substrate specificity of CYP4A proteins is quite restricted. Therefore, CYP4A must 

have a more restricted substrate channel.  

Lauric acid and its analogs have been investigated for elucidation of the CYP4A1 

substrate characteristics (Alterman et al. 1995; Bambal and Hanzlik 1996b; Bambal 

and Hanzlik 1996a). Lauric acid (Figure 1-2), the substrate of CYP4A1, has an 

optimal chain length; shorter or longer chain length of n-alkanoic acids resulted in 

decreased turnover numbers with CYP4A1 (Alterman et al. 1995). Therefore, the 

substrate channel of CYP4A1 was proposed to be approximately 12-carbon chain 

(14Å) long (Alterman et al. 1995). However, CYP4A1 did not use dodecane as the 

substrate (Alterman et al. 1995). 

Interestingly, CYP4A1 has also been found to hydroxylate methyl laurate and lauryl 

alcohol (Figure 1-2), which do not contain the carboxyl group, although the 

efficiencies were a lot lower than for metabolism of lauric acid (Alterman et al. 

1995). Titration of these compounds with CYP4A1 induced a Type I difference 

spectra (Alterman et al. 1995). These results suggested that the carboxyl group may 

not be necessary for substrate recognition in CYP4A1, and CYP4A1 might use a 

polar group recognition sites to bind the substrate (Alterman et al. 1995). However, 

another analogue, lauramide, was not a substrate for CYP4A1, and did not either 

induce a change in difference spectrum or inhibit the activity of CYP4A1 (Alterman 

et al. 1995).  
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Figure 1-2. Structures of lauric acid and its analogos. 
The positions of ω and ω-1 hydroxylation in lauric acid, lauryl alcohol and methyl laurate are pointed 
by the arrows. 

  
CYP4A1 could use analogs of lauric acid, which have the bulky or branch group at 

ω-1 position, as substrates (Alterman et al. 1995; Bambal and Hanzlik 1996b). This 

suggested that the activity site of CYP4A1 is relatively open and flexible (Bambal 

and Hanzlik 1996b). The unsaturated analogs of lauric acid such as 11-dodecenoic 

acid and 11-dodecynoic acid have also been shown to be good substrates for 

CYP4A1 (Bambal and Hanzlik 1996b). ω-Imidazolyl-decanoic acid, a strong 

inhibitor of lauric acid oxidation, induced the Type II substrate binding spectrum, 

therefore suggesting that the imidazole nitrogen coordinates with the heme iron 

(Alterman et al. 1995; Bambal and Hanzlik 1996a).    

Three groups have built CYP4A models based on alignments with CYP102: a 3-D 

model of CYP4A11 established by using computer technology (Chang and Loew 
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1999a); the homology model of CYP4A1 built by a computer program (unpublished, 

C. A. laughton); and structures of CYP4A1, CYP4A4 and CYP4A11 deduced by 

using sequence alignment between CYP102 and CYP4As (Lewis and Lake 1999). 

Several site-directed mutants in the 4A subfamily have also been reported. A L131F 

mutant of CYP4A11 has been shown to change the regioselectivity of substrate 

hydroxylation (Dierks et al. 1998b). In CYP4A1, D323E and E320A affected the 

hydroxylation regiospecificity (Dierks et al. 1998a). In CYP4A3, the insert of 

Ser114-Gly-Ile116 controlled the regiospecificity of ω-hydroxylation and the K92A 

mutant of CYP4A3 completely lost the ability to bind fatty acids (Hoch et al. 2000b). 

In CYP4A7, residues in putative substrate recognition sites (SRS) were examined 

(Loughran et al. 2000). R90W and W93S mutants decreased the activity for laurate 

and AA oxidation. H206Y and S255F increased the activity for the same substrates 

(Loughran et al. 2000). A H206Y mutant also showed the higher rate reaction with 

CPR than wild type (Loughran et al. 2000).  

Recently, the prosthetic heme in the CYP4 family has been found to be covalently 

bound to the enzyme (Henne et al. 2001; Hoch and Ortiz De Montellano 2001), and 

residue E318 in CYP4A3 has been identified to form an ester bond with heme (Hoch 

and Ortiz De Montellano 2001). 

1.4.3 Interaction between cytochromes P450 and redox partners 

The interaction between P450 and redox partners has been extensively studied 

(Schenkman and Jansson 1999). Earlier studies of interactions between cytochrome c 

and cytochrome b5 revealed that the these two proteins could form a tight complex 

by electrostatic force (Mauk et al. 1995). Several acidic residues in cytochrome b5 

were crucial for the formation of the b5-cytochrome c complex (Wu et al. 2001). The 



Ming Qi Fan                                                            1 Introduction 

  

 
- 41 - 

carboxyl groups in cytochrome b5 was also important to keep the interaction with rat 

and rabbit liver microsomal P450s (Tamburini et al. 1985). A computer model of 

cytochrome b5 and CYP101 showed possible electrostatic contacts between 

cytochrome b5 and basic residues in P450 (Stayton et al. 1989). Therefore, the 

positive charged surface of cytochrome P450 might be responsible for docking 

cytochrome b5.  

Site-directed mutagenesis has been used to examine the function of basic residues on 

the surface of mammalian P450s. In CYP2B4, basic histidine residues were critical 

for electron transfer from CPR and b5 (Hlavica et al. 1996). A series of mutants 

located on the proximal and distal surface of CYP2B4 have been constructed to 

examine the role of b5 binding (Bridges et al. 1998). Seven basic residues and two 

hydrophobic residues at the proximal surface were identified as the crucial residues 

in redox partner binding (Bridges et al. 1998). Four other positively charged residues 

on the surface of CYP2B4 were also important for interaction with CPR (Lehnerer et 

al. 2000). In CYP2B1, the synthetic mimic peptide, which corresponds to residues 

116-134, could inhibit the reductase derived activity and b5 binding, and two basic 

residues Lys-122 and Arg-125 in this region were identified as the crucial residues to 

keep interaction between CYP2B1 and redox partners (Omata et al. 1994; Omata et 

al. 2000). Two lysine residues in CYP1A1 were found to control electron transport 

from CPR (Cvrk and Strobel 2001). Therefore, the study of mammalian P450 by site-

directed mutagenesis confirmed that the basic residues located on the surface were 

for binding redox partners.  
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1.5 Aims of the thesis 

It is known that CYP4A1 is involved in various and essential physiological activities 

as described in section 2.1. Moreover, CYP4A1 provides an ideal model to study 

similar CYP forms in human, which could help us to find new medicines for some 

serious diseases such as hypertension. However, structure-function relationship of 

CYP4A1 is poorly understood.  

Therefore, the aims of the first part of this project were: 

1) To establish the bacterial expression system to express recombinant CYP4A1, and 

obtain enough pure and functional CYP4A1 for structure-function studies. 

2) To provide enough functional redox partners of CYP4A1 including cytochrome 

P450 reductase and cytochrome b5 for reconstituting CYP4A1 activity in vitro.  

3) To identify key residues in CYP4A1 which respond to  substrate binding. 

4) To elucidate the function of the conserved C-helix region in CYP4A1.   

  



Ming Qi Fan                                           2 Materials and Methods 

  

 
- 43 - 

2 Materials and Methods 

2.1 Materials 

All chemicals were at A.R. grade purity or greater.  

Ammonium acetate, bovine serum albumin, isoamylalcohol, phosphoric acid , 

TEMED, tetracycline, SDS, Tween 20, xylene cyanol FF, ethidium bromide, Serva 

blue G, dithiothreitol (DTT), dimethylsulfoxide (DMSO), β-mercaptoethanol, 

phenylmethylsulfonyl fluride (PMSF), aprotinin, ampicillin (Amp), chloramphenicol 

(Chl), imidazole, NaCl, δ-aminolevulinic acid, cholic acid (sodium), lauric acid, 

dodecyltrimethylammonium bromide and FeCl3·6H2O, ZnCl2·4H2O, CoCl2·6H20, 

Na2MoO4·2H2O, CaCl2·2H2O and CuCl2 were all obtained from Sigma Chemical Co.  

Phenol, MgCl2, potassium acetate was from Fisher Scientific Equipment.  

K2HPO4, NaCl, NaOH, NiSO4, boric acid, CaCl2, methanol, glacial acetic acid and 

chloroform were from Fisher Scientific UK Limited. 

Tryptone and Yeast Extract were from Difco Laboratories. 

Glycerol was from Courtin & Warner.  

KH2PO4, KCl, glycine, EDTA, glucose, bromphenol Blue, ethanol and ammonium 

sulphate were from BDH.  

Agarose was from Boehringer Mannheim.  

Sodium dithionite was purchased from Kodak. 

3-[(3-cholamidoprpyl) dimethylammonio]-1-propanesulfonate (Chaps) was obtained 

from Melford Laboratories (U.K.).  

Emulgen 913 was a gift from Kao Chemicals. 

Brilliant blue G was from Aldrich.  
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Marvel was from Premier Brand UK Ltd. 

Ammonium persulphate, ampicillin, hydrochloride acid, coomassie brilliant blue R-

250 were all obtained from ICN Flow.  

Tris-base was from Gibco-BRL.  

The Immun-Blot assay kit and goat Anti-rabbit IgG (H+L) conjugated to horseradish 

peroxidase were obtained from Bio-Rad.  

30% acrylamide/bisarylamide was from Severn Biotech Ltd. 

X-ray film was manufactured by Fuji and obtained from Amersham. X-ray film 

developer and fixer were obtained from Ilford. 

PVDF membrane was from Phamacia.  

1Kb plus DNA ladder were obtained from Gibco-BRL.   

SDS-7, 6H and 7B protein marker were form Sigma. 

Human Mammary Gland Marathon Ready cDNA was from Clontech. 

GeneEditorTM in vitro Site-Directed Mutagenesis system was from Promega 

3MM paper and VectaSpin 3TM (30k MWCO) centrifuge tube filter were obtained 

from Whatman.  

Oligonucleotides were synthesised by John Keyte of the Biopolymer Synthesis and 

Analysis Unit, School of Biomedical Sciences, University of Nottingham.  

Ultra high purity (UHP) grade water (> 13 Mohms/cm3) was produced using a Purite 

Select Bio system. 

PD-10 column was from Amersham pharmacia biotech 

His�Bind and Ni-NTA His�Bind resin were from Novagen. 

CE9500 double beam spectrophotometer was purchased from CECIL instrument Ltd.  

Enzyme: 
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Nde I, Xba I, Nhe I, EcoN I, EcoR V, EcoR I, Bgl II, Afl III, BamH I, Nco I, SgrA I 

and Sac I were from New England Biolabs.  

BstX I  was purchased from Promega.   

Hind III was from Boehringer Mannheim. 

Shrimp alkaline phosphatase was from USB Corporation. 

T4 ligase and buffer were from New England Biolabs. 

Pfu was from Promega. 

Extensor Hi-Fidelity PCR Master Mix and 1.1× ReddyMix PCR Master Mix (1.5mM 

MgCl2) were from ABgene.  

Lysozyme was from Sigma . 

Strains and plasmids: 

BL21(DE3)pLysS and HMS174(DE3)pLysS were from Novagen. 

C41(DE3) was gift from John E.Walker (Miroux et al., 1996).  

SCS110, XL-1 blue and JM109 were from Stratagene. 

Plasmid pRSET was from Invitrogen.  

Plasmids pGEM-T, pGEMT-Easy and pGEMT-11 were from Promega. 

The plasmid pGEM 11 containing CYP4A1 cDNA was a gift from Dr. David R. Bell. 

The plasmid pCWori+ containing N-terminally modified 4A1 with six histidine tag at 

C-terminus was a kind gift from Prof. Paul R. Ortiz de Montellano (Dierks et al. 

1998a).  

The plasmid pRSET-b containing human cytochrome b5 sense and anti-sense cDNA 

was a gift from Dr. David R. Bell.   

The plasmid pB55 containing human cytochrome P450 reductase cDNA was a gift 

for Dr Mark. J. Paine (University of Dundee). 
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2.2 General Methods 

2.2.1 Bacterial culture 

E. coli strains were streaked on LB-agar plates containing appropriate selective 

antibiotics then incubated overnight at 37°C. A single colony was picked from the 

freshly prepared plate and inoculated in 5ml of LB broth (10g Bacto-Tryptone, 5g 

Bacto-yeast extract and 10g NaCl in 1 litre of water) containing the appropriate 

selective antibiotics. The inoculum was incubated at 37°C overnight by shaking at 

220 rpm. The saturated culture was used for further large-scale culture. Alternatively, 

the inoculum was incubated at 37°C until the OD600 was 0.5-1.0, then 1ml of the 

culture was transferred into an eppendorf and mixed with 150µl of glycerol. The 

glycerol stock was stored at -80°C.   

2.2.2 Phenol: chloroform: isoamyl alcohol (25:24:1) extraction of DNA 

Phenol:chloroform:isoamyl alcohol (25:24:1) was used in order to remove protein 

contamination from DNA solution. Phenol:chloroform:isoamyl alcohol (25:24:1)  

solution was added to the same volume of nucleic acid sample and the mixture was 

vortexed thoroughly. The organic and aqueous phases were separated by 

centrifugation at 14,000g for five minutes. The aqueous phase, which contains DNA, 

was removed to the clean eppendorf.  

2.2.3 Ethanol precipitation of nucleic acids 

Ethanol precipitation was utilised to recover DNA from solution. Two volumes of 

100% ethanol were added to the DNA solution containing 0.3M sodium acetate, pH 

5.2 or 2.0-2.5M ammonium acetate. The solution was mixed and incubated on ice for 
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15-30 minutes. The sample was then centrifuged for 10 minutes at 12,000g. The 

DNA pellet was washed in 500µl of 70% ethanol and centrifuged at 12,000g for 5 

minutes. The supernatant was discarded and the pellet was air dried for 20-30 

minutes. The dried DNA pellet was dissolved in UHP water or TE buffer (10mM 

Tris⋅HCl, pH 8.0, 1mM EDTA, pH 8.0).  

2.2.4 Isolation of plasmid DNA 

2.2.4.1 Alkaline lysis method 

1.5ml of an overnight culture was transferred into an eppendorf tube. The bacteria 

were harvested by centrifugation at 14,000rpm for 1 minute. The supernatant was 

discarded and the pellet resuspended in 150µl of solution Ⅰ (50mM glucose, 25mM 

Tris⋅HCl pH 8.0, 1mM EDTA). Then 200µl of freshly prepared solutionⅡ (0.2M 

NaOH, 1% SDS) was added and mixed immediately by inversion of the tube several 

times. Finally, 150µl of solution Ⅲ (5M potassium acetate, 11.5% (v/v) glacial acetic 

acid) was added to the mixture. The sample was again mixed immediately by 

inversion. The mixture was incubated on ice for 3 to 5 minutes. The cloudy 

precipitate was pelleted by centrifugation at 14,000rpm for 10 minutes. The 

supernatant was transferred into a clean tube. 500µl of phenol-chloroform (1:1) was 

added into the tube and mixed by vortex. The sample was centrifuged at 14,000rpm 

for 5 minutes. The upper aqueous phase was carefully transferred to a fresh tube. The 

plasmid DNA was precipitated by adding 500µl of isopropanol. The solution was 

mixed well and incubated at room temperature for 2 minutes. The nucleic acid was 

recovered by centrifugation at 14,000rpm for 10 minutes. The supernatant was 
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discarded and the white DNA pellet was washed with 1ml of 70% (v/v) ethanol. The 

sample was spun down at 14,000rpm for 5 minutes and ethanol solution was 

removed. The pellet was allowed to dry in air. The plasmid DNA was solubilised in 

UHP water containing 50µg/ml RNAase A (DNAase free). 

2.2.4.2 Qiagen mini-preparation 

QIAprep Spin Miniprep kit (Qiagen) was utilised to purify sequencing grade plasmid 

DNA. The procedure followed the manufacturer�s instruction. 3ml of freshly 

prepared overnight culture was spun down at 14,000rpm for 1 minute. The pelleted 

bacteria cells were resuspended in 250µl of Buffer P1 and transferred to an 

eppendorf tube. 250µl of Buffer P2 was added and the tube was gently inverted 4-6 

times to mix. 350µl of Buffer N3 was added into the tube and the solution was gently 

mixed by inversion 4-6 times. The mixture was centrifuged at 14,000rpm for 10 

minutes. A compact white pellet formed in the tube. The supernatants were 

transferred to the QIAprep column by pipetting. The column was centrifuged at 

14,000rpm for 1 minute. The flow-through was discarded. The QIAprep spin column 

was washed by adding 0.5ml of Buffer PB and centrifuged for 1 minute. The flow-

through was discarded. Then the spin column was washed by 0.75ml of Buffer PE 

and spun down at 14,000rpm for 1 minute. The flow-through was decanted, the spin 

column was centrifuged for additional 1 minute to remove residual wash buffer. The 

spin column was placed in a clean 1.5ml microfuge tube and 50µl of Buffer EB 

(10mM Tris⋅HCl, pH 8.5) or UHP water was added to the centre of column. The 

column was allowed to stand for 1 minute at room temperature and centrifuged for 1 

minute. The plasmid DNA solution was collected in the bottom of tube. 
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2.2.4.3 Qiagen maxi-preparation 

QIAGEN-tip 500 kit (Qiagen) was used for large-scale preparation of plasmid DNA. 

The procedure was carried out according to the manufacturer�s instruction.  1ml of 

overnight culture was inoculated in 500ml LB broth containing appropriate selective 

antibiotics. The Bacteria were grown up at 37°C overnight, shaking at 220rpm. The 

cells were harvested by centrifugation at 6000rpm for 15 minutes at 4°C. The 

bacteria pellet was resuspended in 10ml Buffer P1 (50mM Tris⋅HCl, pH 8.0, 10mM 

EDTA, 100µg/ml RNAase A). 10ml of Buffer P2 [200mM NaOH, 1% SDS (w/v)] 

was added to the suspension and mixed gently by inverting 4-6 times and incubated 

at room temperature for 5 minutes. 10ml of chilled Buffer P3 (3.0M potassium 

acetate, pH 5.5) was added to the sample and mixed immediately but gently by 

inverting 4-6 times. The mixture was incubated on ice for 20 minutes. The plasmid 

DNA solution was recovered by centrifugation at 12,000rpm for 30 minutes at 4°C. 

The supernatant containing plasmid DNA was re-centrifuged at 12,000rpm for 15 

minutes at 4°C. The supernatant was applied to the QIAGEN-tip 500 column that 

had been equilibrated by 10ml of Buffer QBT [750mM NaCl, 50mM MOPS, pH 7.0, 

15% isopropanol (v/v), 0.15% Triton X-100 (v/v)]. The sample was allowed to enter 

the resin by gravity flow. The QIAGEN-tip was washed by 2×30ml Buffer QC [1.0M 

NaCl, 50mM MOPS, pH 7.0, 15% isopropanol (v/v)]. The plasmid DNA was eluted 

by 15ml Buffer QF [1.25M NaCl, 50mM Tris⋅HCl, pH 8.5, 15% isopropanol (v/v)]. 

DNA was precipitated by adding 10.5ml of room temperature isopropanol to the 

solution. The plasmid was recovered by centrifugation at 11,000rpm for 30 minutes 

at 4°C. The DNA pellet was washed with 5ml of room temperature 70% ethanol and 
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centrifuged at 11,000rpm for 10 minutes. The supernatant was discarded without 

disturbing the pellet. The pellet was air-dried for 10 minutes and DNA was 

redissolved in 1ml TE buffer (10mM Tris⋅HCl, pH 8.0, 1mM EDTA) or UHP water.  

2.2.4.4 Wizard maxi-preparation 

Wizard Plus Maxipreps DNA purification system (Promega) was used to prepare 

large amount of crude plasmid DNA. 1ml of saturated inoculum was inoculated into 

400ml LB broth containing appropriate selective antibiotics. The culture was 

incubated at 37°C overnight. The bacteria were collected by centrifugation at 

6,000rpm for 15 minutes. The supernatant was poured off and the pellet was 

resuspended in 15ml of Cell Resuspension Solution (50mM Tris⋅HCl, pH 7.5, 10mM 

EDTA, 10µg/ml RNAase A). 15ml of Cell Lysis Solution (0.2 M NaOH, 1% SDS) 

was added into the sample and mixed gently but thoroughly by inverting. After the 

solution became clear and viscous, 15ml of Neutralization Solution (1.32M 

potasisium acetate, pH 4.8) was immediately added and mixed by gently inverting 

centrifuge bottle. The cell debris was removed by centrifugation at 6,000rpm for 20 

minutes. The supernatant was filtered by Whatman filter paper. The DNA was 

precipitated by adding 0.7 volumes of isopropanol. The DNA was recovered by 

centrifugation at 8,000rpm for 20 minutes. The pellet was washed using 10ml of 80% 

ethanol. The sample was centrifuged at 8,000rpm for 15 minutes. The DNA pellet 

was resuspended in 2ml of water or TE buffer (10mM Tris⋅HCl, pH 7.5, 1mM 

EDTA). 10ml of Wizard Maxipreps DNA Purification Resin were added to the DNA 

solution. The resin/DNA mixture was transferred into the Maxicolumn and a vacuum 

was applied to pull the resin/DNA into the column. 25ml of Column Wash Solution 
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(80mM potassium acetate, 8.3mM Tris⋅HCl, 40µM EDTA) was added to the column 

and drawn through by a vacuum. 5ml of 80% ethanol was used to rinse the resin and 

removed by a vacuum. The vacuum was allowed to draw for an additional minute. 

The Maxicolumn was placed in a falcon tube and spun down at 3,000rpm for 10 

minutes. The resin was dried by applying a vacuum for 5 minutes.  1.5ml of water, 

preheated to 70°C, was added to the column and left for 2 minutes. The plasmid 

DNA solution was recovered by centrifugation at 3,000rpm for 5 minutes. Finally, 

the DNA solution was passed through a 0.2µm syringe filter to remove any fine resin. 

2.2.5 Restriction enzyme digest of plasmid DNA 

The required amount of DNA was pipetted into an eppendorf tube. The restriction 

enzyme and the corresponding buffer were chosen according to the manufacturer�s 

manual and were added to the tube. Typically, the tube was incubated at 37°C for 1 

hour. The reaction was stopped by adding DNA loading buffer (10× solution: 30% 

glycerol, 0.25% Bromophenol Blue and 0.25% Xylene Cyanol 

FF). The sample was then ready for agarose gel electrophoretic analysis.  

2.2.6 Agarose gel electrophoresis 

A submarine Pharmacia GNA-100 gel electrophoresis kit was used for DNA mini-

agarose electrophoresis. The appropriate amount of agarose [0.6-1.5% (w/v)] was 

dissolved in the 60ml of 1× TBE (45mM Tris⋅HCl, 44mM Boric acid and 2mM 

EDTA, pH 8.0) by microwave heating. The agarose solution was cooled down to 

about 55°C, and then ethidium bromide (10mg/ml stock) was added into the solution 

to give a final concentration of 0.5µg/ml. The whole solution was poured into a 

casting mould with the gel comb. After agarose solidified, the comb was removed 
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and the mould with gel was placed in the electrophoresis tank. The tank was filled 

with 1× TBE buffer until the gel was covered. After the DNA sample was loaded, the 

electrophoresis was performed at 80V for 1 hour.  

2.2.7 Photography methods 

DNA bands in the agarose gel could be visualised by illumination with an UV trans-

illuminator and photographed. Alternatively, when DNA needed to be recovered 

from the agarose gel, a Darker reader was used to detect the band. This is because 

Darker reader would not cause damage to the DNA.   

2.2.8 Purification of DNA from an agarose gel 

2.2.8.1 Geneclean system 

GENECLEAN II kit (BIO 101 inc.) was used to purify the DNA from agarose gel. A 

1× TAE (40mM Tris-HCl, 1mM EDTA and 5.71% glacial acetic acid) agarose gel 

was used for the gel purification of DNA.  The DNA sample was separated in TAE 

agarose gel as described in section 2.2.6. The desired DNA band was excised from 

ethidium bromide stained gel under Dark Reader to prevent damage of DNA. The gel 

was dissolved in three volumes of 6M NaI (w/v). The eppendorf was incubated at 

55°C for five minutes until the whole gel was dissolved. 5µl-20µl (for 5µg-12.5µg 

DNA) of glassmilk was added into the solution and gently mixed. The suspension 

was incubated at room temperature for 20 minutes to let DNA bind to glassmilk. The 

glassmilk was recovered by centrifugation at 15,000rpm for 1 minute. The 

supernatant was discarded. The pellet was washed with 500µl cold New Wash Buffer 

(50% 20mM Tris-HCl pH7.2, 0.2M NaCl, 2mM EDTA and 50% ethanol). The pellet 
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was recovered by centrifugation at 14,000rpm for 30 seconds. The glassmilk was 

washed twice more. Finally, the pellet was resuspended in 20µl UHP water and 

incubated at 55°C for three minute to elute the DNA. The DNA solution was 

recovered by centrifugation at 15,000rpm for three minutes. The supernatant was 

carefully transferred to a clean eppendorf. 

2.2.8.2 QIAquick gel extraction kit 

QIAquick kit provides a quicker way to purify DNA from the agarose gel. The DNA 

fragment was excised from the agarose gel with a scalpel. 3 volumes (v/w) of Buffer 

QG were added to the gel. The gel with Buffer QG was incubated at 50°C for 10 

minutes until the gel slice was completely dissolved. The solution was loaded in the 

QIAquick spin column then centrifuged for 1 minute at 13,000rpm. The flow-

through was discarded, and the column was washed by 0.75ml of Buffer PE. The 

column was again centrifuged at 13,000rpm for 1 minute. The flow-through was 

discarded. The column was centrifuged for additional 1 minute to remove the 

residual Buffer PE. 30µl of water was added to the centre of the column and left to 

stand for 1 minute. DNA was recovered in the flow-through by centrifugation for 

1minute at 13,000rpm. 

2.2.9 Phosphatase treatment of DNA 

To reduce the self-recircularising background of linearised plasmids, Shrimp alkaline 

phosphatase (SAP) was used to remove the 5�-terminal phosphate from double-

stranded DNA. 1U of SAP and 10× shrimp alkaline phosphatase buffer   (200mM 

Tris⋅HCl, pH 8.0, 100mM MgCl2) were added in DNA sample. Dephosphorylation of 
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DNA was done at 37°C for 1 hour. SAP was inactivated by heating at 65°C for 15 

minutes. The final solution could then be used for further manipulations.  

2.2.10 Transformation of the plasmid   

2.2.10.1 Preparation of calcium chloride competent cells 

A single bacteria colony was picked from a freshly prepared plate and inoculated into 

50ml of LB broth. The culture was incubated at 37°C by vigorous shaking until 

OD600 reached about 0.5. The cells were recovered by centrifugation at 6000rpm for 

20 minutes. The supernatant was decanted and 10ml of 0.1M ice-cold CaCl2 was 

added into the tube. The pellet was resuspended by vortexing.  The suspension was 

centrifuged at 6,000 rpm for 10 minutes. After the supernatant was discarded, the 

pellet was resuspended in 2ml of freshly prepared 0.1M ice-cold CaCl2. The glycerol 

(15%) stock was stored at -80°C. (XL-1 competent cells were cultured in medium 

containing 10µg/ml tetracycline. BL21(DE3)pLysS and HMS(DE3)plysS cells were 

cultured in LB containing 34µg/ml chloramphenicol.) 

2.2.10.2 Transformation  

The 200µl aliquot of competent cells was prepared as described above. The stock 

cells were thawed on ice. After DNA was added to cells, the mixture was placed on 

ice for 30 minutes. The mixture was heat shocked at 42°C for 90 s, and then placed 

on ice for 2 minutes. 800µl LB broth was added and cells were incubated at 37°C for 

1 hour. Finally, the cells were spread on the LB agar containing selective antibiotics. 
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2.3 Protein Methodologies 

2.3.1 Bradford protein assay 

The Bradford assay was used to determine the quantitation of protein. A standard 

curve was made by using bovine serum albumin (BSA) between the ranges of 0-

30µg. The BSA was weighted and solubilised in water at 1mg/ml. 50µl (volume was 

adjusted by adding UHP water until 50µl) of the standard BSA sample (0, 5µg, 

10µg, 15µg, 20µg, 30µg) was mixed with 50µl of 1M NaOH. 900µl of dye reagent 

(100mg Serva blue G dissolved in 100ml of 85% phosphoric acid and 50ml of 95% 

ethanol, bring the volume to 1 litre) was added into the sample and incubated for 5 

minutes.  The absorbance at 590nm was measured in polystyrene cuvettes. UHP 

water with 1M NaOH and dye reagent was used as a reference. All assay were 

carried out in triplicate and the resultant means determined. R2 was required to be 

better than 0.95. The protein sample was measured in the same way as the BSA 

standard. The concentration of protein was determined using the standard curve, with 

BSA as a standard.  

2.3.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

The protein could be separated by SDS-PAGE. Bio-Rad Mini-PROTEAIN II electro-

phoresis kit was used for SDS-PAGE. The 0.75mm spacer and comb were used. 

After the kit was set up, the separating gel (7.5%-12% as showing below) was 

poured.  The top of gel was about 2cm from the top of the glass. The surface of the 

gel was covered with 0.1% SDS. 
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Table 2-1. The component of separating gel (50ml) 

 7.5% 10% 12% 
30% acrylamide/bisacrylamide 12.5ml 16.7ml 20.0ml 
H2O 24.0ml 19.8ml 16.5ml 
1.5 M Tris⋅HCl (pH 8.8) 12.5ml 12.5ml 12.5ml 
10% SDS 0.5ml 0.5ml 0.5ml 
10% Ammonium persulphate (APS) 0.5ml 0.5ml 0.5ml 
TEMED 0.02ml 0.02ml 0.02ml 

 

After the gel polymerised, the stacking gel [10ml stacking gel: 1.7ml acrylamide/bis-

acrylamide (30%), 6.8ml H2O, 1.25ml 1M Tris-HCl (pH 6.8), 0.1ml 10% SDS, 

0.01ml TEMED and 0.1ml 10% APS] was poured into the gel kit, and the comb was 

inserted into the 5% stacking gel. After the stacking gel was polymerised, the comb 

was carefully removed, and the gel was ready to be used. The protein samples were 

diluted by the same volume of 2× Sample buffer (100mM DTT, 2% SDS, 80mM 

Tris-HCl, pH 6.8, 15% glycerol, 0.006% bromophenol blue) and boiled at 100°C for 

3 minutes. The prepared samples were stored on ice until needed. After the samples 

were loaded in the gel, the gel was run at 120V (15V/cm) for about 1hour. The 

protein could be stained in Coomassie staining solution [0.25g coomassie, 90ml 

methanol: H2O (1:1, v/v), 10ml glacial acetic acid] for more than 4 hours by gentle 

agitation. The gel then was destained using destaining solution (30% methanol, 10% 

glacial acetic acid) until the protein band became clear. During destaining, the 

solution should be changed 3-4 times. The destained gels were placed on Whatman 

paper and covered by film, then dried at 80°C for 60 minutes using Bio-Rad 583 gel 

dryer. 
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2.3.3 Western blotting  

After protein samples were separated by SDS-PAGE, immunodetection could be 

used with an ECL Western Blotting Detection Kit (Amersham Life Science). The 

stacking gel was cut away from the separating gel. The separating gel was then 

placed onto two pieces of 3MM Whatman paper pre-soaked with 1×transfer buffer 

[25mM Tris⋅HCl, 192mM glycine, 20% methanol (v/v) and 0.1% SDS (w/v)].  A 

piece of PVDF membrane (just larger than the gel) was put in 100% methanol then in 

1× transfer buffer. The pre-wet membrane was placed onto the gel and all bubbles 

removed. Two pieces of 3MM pre-soaked Whatman paper then covered the 

membrane. The electroblotting sandwich was placed into the electroblotting cassette. 

The cassette was transferred into the tank filled with 1×transfer buffer. The transfer 

of protein was carried out at 90V for 1hour. The membrane was taken out and 

blocked in 100ml of 1×TBS [20mM Tris-HCl (pH 7.5), 500mM NaCl] containing 

10% Marvel for at least 1hour. The membrane was washed with TTBS (1×TBS+ 

0.1% Tween 20,v/v) for 10 minutes. The washing was repeated an additional 4 times. 

The membrane was then incubated at room temperature in 1× TTBS containing 10% 

Marvel and the appropriate primary antibody for 1hour. Excess primary antibody 

was washed out by 1×TTBS 5 times. The membrane was then incubated in 

1×TTBS+10% Marvel containing the secondary antibody for 1 hour.  The membrane 

was washed using 1×TTBS a total of 5 times  (5-10 minutes each time).  The 

membrane was incubated in the mixture of detection solution 1 and detection 

solution 2 (1:1 v/v) for 1 minute at room temperature without agitation. Excess 

detection reagent was drained off. The membrane was wrapped in cling film. The 
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blot, protein side up, was placed in the film cassette. A sheet of Hyperfilm 

(Amersham Life Science) was placed on top of the membranes in the dark room. The 

film was exposed for different lengths of time (15, 30, 60 seconds) then developed 

and fixed. 

2.3.4 Nickel affinity chromatography 

2.3.4.1 His�Bind resins 

The purification of protein was carried out according to the manufacturer�s 

description. 10ml of His�Binding resin (Novagen) was loaded into 20ml syringe and 

washed with 30ml distilled water to remove ethanol in the resin. The resin was 

charged with 50ml 1×Charge Buffer (50mM NiSO4). The column was washed with 

30ml of deionised water to remove the excessive Ni2+. The resin was equilibrated in 

30ml 1×Binding buffer. The sample was loaded in the column at the rate of 

0.25ml/min. The resin was washed with 50ml 1×Binding Buffer to remove unbound 

protein and followed by 50ml 1×Washing Buffer to remove weakly binding protein. 

The desirable protein was eluted using 30ml 1×Eluting Buffer.  

2.3.4.2 Ni-NTA His�Bind Resins 

Four volumes of Ni-NTA Bind Buffer were added to a pre-charged 50% Ni-NTA 

His�Bind slurry (Novagen). The resin was gently mixed with Bind Buffer and 

allowed to settle by gravity. The supernatant was then removed using a pipette. The 

protein sample was mixed with pre-equilibrated resin by stirring on ice for 1 hour. 

The protein- Ni-NTA resin mixture was loaded on to the column. The column was 
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washed with 10× bed volume of Wash Buffer. The desirable protein was then eluted 

using 2-3× bed volume of Elute Buffer. 

2.3.5 Protein Desalting by size exclusive PD-10 columns 

PD-10 desalting columns (Amersham Pharmacia Biotech) contain prepacked 

Sephadex G-25 Medium for desalting and buffer change. The columns were used to 

separate proteins (Mr>5000) from low molecular weight substances (Mr<1000) 

according to the manufacturer�s instructions. The procedure of desalting and buffer 

change was according to the manufacturer�s instruction. Firstly, the column was 

equilibrated with approximately 25ml buffer and then 2.5ml of sample was loaded on 

the column. After the sample ran into the column, the protein was eluted using 3.5ml 

buffer. The protein eluent was collected and analysed. 

2.4 Expression of cytochrome b5 

2.4.1 Spectrophotometeric measurement 

The content of cytochrome b5 was measured by spectrophotometry. The sample was 

diluted 10-50 fold with 0.1M potassium phosphate (pH 7.5). A 2ml aliquot of the 

diluted sample was split and added to the sample cuvette and reference cuvette (1ml 

in each cuvette). The baseline was recorded by scanning samples from 500nm to 

400nm. Then, a few milligrams of sodium dithionite were added to the sample 

cuvette. After the sodium dithionite had dissolved, the samples were scanned again 

and the change of absorbance recorded. Cytochrome b5 produces a peak at around 

424nm. The millimolar extinction coefficient of 118mM-1⋅cm-1 (Holmans et al, 1994) 

was used to calculate the concentration of b5. 
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2.4.2 Expression of cytochrome b5 

2.4.2.1 Transformation and preparation of plasmids 

Plasmid pRSET containing b5 in the sense and anti-sense orientations were 

transferred into JM109 by the standard method as described in section 2.2.10. 1µl of 

plasmid was added to 200µl of calcium chloride competent cells. The cells were 

incubated on ice for 30 minutes, and then were heat shocked at 42°C for 90 seconds. 

Bacteria were spread on the LB agar plate containing 50µg/ml Amp and 34µg/ml Chl. 

The cells containing the plasmid were selected by ampicillin resistance.  

The plasmids were purified by the wizard resin (Promega Maxi Preps) as described 

in section 2.2.4.4. The plasmids were digested with BstX I and Nco I in order to 

verify the insert orientation of b5 fragment. The plasmid containing pRSET-b5 sense 

was transferred into BL21(DE3)pLysS,  HMS174(DE3)pLysS and C41(DE3) to 

express cytochrome b5. 

2.4.2.2 Optimising expression of cytochrome b5 

A single colony was picked from the freshly prepared Amp/Chl plate and inoculated 

into 5ml LB broth containing Amp (100µg/ml) and Chl (34µg/ml). The inoculum 

was incubated at 37°C overnight by standing until the culture became lightly turbid. 

Then, 1%(v/v) overnight cultures were inoculated into 50ml of LB or Terrific broth 

(12g Bacto-Tryptone, 24g Bacto-yeast extract, 4ml glycerol in 900ml of water, 2.31g 

KH2PO4 and 12.54g K2HPO4 in 100ml of water, mix before use) containing 

0.3%(v/v) rare salt (27g FeCl3·6H2O, 2g ZnCl2·4H2O, 2g CoCl2·6H20, 2g 

Na2MoO4·2H2O, 1g CaCl2·2H2O, 1g CuCl2, 0.5g H3BO3, 100ml HCl conc. in 1litre 

of water). The cells were incubated at 37°C with a shaking rate of 240rpm until the 



Ming Qi Fan                                           2 Materials and Methods 

  

 
- 61 - 

cultures were reached an OD600 of 0.5-1.5.  The cultures were cooled down to 

induction temperature and IPTG was added to induce the expression of b5. The rate 

of shaking was kept at 125rpm. 

The cells were harvested by centrifuging at 6000rpm for 15 minutes. The pellets 

were weighed, then resuspended in 5 volumes (v/w) of PBS (8g NaCl, 0.2g KCl, 

1.44g Na2HPO4, 0.24g KH2PO4 in 1 litre of water, pH 7.4). After centrifugation at 

6000rpm for 10 minutes, the cells were resuspended in 2 volumes (v/w) buffer A 

(75mM Tris⋅HCl pH 8.0, 0.1mM EDTA, 10µg/ml of aprotinin and 1mM PMSF). The 

suspension was used to measure the content of b5 in intact cells. 

The host strain (BL21(DE3)pLysS and HMS174(DE3)pLysS), media (LB and TB), 

induction time (0-41 hours), induction temperature (24°C, 27°C and 28°C) and the 

concentration of IPTG (0.1mM, 0.5mM and 1mM) were optimised. 

2.4.2.3 The preparation of cytochrome b5 by large-scale culture 

Cytochrome b5 was expressed under the optimal condition based on the previous 

experiment. A single colony (HMS174 (DE3) pLysS + pRSET b5 sense) was picked 

from Chl/Amp plate and inoculated into 20ml LB broth containing 100µg/ml Amp 

and 34µg/ml Chl. The inoculums were incubated overnight at 37°C but no shaking 

was used. The overnight cultures were inoculated into 2 litres TB broth containing 

100µg/ml Amp and 34µg/ml Chl with 0.3% (v/v) rare salt. The inoculums were 

incubated at 37°C with vigorous shaking (220rpm) until OD600 reached 0.5-1.0. 

Cultures were cooled down to 27°C and 0.1mM IPTG was added to induce 

expression of b5. The shaking speed was kept at 125rpm. After 24 hours, the cells 

were harvested by centrifugation at 6,000rpm for 20 minutes. The supernatant was 
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decanted and the pellet was washed with 5 volumes of PBS (w/v). The suspension 

was again centrifuged at 6,000rpm for 20 minutes. The cells were resuspended in 

50ml of buffer A and stored at -80°C for future use. 

The cells were thawed at room temperature then frozen and thawed again. Bacteria 

were broken by sonication for 9×30 seconds and then the suspension was centrifuged 

at 12,000g for 20 minutes. The pellet was resuspended in 10ml buffer A and again 

sonicated for 9×30 seconds. The supernatants were combined and centrifuged for 1 

hour at 100,000g. The pellets were collected and washed with 10 ml buffer B (20mM 

Tris⋅HCl pH 8.0, 1.9µg/ml Aprotinin and 20% glycerol). The membrane-binding b5 

fractions were suspended in 10 ml buffer B. Membrane-binding b5 was solubilised in 

1% Chaps (w/v). The sample was stirred in the ice bath for 1 hour and then the 

solubilised b5 was recovered by centrifugation at 100,000g for 1hour again. The 

supernatant was collected. 

The His-binding resin (Novagen) was used to purify b5 as described in section 

2.3.4.1 because the recombinant b5 contains (His)6 tag. The components of buffer are 

listed below.  

Table 2-2. The components of buffer for purifying cytochrome b5 

 Components* 
Bind Buffer 5mM imidazole, 500ml NaCl, 20mM Tris⋅HCl pH 8.0  
Wash Buffer 100mM imidazole, 500ml NaCl, 20mM Tris⋅HCl pH 8.0  
Elute Buffer 250mM imidazole, 500ml NaCl, 20mM Tris⋅HCl pH 8.0  
*All buffers contained 20% glycerol (v/v), 0.05% Chaps and 1.9µg/ml Aprotinin.  

The purified b5 was checked by 12% SDS-PAGE. The fraction containing b5 was 

combined and dialysed for 24 hours in the buffer C (10mM potassium phosphate 

buffer, pH7.5, 20% glycerol, 0.5mM EDTA, 0.1mM DTT and 0.05% Chaps) to 

remove the imidazole. The purified b5 was stored at -80°C. 
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2.5 Expression of human cytochrome P450 Reductase (CPR) 

2.5.1 Expression of recombinant CPR 

The plasmid pB55 containing human CPR cDNA was transferred in JM109 as 

described in section 2.2.10. A single colony was picked from the plate and inoculated 

in 5ml of LB containing 100µg/ml Amp. The inoculum was cultured at 37°C 

overnight. The overnight culture was diluted 500 fold in TB media. The bacteria 

grew up until the OD600 reached about 0.6. Expression of CPR was induced by 

adding 0.25mM IPTG, and then culture was left at 28°C overnight. The shaking 

speed was kept at 120rpm. 

The bacteria were harvested by centrifugation at 4,000g for 20 minutes. The pellets 

were suspended in 100mM Tris-acetate, pH 7.6, 500 mM sucrose and 0.5 mM EDTA. 

The suspensions were kept on ice for 20 minutes, and then diluted with an equal 

volume of water containing 0.1 mg/ml lysozyme. After bacteria were incubated on 

ice for 30 minutes, the protoplast was recovered by centrifugation at 4,000g for 10 

minutes. Pellets were resuspended in 20mM Tris⋅HCl, pH 8.0, 10% glycerol (v/v), 

150 mM NaCl, 1mM DTT, 0.1 mM PMSF and 1µg/ml of aprotinin, leupeptin and 

pepstain. This suspension was sonicated (40% power, 8×25 seconds), and then 

centrifuged at 12,000g for 20 minutes. The supernatant was collected, and then 

centrifuged at 100,000g for 1 hour. The pellets were resuspended in 100mM 

potassium phosphate buffer buffer, pH 7.4 with 20% glycerol. The samples were 

diluted to 2 mg protein/ml by the same buffer. CPR was solubilised in 0.2% (v/v) 

Triton X-100 by stirring on ice for one hour. The insoluble part was removed by 
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centrifuge at 100,000g for 1 hour. The solubilised CPR was stored at -80°C until 

purification. 

2.5.2 Affinity purification of CPR 

The recombinant human CPR was purified by 2�, 5�-ADP agarose. The solubilised 

CPR was loaded on 2�, 5�-ADP agarose column, which was previously equilibrated 

in 50 mM Tris⋅HCl, pH 7.4, 20% glycerol, 0.1 mM DTT, 0.1% (v/v) Triton X-100. 

The affinity column was washed with 10× bed volume of the same buffer. CPR was 

eluted by 5 mM 2�-AMP, 50 mM Tris⋅HCl, pH 7.4, 20% glycerol, 0.1 mM DTT, 

0.1% (v/v) Triton X-100. The purified CPR protein was loaded on the PD-10 column 

and eluted by 20mM potassium phosphate buffer, pH 7.4, 20% glycerol as described 

in section 2.3.5. The purified CPR was then stored at -80°C. 

2.5.3 Assay method (reduction of cytochrome c) 

Cytochrome P450 reductase can reduce cytochrome c in the presence of NADPH. 

Therefore, the activity of CPR is determined by measuring reduction of cytochrome c 

(Strobel and Gignam, 1978). The solution containing 300mM of potassium 

phosphate buffer, pH 7.7, 40µM of cytochrome c and the CPR sample was made 

according to the reference (Strobel and Dignam 1978). The reaction was started by 

adding NADPH to the final concentration of 0.1mM.  The absorbance at 550nm was 

recorded. The extinction coefficient of 21cm-1 mM-1 (Williams and Kamin, 1962) at 

550nm was used to calculate the rate of reduction of cytochrome c. 
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2.6 Expression of CYP4A1 

2.6.1 Spectrophotometer measurement 

2.6.1.1 The P450 assay 

The content of P450 was determined by using Omura and Sato�s method. (Omura 

and Sata, 1964) The sample was diluted to 2ml with 20mM potassium phosphate 

buffer (pH 7.5), 20% glycerol. A few milligrams of sodium dithionite were added to 

the solution to reduce the iron in P450. The sample was incubated at room 

temperature for 1 minute to permit the reaction to finish. Then the solution was 

divided into equal amounts, the sample and reference. The baseline was recorded by 

scanning samples from 400nm to 500nm. The sample cuvette was taken out and the 

sample solution was gently aerated with carbon monoxide (CO) for one minute. The 

P450-CO compound was scanned again from 400nm to 500nm. The concentration of 

P450 was calculated by using extinction coefficient of 91mM-1⋅cm-1 (Omura et al., 

1964) 

2.6.1.2 The absolute spectrum and substrate binding difference spectrum 

The absolute spectrum was obtained by scanning P450 from 350nm to 600nm. 

20mM potassium phosphate buffer (pH 7.5) with 20% glycerol was used as the 

reference.   

The difference spectra between P450 with and without substrate was recorded 

according to the reference (Jefcoate 1978). Lauric acid and dodecyltrimethyl-

ammonium bromide were used as the substrates. The structures of substrates are 

shown in Figure 2-1.  
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Figure 2-1. Structures of lauric acid and dodecyltrimethylammonium bromide. 
Lauric acid carries the carboxyl group and dodecyltrimethylammonium bromide carries the positively 
charged amine group. Both substrates contain a twelve-carbon chain. 
 
Substrates used in this experiment were dissolved in solvent shown in Table 2-3.  

Table 2-3. Substrates dissolved in solvents 

Substrates Solvent 
Lauric acid Dimethylsulfoxide (DMSO) 
Dodecyltrimethylammonium bromide UHP water 
 

Both the P450 solution and phosphate buffer (20mM potassium phosphate buffer, pH 

7.5, 20% glycerol) were divided into two cuvettes. The substrate, lauric acid, was 

titrated into the P450 solution in the sample cell and phosphate buffer in the 

reference cell (see Figure 2-2).   The total volume change was kept at less than 1%. 

The spectrum was then recorded by scanning from 350nm to 500nm. The procedure 

was then repeated using dodecyltrimethylammonium bromide as the substrate. 
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Figure 2-2. Measurement of difference spectra of substrate binding.  
The cuvettes containing P450 are grey; cuvettes containing potassium phosphate buffer buffer with 
20% glycerol are white. The substrates are added in sample and reference as shown by arrows. 
 

The Ks (spectral dissociation coefficient) values of substrates binding to P450s were 

calculated from the different absorbance between the trough (around 390nm) and the 

peak (around 420nm).   

Ks was defined as below (Alterman et al. 1995; Chaurasia et al. 1995). 

Ks=[E][S]/[ES]  

[E]: the concentration of the free enzyme, 

[S]: the concentration of the free substrate,  

[ES]: the concentration of enzyme and substrate complex 
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Ks values were determined by fitting the equation, Y=a*X/(Ks+X), with the 

assumption that total substrate concentration is much higher than P450 concentration. 

(Alterman et al. 1995; Chaurasia et al. 1995) 

Y: A390-A420 

X: the concentration of substrate  

2.6.2 Expression of CYP4A1 

Owing to the difficulty of expressing CYP in a bacterial system, the N-terminal 

sequence of CYP was often modified. The new strategy to express P450 in E.coli. 

was developed by using fusion protein of OmpA with CYP (Pritchard et al. 1997). 

This strategy could minimise the change of sequence. It was supposed to give the 

high level expression because 1) OmpA was one of abundant protein in E.coli, which 

was easy to be expressed, 2) OmpA also was the signal protein that could lead the 

target protein to the periplasm to avoid proteolysis (Pritchard et al. 1997).  In order to 

obtain enough CYP4A1, the OmpA-CYP4A1 fusion system was constructed to 

express recombinant CYP4A1 in E.coli.  

2.6.2.1 Construction of the plasmid pGEM-T.OmpA.4A1.HT 

OmpA fragment was obtained from JM109 chromosome by PCR. The primers are 

shown below. The Nde I site in the left primer and Sac I site in the right primer are 

underlined. 

OmpA-Left (Forward): GGAATTCCATATGAAAAAGACAGCTATCGCG 
OmpA-Right (Reverse): GAGCTCGCGGCCTGCGCTACGGTAGCGA  
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The PCR was preformed in present of pfu. The cycles were follows: 94°C for 1 

minute, 50°C for 1mintue and 72°C for 1 minute for 25 cycles. The approximate 

70bp PCR product was cloned in pGEM-T plasmid. 

CYP4A1 DNA fragment was amplified from CYP4A1 cDNA by PCR. The primers 

are shown below. The Sac I site in the forward primer and Nde I site in the reverse 

primer are underlined. 

5�CYP4A1(Forward): ATGAGCGTCTCTGCACTGAGCTCCACCCGC 
3�CYP4A1(Reverse):  ATTTCGGAGCTCCACATCACATATGGTGGAGCTTCTT 
                                     GA 

The PCR product of approximate 1500bp was cloned in pGEM-T easy plasmid.  

The plasmid pGEM-T Easy containing CYP4A1 cDNA was digested by Nde I, 

which produced the AT and TA hangs. The synthetic oligos containing (His)6 tag and 

Xba I site (see below) were inserted into the Nde I site. Six-histidine tag is shown in 

bold and Xba I site is underlined.  

TATTCACCATCACCATCACCATTGATCTAGA 
     AAGTGGTAGTGGTAGTAGTAACTAGATCTAT 

The fragment of CYP4A1 with (His) 6 tag DNA (CYP4A1.HT) was lifted from 

plasmid pGEM-T Easy/CYP4A1.HT by Sac I digest. This approximate 1500bp 

CYP4A1.HT fragment was gel-purified as described in section 2.2.8, and inserted in 

the Sac I site of pGEM-T/OmpA plasmid. The strategy of constructing pGEM-

T/OmpA.4A1.HT plasmid is shown in Figure 2-3. 
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Figure 2-3. Construction of plasmid pGEM-T.OmpA.4A1.HT.  
The OmpA sequence is determined by the red filling. Six Histidine tag is determined by the blue 
filling. CYP4A1 cDNA is determined by the black filling. Nde I, Sac I and Xba I sites are labelled. The 
stop code in six-histidine tag oligo is shown as the star. 
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2.6.2.2 Subcloning: Construction of pCWori+/OmpA.4A1.HT plasmid 

The plasmid pGEM-T containing OmpA.4A1.HT (CYP4A1 cDNA with the OmpA 

leader sequence and a C-terminal six histidine tag) and the plasmid pCWori+ 

containing the N-terminally modified CYP4A1 were digested with Nde I and Xba I. 

The reaction products were separated by electrophoresis on a 1% TAE agarose gel. 

Gel containing the approximate 6000bp DNA fragment from pCWori+ and the 

approximate 1600bp fragment from pGEM-T were excised and placed in clean 

eppendorf tubes.  

DNA fragments were purified by GENECLEAN II kit (BIO 101 inc.)  as 

described in section 2.2.8.1. The DNA fragments were ligated using T4 ligase. The 

ligation mixture was incubated at 4°C for 21 hours. The mixture was directly 

transferred into SCS110 competent cells. 

The desired plasmid was identified by Sac I digest (Figure 2-4). The OmpA sequence 

was confirmed by DNA sequencing. 
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Figure 2-4.  Construction of pCWori+.OmpA.4A1.HT plasmid.  
The OmpA.4A1.HT sequence is determined by the black filling. The OmpA.4A1.HT fragment was 
obtained by Nde I and Xba I double digest, and then subcloned into the plasmid pCWori+. The new 
plasmid (pCWori+.OmpA.4A1.HT) contains the new Sac I site from the OmpA.4A1.HT sequence. 
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2.6.2.3 Expression and purification of OmpA.CYP4A1.HT 

The plasmid pCWori+/OmpA.CYP4A1.HT was prepared by QIAGEN-tip 500 kit as 

described in section 2.2.4.3. The plasmid was transformed into E.coli. A fresh 

transformed colony was picked and inoculated into 5mls of LB containing 100µg/ml 

Amp. The saturated overnight culture (0.05%, v/v) was inoculated into TB or LB 

broth and grown at 37°C until the OD600 reached 0.1. At this point, δ-ALA was 

added into the culture. When the OD600 was 0.3 to 0.6, IPTG was added to induce 

expression. The cells were incubated at 28°C by shaking at 120rpm until harvested. 

The choice of host cells (XL-1 and JM-109), induction time (17, 24, 41 and 48 

hours), the concentration of IPTG (0.1mM and 1mM) and δ-ALA (0, 80, 160 and 

300µg/ml) were optimised. 

Bacteria were harvested by centrifugation at 6,000rpm for 20 minutes, and the pellet 

was suspended in 40ml buffer A (100mM Tris⋅HCl pH 7.8, 0.5mM EDTA pH 8.0, 

20% glycerol, 1mM PMSF, 1µg/ml aprotinin and 1mM DTT). Lysozyme (10mg/ml) 

was added to the suspension to final concentration 0.5mg/ml. The solution was 

gently stirred on ice for 1 hour, and then centrifuged at 6000rpm for 30 minutes. The 

pellet was resuspended in 30ml sonication buffer (10mM Tris⋅HCl pH 7.4, 0.1mM 

EDTA, 1mM PMSF, 1µg/ml aprotinin and 10% glycerol), and sonicated for 8×30 

seconds. The cell debris and unbroken cells were removed by centrifugation at 

12,000rpm for 20 minutes. 

The pellet was resuspended in sonication buffer and sonicated again. The combined 

12,000g supernatant were centrifuged at 100,000g for 1 hour. The membrane pellet 

was suspended in 0.1M potassium phosphate buffer (pH 7.4) buffer with 20% 
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glycerol. The P450 was solubilised in detergent by gently stirring for 1 hour. The use 

of detergent was optimised. The debris was removed by centrifugation at 100,000g 

for 1hour. The supernatant containing P450 was stored at -80°C until purified. 

The solubilised P450 was purified by nickel affinity resin as described in section 

2.3.4. The buffers, which were used in purification of CYP4A1, were shown in Table 

2-4 and Table 2-5.    

Table 2-4. The components of buffer of purification by His�Bind resin 

 Components* 
Bind Buffer 5mM imidazole, 500mM NaCl, 20mM Tris⋅HCl pH 8.0  
Wash Buffer 75mM imidazole, 500mM NaCl, 20mM Tris⋅HCl pH 8.0  
Elute Buffer 750mM imidazole, 500mM NaCl, 20mM Tris⋅HCl pH 8.0  

*All buffers contained 20% glycerol (v/v) and 0.1% (v/v) Emulgen 913 

Table 2-5. The components of buffer of purification by Ni-NTA His�Bind resin 

 Components* 
Bind Buffer 10mM imidazole, 300mM NaCl, 50mM NaH2PO4, pH 8.0  
Wash Buffer 20mM imidazole, 300mM NaCl, 50mM NaH2PO4, pH 8.0 
Elute Buffer 250mM imidazole, 300mM NaCl, 50mM NaH2PO4, pH 8.0 

*All buffers contained 20% glycerol (v/v) and 0.1% (v/v) Emulgen 913 

The fractions were checked by 10% SDS-PAGE. The fractions containing pure 

CYP4A1 were combined. The salt and imidazole were removed by PD-10 column 

(Pharmacia). The purified P450 was stored in 20mM potassium phosphate buffer (pH 

7.4) with 20% glycerol at -80°C for future analysis.  

2.7 Construction of mutants of CYP4A1 

2.7.1 Site-directed mutagenesis 

The GeneEditorTM in vitro Site-Directed Mutagenesis system (Promega) was used to 

generate mutations. This system provided selection oligonucleotides that modify the 

ampicillin resistance gene and result in the resistance to GeneEditorTM Antibiotic 
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Selection Mix. The Selection Oligonucleotide is annealed to the plasmid template at 

the same time as a mutagenic oligonucleotide. Therefore, a high frequency of 

mutants is obtained by selection of Antibiotic Mix resistance.  

The procedure of mutagenesis was performed according to the manufacturer�s 

instruction. The DNA template was prepared by QIAprep Miniprep system (Qiagen) 

as described in section 2.2.4.2. The plasmid template was chosen as in Table 2-6.  

Table 2-6. Templates for mutants 

Mutants Templates 
K93E pGEM-11/4A1 
F149Y pGEM-T Easy/4A1 
F149I pGEM-11/4A1 
R87E pCWori+/OmpA.4A1.HT 

R87E/K93E pCWori+/OmpA.K93E.HT 
R87W/K93E pCWori+/OmpA.K93E.HT 

N116E pCWori+/OmpA.4A1.HT 
N116E/K93E pCWori+/OmpA.K93E.HT 

H141R pCWori+/OmpA.4A1.HT 
H141F pCWori+/OmpA.4A1.HT 
H141L pCWori+/OmpA.4A1.HT 
R142A pCWori+/OmpA.4A1.HT 
R143A pCWori+/OmpA.4A1.HT 

 

The double stranded plasmid DNA was denatured by alkaline treatment. The reaction 

was set up in the eppendorf as shown in Table 2-7. 

Table 2-7. Denaturation of the plasmids 

dsDNA template 10µl (0.5pmol) 
2M NaOH, 2mM EDTA 2µl 
Sterile, deionised water 8µl 

 

The mixture was incubated at room temperature for 5-10 minutes. 2µl of 2M 

ammonium acetate (pH 4.6) was added to the eppendorf then 75µl of 100% ethanol 

was added to precipitate DNA. The eppendorf was incubated at �80°C for 30 
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minutes. The denatured DNA was recovered by centrifugation at 14,000rpm for 15 

minutes at 4°C. The supernatant was removed and the pellet was washed using 200µl 

of 70% ethanol. The eppendorf was again centrifuged at 14,000rpm for 15 minutes 

again. The ethanol was drained and the pellet was air-dried. The DNA was 

resuspended in 100µl of TE buffer (pH 8.0) and stored at -20°C. The denatured DNA 

could be analysed on an agarose gel because the denatured, single-stranded DNA 

will run faster than non-denatured, double-stranded DNA, and denatured DNA 

appears more smeared. 

The hybridisation reaction was set up as described in Table 2-8. The mutagenic 

oligo-nucleotides were designed to hybridise to either coding or non-coding strand of 

denatured plasmids were listed in Table 2-9.  

Table 2-8. The hybridisation reaction 

Template DNA 5µl 
Selection Oligonucleotide, 5�-phosphorylated 1µl 
Mutagenic oligonucleotide, 5�-phosphorylated Various 
10× Annealing buffer* 2µl 
Sterile, deionised water To a final volume of 20µl  

     *10× Annealing Buffer: 200mM Tris⋅HCl (pH 7.5), 100mM MgCl2, 500mM NaCl 
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Table 2-9. The oligonucleotides for mutagenesis 

 Mutagenic oligonucleotides* 
R87E (non-coding)1 CAATTAAGTAaGCTTTGCTTCCCCAGAACCAttcAGGAAAGG 
R87E/K93E (non-coding)2 CAATTAAGTAaGCTTcGGATCCCCAGAACCAttcAGGAAAGG 
R87W/K93E (coding)2 CCAAGTGCCTTTCCTtggTGGTTCTGGGGAtcCgaaGCtTACTTA

ATTGTCTATG 
H141R (coding)3 CCGTGGTTCCAGcgtCGGCGAATGCTAACC  
H141L (coding)3 CCGTGGTTCCAGctgCGGCGAATGCTAACC  
H141F (non-coding)4 GGTTAGCATTCGCCGaaaCTGGAACCgTGGTTCTCC  
R142A (non-coding)4 GGTTAGCATACGagcGTGCTGGAACCaTGGTTGTCC 
R143A (non-coding)4 GGTTAGCATagcCCGGTGCTGGAACCaTGGTTGTCC  
N116E/K93E  
(non-coding)4 

CCATATCCGATCCaTGGAGCTAGCAATCTGTAGACGCCttcGG
CCTTTGG 

N116E (non-coding)5 GCAATCTGTAGACGCCttcGGCCTTTGGATCcgATCGCCCG 
K93E (non-coding)5 CAATTAAGTAGGCTTcGGATCCCCAGAACC 
F149Y (non-coding)6 GGTTTCAGgATaTCATAGTGGAtGGCTGGGGTTAGC 
F149I (non-coding)6 GGTTTCAGgATaTCATAGTGGtaGGCTGGGGTTAGC 
* The nucleotides that are different from wild type are showed by small letters. The mutations are 
underlined. 
1 The novel restriction enzyme (Hind III: AAGCTT) sites introduced by silent mutation is in bold.  
2 The novel restriction enzyme (Hind III: AAGCTT, BamH I: GGATCC) sites are             
in bold.  
3 The SgrA I site (CPuCCGGPyG) in wild type was eliminated in mutants. 
4 The novel Nco I site (CCATGG) introduced by silent mutation is in bold. 
5 The novel BamH I site (GGATCC) is in bold. 
6 The novel EcoR V site (GATATC) is in bold. 
 
Typically, three reactions were carried out at the same time. Each reaction contained 

a different amount of mutagenic oligonucleotide (eg. 2µl, 4µl, 6µl). 2 litres of water 

were heated in a microwave oven to around 90°C. The reaction mixtures were 

incubated in the hot water and then these were allowed to cool down to 37°C at room 

temperature. Once the temperature cooled to 37°C, then the following components 

were added in the order listed in Table 2-10. 

Table 2-10. The synthesis reaction of mutants 

 Sterile, deionised water 5µl 
10× Synthesis Buffer* 1µl 
T4 DNA Polymerase  1µl (5-10u) 
T4 DNA ligase 1µl (1-3u) 
Final volume 30µl 

          *10× Synthesis Buffer: 100mM Tris⋅HCl (pH 7.5), 5mM dNTPs, 10mM ATP, 20mM DTT 
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The eppendorfs were incubated at 37°C for 90 minutes, and then kept on ice until 

transformation. BMH 71-18 mutS competent cells were used for an initial 

transformation to enhance the efficiency of mutagenesis because the mutS strain 

could reduce the chance of repairing mismatch in bacteria. The competent cells were 

thawed on ice and transferred into a pre-chilled eppendorf. Typically, 5µl of 

mutagenesis reaction was added into 50µl BMH 71-18 mutS competent cells. The 

transformation was described in section 2.2.10. 950µl of LB was added into the cells 

and incubated at 37°C for 1 hour. 1ml of mixture was transferred into the tube, and 

4ml of LB containing 50µl GeneEditorTM Antibiotic Selection Mix was added. The 

culture was incubated at 37°C with shaking (220rpm) for 16-18 hours. 

The DNA plasmid from overnight culture was purified by QIAprep Miniprep 

(Qiagen). 5-10ng of plasmid DNA was transferred into 50µl of JM109 competent 

cells. 100-200µl of cells were spread on two LB plates containing 190µl 

GeneEditorTM Antibiotic Selection Mix and 50µl of 100mg/ml ampicillin in 50ml LB 

agar. The plates were incubated at 37°C overnight. Colonies were picked from the 

plates and inoculated in 5ml of LB. The plasmid was purified by alkaline lysis 

method. The mutant was screened by the novel incorporated or deleted restriction 

site. All mutants sequences were confirmed by DNA sequencing. 

2.7.2 Subcloning K93E mutant 

In order to express the K93E mutant, the fragment containing the K93E mutant 

needed to be subcloned into plasmid pCWori+ with OmpA sequence. The plasmid 

pGEM-T containing the OmpA leader sequence clone was digested with Nde I and 

Afl III, and the 277bp band was gel-purified as described in section 2.2.8. Plasmid 
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pGEM-11 containing the K93E mutant was digested with Afl III and Nhe I, and the 

137bp band was gel-purified as described in section 2.2.8. Plasmid pCWori+ 

containing ambiguous 4A1 was digested with Nde I and Nhe I, and the approximate 

6500bp band was gel-purified as described in section 2.2.8. All of gel-purified 

fragments were ligated using T4 DNA ligase at 4°C for 20 hours. The ligation 

mixture was transferred into XL-1 competent cells.  

The recombinant construct was identified by the Sac I and BamH I sites (Figure 2-5).   

OmpA and K93E sequences were confirmed by DNA sequencing. 
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Figure 2-5. Construction of K93E mutant expression plasmid.  
The DNA fragment containing OmpA sequence (the black filling) was obtained by Nde I and Afl III 
double digest. The fragment containing K93E mutant (the black filling) was obtained by Afl III and 
Nhe I double digest. These fragments were ligated with the plasmid pCWori+.4A1.HT that has been 
digested with Nde I and Afl III. The black filled part is the sequence of modified 4A1 with His tag. 
The new plasmid contained the new Sac I site from the OmpA sequence and BamH I site from the 
K93E fragment. 
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2.7.3 Subcloning F149Y and F149I mutants 

The F149Y and F149I fragments were sucloned into pCWori+ to express these 

mutants in E.coli. Plasmids containing F149Y and F149I mutants were digested with 

Nhe I and EcoN I, and the resulting 791bp fragments were gel-purified as described 

in section 2.2.8. Plasmid pCWori+.OmpA.4A1.HT was digested with Nhe I and EcoN 

I, and the approximate 6200bp fragment was gel-purified as described in section 

2.2.8. The ligation was transformed into XL-1 Blue competent cells. The desired 

plasmid was identified by EcoR V digest (Figure 2-6 and 2-7).  All constructs 

including OmpA and mutants, were confirmed by DNA sequencing.   
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Figure 2-6. Construction of F149I mutant expression plasmid.  
The F149I fragment (the black filled part) was obtained by Nhe I and EcoN I digest, and then 
subcloned into the plasmid pCWori+ (the black filled part is the OmpA.4A1.HT sequence). The new 
plasmid contains the second new EcoR V site from the F149I fragment. 
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Figure 2-7. Construction of F149Y mutant expression plasmid.  
The F149Y fragment (the black filled part) was obtained by Nhe I and EcoN I digest, and then 
subcloned into the plasmid pCWori+ (the black filled part is the OmpA.4A1.HT sequence). The new 
plasmid contains the second new EcoR V site from the F149Y fragment. 
 
 
All mutants were expressed in E.coli and purified by nickel affinity chromatography 

as described in section 2.6.2.3 for expression and purification of OmpA.4A1.HT. 
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3 Results  

3.1 Expression of cytochrome b5 

3.1.1 Restriction enzyme analysis of pRSET cytochrome b5 sense and anti-
sense plasmids 

Human cytochrome b5 cDNA (a gift from Dr. W.L. Miller, California, USA) (Yoo 

and Steggles 1988) was previously cloned in the EcoR I site of plasmid pRSET-b in 

our laboratory. Human cytochrome b5 cDNA encodes 134 amino acids. The N-

terminal fusion peptide from pRSET-b contained 44 amino acids including a six- 

histidine tag. Therefore, the whole cytochrome b5 fusion protein contained 178 

amino acids as shown in Figure 3-1, which has the molecular mass of  20,196 Da.    

 

     ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAA 
M  R  G  S  H  H  H  H  H  H  G  M  A  S  M  T  G  G  Q  Q 
 

  
     ATGGGTCGGGATCTGTACGACGATGACGATAAGGATCCGAGCTCGAGATCTGCAGCTGGT 

M  G  R  D  L  Y  D  D  D  D  K  D  P  S  S  R  S  A  A  G 
 

  
       EcoRI                          
   NcoI    |                             
      |    |                          
     ACCATGGAATTCATGGCAGAGCAGTCGGACGAGGCCGTGAAGTACTACACCCTAGAGGAG 

T  M  E  F  M  A  E  Q  S  D  E  A  V  K  Y  Y  T  L  E  E 
 

          
     ATTCAGAAGCACAACCACAGCAAGAGCACCTGGCTGATCCTGCACCACAAGGTGTACGAT 

I  Q  K  H  N  H  S  K  S  T  W  L  I  L  H  H  K  V  Y  D     
 

  
            BstXI 
                | 
     TTGACCAAATTTCTGGAAGAGCATCCTGGTGGGGAAGAAGTTTTAAGGGAACAAGCTGGA 

L  T  K  F  L  E  E  H  P  G  G  E  E  V  L  R  E  Q  A  G     
 

  
     GGTGACGCTACTGAGAACTTTGAGGATGTCGGGCACTCTACAGATGCCAGGGAAATGTCC 

G  D  A  T  E  N  F  E  D  V  G  H  S  T  D  A  R  E  M  S     
 

  
     AAAACATTCATCATTGGGGAGCTCCATCCAGATGACAGACCAAAGTTAAACAAGCCTCCG 

K  T  F  I  I  G  E  L  H  P  D  D  R  P  K  L  N  K  P  P     
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     GAAACTCTTATCACTACTATTGATTCTAGTTCCAGTTGGTGGACCAACTGGGTGATCCCT 
     E  T  L  I  T  T  I  D  S  S  S  S  W  W  T  N  W  V  I  P     
   
                                                          EcoRI                       
                                                              |                       
     GCCATCTCTGCAGTGGCCGTCGCCTTGATGTATCGCCTATACATGGCAGAGGACTGAGAA   
     A  I  S  A  V  A  V  A  L  M  Y  R  L  Y  M  A  E  D  *   
 
     TTCGAAGCTTCA                                                 

Figure 3-1. Sequence of cytochrome b5 fusion.  
The nucleotide and amino acids sequences of cytochrome b5 are shown in bold. The stop code is 
shown as a star. The six histidine tag in the N-terminal fusion peptide is underlined. The EcoR I, Nco I 
and BstX I sites are shown in the nucleotide sequence. 
 
The orientation of cytochrome b5 cDNA insertion was identified by double digestion 

with BstX I and Nco I (Figure 3-2).  

 
Figure 3-2. Maps of plasmids pRSET-b b5 Sense and Anti-Sense.   
Cytochrome b5 cDNA (black filled part) was inserted in the EcoR I site of pRSET-b plasmid. The 
arrows show the orientation of cytochrome b5. The N-terminal fusion peptide including a six histidine 
tag in plasmid pRSET-b (grey filled part) is positioned upstream of cytochrome b5. The positions of 
BstX I site in cytochrome b5 and Nco I site in pRSET-b are labelled. The fragments of double 
digestion with BstX I and Nco I in pRSET-b b5 sense and anti-sense are 125bp and 290bp, 
respectively. 
 
According to the nucleotide sequences of cytochrome b5 and pRSET-b, double 

digestion with Nco I and BstX I would give a 125bp fragment from the plasmid 

pRSET-b5 sense and a 290bp fragment from the plasmid pRSET-b5 anti-sense. An 

agarose gel of the digest with Nco I and BstX I showed that an approximately 100bp 

DNA fragment from pRSET-b5 sense and 300bp from pRSET-b5 anti-sense were 
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detected on the gel (Figure 3-3), which corresponded to the prediction. Therefore, the 

orientation of cytochrome b5 insertion was determined. 

 
Figure 3-3. Restriction enzyme analysis of plasmid pRSET-b5 sense and anti sense.  
The plasmids were digested with Nco I and BstX I at 37°C for 1 hour. DNA was separated on 1% 
agarose gel and stained by ethidium bromide. Lane 1, 1Kb plus DNA ladder, the positions of 100bp 
and 300bp DNA are labelled; lane 2, pRSET-b5 sense digested by BstX I and Nco I; and lane 3, 
pRSET-b5 anti-sense digested by BstX I and Nco I 

3.1.2 Optimising expression of cytochrome b5 

In order to maximally express recombinant cytochrome b5, a series of conditions, 

including host strain, media, induction time, induction temperature and the 

concentration of IPTG were optimised.  

3.1.2.1 Host strain and media 

BL21(DE3)pLysS and HMS174(DE3)pLysS were used to express cytochrome b5 in 

LB or TB. Expression was induced by 1mM IPTG at 24°C for overnight.  The level 

of expression in HMS174(DE3)pLysS was similar to BL21(DE3)pLysS in LB but 

higher in TB (Figure 3-4). The highest level of expression was obtained in 

HMS174(DE3)pLysS cultured in TB . 
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Figure 3-4. Effect of strains and media on expression of cytochrome b5.  
BL21(DE3)pLysS and HMS174(DE3)pLysS containing plasmid pRSET-b5 Sense were grown in LB 
or TB. Expression was induced by 1mM IPTG at 24°C overnight. The values are the average of three 
separate experiments and standard deviation was used to represent variation. The content of 
cytochrome b5 in per gram wet cells was measured by difference spectrum (reduced minus oxidised) 
as described in Materials and Methods section 2.4.1.   

3.1.2.2 Induction time and concentration of IPTG    

The concentrations of IPTG and induction time were also optimised. 

HMS174(DE3)LysS containing plasmid pRSET-b5 sense was chosen to express 

cytochrome b5. The bacteria were cultured in 50ml TB. The different concentration 

of IPTG: 1mM, 0.5mM and 0.1mM were used to induce the expression of b5 at 24°C. 

At the 0, 2, 17, 24, 41, 48 hours, the samples were taken out and the content of b5 

was measured.  

The concentration of IPTG (from 1mM to 0.1mM) did not critically effect expression 

of b5 but the level of expression depended on the induction time (Figure 3-5). The 

level of expression increased as time passed. Induction should not last more than 24 

hours, since there is increased background in the negative control (pRSET-b5 anti-
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sense) after 24 hours, which probably was caused by the accumulation of bacterial 

heme proteins after long culture time. 

 

 
Figure 3-5. Effect of time and IPTG on expression of cytochrome b5.  
Cytochrome b5 was expressed in HMS174(DE3)pLysS. The bacteria were cultured in 50ml TB. 
Plasmid pRSET containing anti-sense b5 was used as negative control. Induction lasted up to 41 hours 
at 24°C. The content of cytochrome b5 in intact cell was determined by difference spectrum (reduced 
minus oxidised) as described in Materials and Materials and Methods section 2.4.1. 

3.1.2.3 Induction temperature 

HMS174(DE3)pLysS containing plasmid pRSET b5 sense was cultured in 50ml TB. 

Cytochrome b5 was expressed at 24°C, 27°C and 28°C, respectively. The content of 

b5, expressed at different temperatures in the intact cell, was measured.  

It seems that the expression of b5 was sensitive to the induction temperature, when 

the temperature was higher than 27°C, the expression level of b5 decreased. The 

highest expression level of b5 was at 27°C (Figure 3-6). 
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Figure 3-6. Effect of temperature on expression of cytochrome b5.  
Cytochrome b5 was expressed in HMS174(DE3)pLysS. Bacteria were cultured in 50ml TB. 
Expression was induced by 0.1mM IPTG for 24 hours at 24°C, 27°C or 28°C. The content of 
cytochrome b5 in intact cells was determined by difference spectrum (reduced minus oxidised) as 
described in Materials and Methods section 2.4.1. 
 
In summary, the optimum conditions for expressing recombinant cytochrome b5 are 

listed below: 

The host strain: HMS174(DE3)pLysS 

The growth media: Terrific broth   

The concentration of IPTG: 0.1mM 

The induction time: 24 hours 

The induction temperature: 27°C 

3.1.2.4 Recovery of cytochrome b5 

Recovery of cytochrome b5 is critical since cytochrome b5 can lose the membrane-

binding region during recovery (Holmans, Shet et al. 1994). Therefore, the method 

of recovering membrane-binding cytochrome b5 was optimised. Cytochrome b5 was 

expressed in 100ml media under optimal conditions. The harvested cells were diluted 
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to 25ml in buffer A (75mM Tris·HCl, pH 8.0, 0.1mM EDTA, 10µg/ml aprotinin and 

1mM PMSF). Three types of process were used. 5ml of samples were used in each 

process. 

1) The cells suspended in buffer A were frozen at -80°C then thawed in the water 

bath at room temperature. This process was repeated twice. 

2) After the cells were frozen and thawed once, lysozyme (67µg/ml) was added. 

After the cells were incubated on ice for 30 minutes, the suspension was sonicated 

for 20 seconds. 

3) The suspension was sonicated directly at different times (4×30 second, 6×30 

second, 8×30 second). 

Fraction Freeze/ 
Thaw  
Twice 

Lysozyme+ 
Sonication 

(20 seconds) 

Sonication 
4×30s 

Sonication 
6×30s 

Sonication 
8×30s 

Intact cells 100% 100% 100% 100% 100% 
12,000g 
Supernatant 

14% 34% 54% 64% 75% 

100,000g Pellet 7.2% 9.5% 11% 11% 13% 

Table 3-1. Recovering membrane-bound cytochrome b5 from cells 
Cytochrome b5 was recovered from intact cells in 12,000g supernatant. The membrane-bound b5 was 
recovered in the pellet after 100,000g centrifugation. Cytochrome b5 in each step was measured by 
the spectrometer to evaluate the recovery of b5. Cytochrome b5 content was arbitrarily set as 100% in 
the intact cells, and recovery in the 12,000g supernatant and 100,000g pellet was determined. 
  
Table 3-1 demonstrates different methods that were used to recover cytochrome b5. 

Cytochrome b5 was recovered from the cell in the supernatant after 12,000g 

centrifugation and was then separated into the membrane-bound b5 in the pellet after 

100,000g centrifugation. Without sonication, the recovery of cytochrome b5 

(12,000g, supernatant) was very low although approximate 50% (7.2% vs. 14%) of 

b5 was membrane-bound (100,000g, pellet). Sonication could improve recovery of 

cytochrome b5. As the time of sonication was increased, recovery of b5 was higher. 
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However, sonication also made b5 lose the membrane-binding region. As a 

consequence, up to 13% membrane-binding b5 could be recovered in the 100,000g 

pellet by sonication 8 times. Lysozyme was supposed to reduce sonication time 

because it could destroy the cell wall. However, recovery of b5 in 12,000g 

supernatant was still low when shorter time sonication was used. Therefore, 

lysozyme was not used in further experiments.  

The freeze/thaw cycle and sonication were combined to recover cytochrome b5 

(Table 3-2). The time of sonication was optimised. 

 Fraction 6×30s 9×30s 12×30s 15×30s 
Intact cells 100% 100% 100% 100% 
12,000g Supernatant 55% 63% 65% 73% 
100,000g Pellet 23% 31% 30% 23% 

Table 3-2. Recovering membrane-bound cytochrome b5 from cells. 
Cytochrome b5 was expressed in 100ml TB under optimal conditions. The bacterial pellet was 
resuspended in 25ml buffer A. 5 ml of samples were used for the recovery experiment. After the cells 
were frozen and thawed twice, the suspension was sonicated at different times (6×, 9×, 12×, 15×30 
seconds). The membrane-binding b5 was recovered by differential centrifugation. The amount of b5 
was determined by spectrophotometer. Cytochrome b5 content was arbitrarily set as 100% in the 
intact cells. 
 
Table 2 shows that, after cells were subjected to a freeze/thaw cycle twice then 

sonicated for 9×30 seconds, the highest recovery of whole b5 (31%) was obtained. 

This process was chosen to recover cytochrome b5 from bacteria. 
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3.1.3 Preparation of cytochrome b5 by large-scale culture 

The process of preparing b5 was shown on the Table 3-3. 

Fraction Cytochrome b5 (nmol) Percentage of recovery  
Intact cells 530 100 
12,000g Supernatant 456 86 
100,000g Pellet 173 33 
Solubilised in Chaps 167 32 
Purification 15.3 3 

Table 3-3. The isolation and purification of cytochrome b5.  
HMS174(DE3)pLysS containing plasmid pRSET-b5 sense was cultured in 2 liters of TB medium.  
Expression of cytochrome b5 was induced by 0.1mM IPTG, induction was lasted to 24 hours at 27°C. 
The shaking speed was 120rpm. The content of cytochrome b5 in different stage was determined by 
different spectrum. 2% (w/v) Chaps was used to solubilised membrane-bound b5.  
 
The level of expression of b5 was 42.4nmol/g wet cells (265nmol/l). Compared with 

the previous experiment, more b5 (86%) was found in the supernatant after 12,000g 

centrifugation, which was possibly due to the higher concentration of cells during 

sonication. However, recovery of whole membrane-bound b5 was similar to the 

previous experiment. After solubilisation, almost all b5 was recovered.  

It was not expected that recovery of b5 would be so low after nickel-chelate 

chromatography. There might be several causes. Firstly, the His tag of some 

cytochrome b5 might be lost during solubilisation. As a result, cytochrome b5 could 

not bind to resin. Secondly, the solubilised cytochrome b5 solution may contain 

histidine or other salts, which also prevent protein binding to resin.  

When less detergent (1%, w/v) was used, higher recovery of purification was 

obtained though less cytochrome b5 was solubilised (Table 3-4).  
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Fraction Percentage of recovery  
Intact cells 100 
100,000g Pellet 73 
Solubilisation 48 
Purification 14 

Table 3-4. Improvement of recovery of cytochrome b5 purification.  
Cytochrome b5 in the microsomes was solubilised in 1% Chaps (w/v). After purification, 14% of 
cytochrome b5 was recovered. 
 
Figure 3-7 shows the process of purification of b5. After purification, an approximate 

21 kDa single band, which corresponded to the previous calculation (20,196Da) 

based on the amino acids sequences, was detected on SDS-PAGE. The difference 

spectrum of b5 (Figure 3-8) showed an absorption peak at 420nm, which is 

characteristic of cytochrome b5. Therefore, the purified recombinant cytochrome b5 

was homogeneous and spectrally functional.  

   
Figure 3-7. SDS-PAGE evaluation of the process of cytochrome b5 purification.  
Samples were separated on 12% polyacrylamide gel. The Gel was stained by coomassie blue. Lane 1, 
protein Marker (unit=kDa); lane 2, induced cells transformed with plasmid pRSET-b5 Sense (20µg); 
lane 3, E.coli-expressed cytochrome b5 in induced cells (10µg); lane 4, E.coli-expressed cytochrome 
b5 released from cells in the supernatant after centrifugation at 12,000g for 20 minutes (15µg); lane 5, 
membrane-fraction of E.coli-expressed cytochrome b5 (15µg); and lane 6, purified cytochrome b5 
(3µg).  



Ming Qi Fan                                                                    3 Results 

  

 
- 94 - 

 
Figure 3-8. Difference spectrum of cytochrome b5.  
Cytochrome b5 was in 0.1M potassium phosphate buffer buffer (pH 7.4). 1ml of sample was reduced 
by sodium dithionite. The different spectrum (dash line) was recorded by comparing reduced sample 
with oxidised sample. 

3.2 Expression of recombinant human cytochrome P450 reductase (CPR) 

The recombinant CPR was expressed in JM109 and purified by 2�, 5�-ADP agarose 

as described in Materials and Methods section 2.5.2. The process of purification is 

shown in Table 3-5. 

Fraction Protein 
(mg) 

 Activity 
(µmol/min) 

Specific Activity 
(µmol/min/mg) 

Yield (%) 

Bacteria 360 74 0.21 100 
12,000g, 
Supernatant 

377 131 0.35 177 

100,000g, Pellet 103 37 0.36 50 
Solubilised CPR 87 62 0.71 84 
Purified CPR 3.5 37 11 50 

Table 3-5. Purification of cytochrome P450 reductase.  
Protein content was determined by Bradford assay as described in Materials and Methods section 
2.3.1. Activity of CPR was determined by reduction of cytochrome c as described in Materials and 
Methods section 2.5.3. 
  
Table 3-5 shows the activity of CPR in the 12,000g supernatant was almost twice 

than that in bacteria. This could be caused by the fact that CPR was released from 
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intact cells after sonication and centrifugation, as a result, the released CPR could 

make contact with cytochrome c better.  

Solubilised CPR microsomes showed higher activity than pelleted microsomes, 

which were also found during purification of CPR from rat liver (Shephard et al., 

1983). This could be due to solubilised CPR being easier than membrane-bound CPR 

to reduce cytochrome c.  

Porter et al. (1987) previously expressed CPR in E.coli, but the level was low due to 

protein degradation. Shen et al. (1989) used the secretion vector to express CPR, in 

which CPR cDNA was fused with OmpA signal peptide to avoid proteolysis. We 

used the vector pB55, which contained pelB leader sequence fusing at 5� terminal of 

CPR, to express CPR in E.coli.   

The recombinant CPR showed activity to reduce cytochrome c. Therefore, CPR 

expressed in E.coli was functional. After CPR was purified by 2�, 5�- ADP agarose, 

most of the impure proteins were removed, but two bands were identified on SDS-

polyacrylamide gel (Figure 3-9). The high molecular weight band was approximately 

79kDa, which is consistent with the size of intact CPR; the low molecular weight 

band was approximate 66kDa, which is similar to the degraded CPR form reported in 

previous study (Poter et al, 1987). The purified CPR had strong cytochrome c 

reduction activity, and this was then used for reconstitution CYP4A1 activity in vitro. 
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Figure 3-9. SDS-PAGE evaluation of CPR purification process.  
Proteins were separated by 10% SDS-PAGE and detected by coomassie blue. Lane 1, molecular 
weight marker (unit=kDa); lane 2, uninduced cells transformed with plasmid pB55/CPR (12µg); lane 
3, E.coli expressed CPR in induced cells (12µg); lane 4, CPR released from cells in the supernatant 
after centrifuge at 12,000g (12µg); lane 5, membrane-fraction of E.coli-expressed CPR (20µg); and 
lane 6, purified CPR (5µg). 

3.3 Expression of CYP4A1 (OmpA.4A1.HT) 

Functional mammalian cytochrome P450 is difficult to express in bacteria because 

firstly it is bound in the membrane, and this could disturb the normal environment in 

the host cell, and secondly heterologous P450 requires the extra heme as the 

prosthetic group (Barnes 1996). The problem was originally circumvented by 

modifying the N-terminal cDNA sequence of mammalian P450s (Barnes et al. 1991). 

Fusing cytochrome P450 with bacterial signal sequences provides another way to 

express functional P450 in bacteria (Pritchard, Ossetian et al. 1997). This strategy 

can minimise the change in the CYP cDNA sequence. CYP3A4, 2A6 and 2E1 were 

successfully expressed in E.coli with the OmpA leader sequence, and the expression 

level of CYP3A4 and 2A6 was higher than the modified N-terminus version 
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(Pritchard, Ossetian et al. 1997). Therefore, the fusion of signal peptides with CYP 

might also lead to high level expression.    

In order to study the structure-function relationship of CYP4A1, it is important to 

obtain a large quantity of CYP4A1. In the present study, we expressed CYP4A1 with 

the OmpA leader sequence of E.coli, and optimised the expressing conditions.  

OmpA DNA fragment was amplified from E.coli DNA as described in Materials and 

Methods section 2.6.2.1, and then cloned into plasmid pGEM-T. The CYP4A1 

cDNA was cloned in the plasmid pGEM-T Easy as described in Materials and 

Methods section 2.6.2.1. The synthesised oligonucleotide containing a six-histidine 

tag was inserted at the 3�-terminus of CYP4A1 cDNA in plasmid pGEM-T Easy. 

The fragment of CYP4A1 cDNA with a histidine tag was released from the plasmid 

by restriction enzyme digestion, and then fused downstream of OmpA sequence in 

the plasmid pGEM-T. The whole CYP4A1 with OmpA and histidine tag fusion DNA 

(OmpA.CYP4A1.HT) was subcloned in pCWori+ plasmid as described in Materials 

and Methods section 2.6.2.2.  

The nucleotide sequence of OmpA.CYP4A1.HT (1611bp) is shown in Figure 3-10. 

The OmpA.CYP4A1.HT DNA encodes for 534 amino acids, including 23 amino 

acids from OmpA signal peptide, six-histidine tag at C-terminus, and two extra 

amino acids (HL) connecting CYP4A1 and the histidine tag. The first six amino 

acids (MSVSAL) at the N-terminus of CYP4A1 were deleted during construction of 

the expression plasmid pCWori+.OmpA.4A1.HT.        
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    NdeI           
       |               
      CATATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTAGCG 
         M  K  K  T  A  I  A  I  A  V  A  L  A  G  F  A  T  V  A     
  
               SacI                                           
                  |                                           
      CAGGCCGCGAGCTCCACCCGCTTCACGGGCAGCATCTCTGGCTTCCTCCAAGTGGCCTCC 
      Q  A  A  S  S  T  R  F  T  G  S  I  S  G  F  L  Q  V  A  S     
  
      GTGCTTGGTCTGCTTCTGCTGCTGGTCAAAGCAGTCCAGTTCTACCTGCAAAGGCAATGG 
      V  L  G  L  L  L  L  L  V  K  A  V  Q  F  Y  L  Q  R  Q  W     
  
      CTACTCAAGGCTTTCCAGCAGTTCCCATCACCTCCCTTCCACTGGTTCTTTGGGCACAAG 
      L  L  K  A  F  Q  Q  F  P  S  P  P  F  H  W  F  F  G  H  K      
  
      CAGTTTCAAGGTGACAAAGAACTACAGCAAATTATGACATGTGTGGAGAATTTCCCAAGT 
      Q  F  Q  G  D  K  E  L  Q  Q  I  M  T  C  V  E  N  F  P  S     
  
      GCCTTTCCTCGATGGTTCTGGGGAAGCAAAGCCTACTTAATTGTCTATGACCCTGACTAC 
      A  F  P  R  W  F  W  G  S  K  A  Y  L  I  V  Y  D  P  D  Y     
 
      ATGAAGGTGATTCTCGGGCGATCAGATCCAAAGGCCAATGGCGTCTACAGATTGCTAGCT 
      M  K  V  I  L  G  R  S  D  P  K  A  N  G  V  Y  R  L  L  A     
  
      CCTTGGATCGGATATGGTTTGCTCTTGCTGAATGGACAACCGTGGTTCCAGCACCGGCGA 
      P  W  I  G  Y  G  L  L  L  L  N  G  Q  P  W  F  Q  H  R  R     
 
      ATGCTAACCCCAGCCTTCCACTATGACATTCTGAAACCCTATGTAAAAAACATGGCTGAC 
      M  L  T  P  A  F  H  Y  D  I  L  K  P  Y  V  K  N  M  A  D     
  
      TCCATTCGACTGATGCTAGACAAATGGGAACAGCTGGCAGGTCAAGACTCCTCTATAGAA 
      S  I  R  L  M  L  D  K  W  E  Q  L  A  G  Q  D  S  S  I  E     
  
      ATCTTTCAACATATCTCCTTAATGACCCTAGACACTGTCATGAAGTGTGCCTTCAGCCAC 
      I  F  Q  H  I  S  L  M  T  L  D  T  V  M  K  C  A  F  S  H     
  
      AATGGCAGTGTTCAGGTGGATGGAAATTACAAGAGCTATATCCAGGCCATTGGGAACTTG 
      N  G  S  V  Q  V  D  G  N  Y  K  S  Y  I  Q  A  I  G  N  L     
  
      AATGACCTCTTTCACTCCCGTGTGAGGAACATCTTTCATCAGAATGATACCATCTATAAT 
      N  D  L  F  H  S  R  V  R  N  I  F  H  Q  N  D  T  I  Y  N     
  
      TTTTCTTCCAATGGCCACTTGTTCAACCGTGCTTGTCAACTTGCCCATGATCACACAGAT 
      F  S  S  N  G  H  L  F  N  R  A  C  Q  L  A  H  D  H  T  D     
  
      GGTGTGATCAAGCTAAGGAAGGATCAGCTGCAGAATGCGGGAGAGCTGGAAAAGGTCAAG 
      G  V  I  K  L  R  K  D  Q  L  Q  N  A  G  E  L  E  K  V  K     
  
      AAGAAAAGACGTTTGGATTTTCTGGACATCCTCTTACTTGCCAGAATGGAGAATGGGGAC 
      K  K  R  R  L  D  F  L  D  I  L  L  L  A  R  M  E  N  G  D     
  
      AGCTTGTCTGACAAGGACCTACGTGCTGAGGTGGACACATTTATGTTCGAGGGTCATGAC 
      S  L  S  D  K  D  L  R  A  E  V  D  T  F  M  F  E  G  H  D     
  
      ACCACAGCCAGTGGAGTCTCCTGGATCTTCTATGCTCTGGCCACACACCCTAAGCACCAA 
      T  T  A  S  G  V  S  W  I  F  Y  A  L  A  T  H  P  K  H  Q     
  
      CAAAGATGCAGAGAGGAAGTTCAGAGTGTCCTGGGGGATGGGTCCTCCATTACCTGGGAT 
      Q  R  C  R  E  E  V  Q  S  V  L  G  D  G  S  S  I  T  W  D     
 



Ming Qi Fan                                                                    3 Results 

  

 
- 99 - 

      CACCTGGACCAGATTCCCTACACCACCATGTGTATCAAGGAGGCCCTGAGGCTTTACCCA 
      H  L  D  Q  I  P  Y  T  T  M  C  I  K  E  A  L  R  L  Y  P     
   
      CCTGTTCCAGGCATTGTCAGAGAACTCAGCACATCTGTCACCTTCCCTGATGGGCGCTCT 
      P  V  P  G  I  V  R  E  L  S  T  S  V  T  F  P  D  G  R  S     
  
      TTACCCAAGGGTATCCAAGTCACACTCTCCATTTATGGTCTCCACCACAACCCGAAGGTG 
      L  P  K  G  I  Q  V  T  L  S  I  Y  G  L  H  H  N  P  K  V     
  
      TGGCCAAACCCAGAGGTGTTTGACCCTTCCAGGTTTGCACCAGACTCTCCCCGACACAGC 
      W  P  N  P  E  V  F  D  P  S  R  F  A  P  D  S  P  R  H  S     
  
      CACTCATTCCTGCCCTTCTCAGGAGGAGCGAGGAACTGCATTGGGAAACAATTTGCTATG 
      H  S  F  L  P  F  S  G  G  A  R  N  C  I  G  K  Q  F  A  M     
  
      AGTGAGATGAAGGTGATTGTGGCCCTGACCCTGCTCCGCTTTGAGCTACTGCCAGATCCC 
      S  E  M  K  V  I  V  A  L  T  L  L  R  F  E  L  L  P  D  P     
  
      ACCAAGGTCCCCATCCCCTTACCACGACTTGTGCTGAAGTCCAAAAATGGGATCTACCTG 
      T  K  V  P  I  P  L  P  R  L  V  L  K  S  K  N  G  I  Y  L    
 
                                                XbaI 
                                                   |  
      TATCTCAAGAAGCTCCACCATATTCACCATCACCATCACCATTGATCTAGA 
      Y  L  K  K  L  H  H  I  H  H  H  H  H  H  *   

Figure 3-10. Nucleotide sequences for OmpA.4A1.HT.   
The 5�-terminal OmpA leader sequence and 3�-terminal six histidine tag are shown in bold. The extra 
two amino acids (H and I) between (His)6 tag and CYP4A1 are underlined. The Nde I site containing 
start code ATG and  Xba I site containing stop code TGA are labelled. The Sac I site connect OmpA 
sequence and CYP4A1 cDNA is also shown in the sequence. 
 
The structure of the OmpA.CYP4A1.HT fusion protein was compared with the N-

terminally modified CYP4A1 protein, constructed in a previously study (Dierks et al. 

1998a). The first six amino acids (MSVSAL) at the N-terminus were absent in 

OmpA.4A1.HT, but 26 amino acids (MSVSALSSTRFTGSISGFLQVASVLG) were 

deleted at the N-terminus in the modified CYP4A1 (Dierks et al. 1998a). Therefore, 

OmpA.CYP4A1.HT contained more N-terminal amino acids of the original CYP4A1. 

OmpA.4A1.HT can better represent the original CYP4A1 than N-terminally 

modified CYP4A1.    
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OmpA.4A1.HT    

                                 OmpA                              CYP4A1                              His6 tag                            
 
 
 
4A1.HT                    
                               CYP17α  N-terminus        CYP4A1                             His6 tag 
                                   (MALLLAVF) 
Figure 3-11. Comparison of construction of OmpA.4A1.HT and N-terminally modified CYP4A1.  
The OmpA sequence in OmpA.4A1.HT is shown as the black filling. The (His)6 tag was showed as 
the slanting bar. N-terminally modified CYP4A1 was reported by Dierks et al (1998). The N-terminus 
from CYP17α is shown as the grey filling and the amino acids are included.  
 
The expression level of OmpA.4A1.HT was compared with that of N-terminally 

modified CYP4A1 in present study, in order to examine whether the OmpA peptide 

could improve the expression level of P450. 

3.3.1 Optimising expression of OmpA.4A1.HT 

3.3.1.1 Different host strains on expression of cytochrome P450 

Two strains, JM109 and XL-1 blue, which are commonly used in expression of 

P450s (Barnes 1996), were investigated in our experiment. Our results showed that 

the choice of host strain affected the expression level of OmpA.4A1.HT. The highest 

level of OmpA.4A1.HT was obtained in JM109, which was almost double that in 

XL-1 (Figure 3-12).     

The expression level of OmpA.4A1.HT depended on the induction time. The 

expression level peaked at 24 hours both in JM109 and XL-1, before the content of 

OmpA.4A1.HT gradually fell down. Therefore, JM109 was chosen as the host strain 

and induction lasted for 24 hours. 
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Figure 3-12. Different host strains on expression of P450.  
OmpA.4A1.HT was expressed in JM109 and XL-1. The bacteria were cultured in 50ml of TB at 37°C. 
Expression was induced by 1mM IPTG at 28ûC. At 17, 24, 41and 48 hrs, the bacteria were collected 
by centrifugation at 6,000g for 20 min. The content of P450 in intact cells was determined by Fe2+: 
Fe2+-CO difference spectrum as described in Materials and Methods section 2.6.1.1.  

3.3.1.2 Effect of temperature and concentration of IPTG 

The temperature and concentration of IPTG could also possibly affect expression of 

cytochrome P450 (Barnes 1996). In the present study, 0.1mM and 1mM IPTG were 

used to induce expression of CYP4A1 at different temperatures (26.5ûC, 28ûC and 

30ûC). When expression was induced by 1mM IPTG, the expression level did not 

significantly change at different induction temperatures. However, when expression 

was induced by 0.1mM IPTG, various expression levels were observed at different 

induction temperature. The expression level was lower (3.3 and 2.8nmol/g cells) at 

28°C and 30°C than that (5.1nmol/g cells) at 26°C. The highest level of expression 

was obtained by induction using 1mM IPTG at 28°C. Therefore, this condition was 

chosen for expression of P450. 
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Figure 3-13. Effect of temperature and IPTG on expression of P450.  
Bacteria were cultured in 50ml TB at 37°C until OD600 reach 0.3-0.6. OmpA.4A1.HT was expressed 
in JM109 at 26.5ûC, 28ûC and 30ûC, respectively. Expression was induced by 0.1mM IPTG or 1mM 
IPTG.  Induction lasted 24 hours. The content of P450 in intact cells was determined by Fe2+: Fe2+-CO 
difference spectrum.    

3.3.1.3 Effect of δ-ALA 

δ-ALA is the precursor of heme, therefore, it is widely used in expression of 

recombinant P450s, but the effect of addition of δ-ALA is variable (Barnes 1996). In 

this experiment, additional δ-ALA clearly increased expression of OmpA.4A1.HT 

(Figure 3-14). However, too much δ-ALA decreased the level of expression.  The 

optimal amount of δ-ALA was 160µg/ml. 
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Figure 3-14. Effect of δ-ALA on expression of cytochrome P450.   
JM109 cells were cultured in 50ml of TB at 37°C. Different amounts of δ-ALA (0, 80, 160, 300µg/ml) 
were added to the media when OD600 reached 0.1. The expression was induced by 1mM IPTG at 28°C 
for 24 hours. The content of P450 in intact cells was determined by Fe2+: Fe2+-CO difference spectrum 
as described in methods. 

3.3.1.4 Optimal conditions of expressing OmpA.4A1.HT  

In summary, the optimal conditions of expressing OmpA.4A1.HT were determined 

as: 

The host strain: JM109 

Induction time: 24 hours 

The concentration of IPTG: 1mM 

Induction temperature: 28ûC 

δ-ALA: 160µg/ml 

3.3.1.5 Solubilisation of membrane-bound OmpA.4A1.HT 

The amount of detergent critically affected the solubilisation of CYP4A1 (Table 3-6). 

Too much detergent would denature the enzyme and too little detergent would result 

in poor recovery. The combination of 0.75% (v/v) Emulgen 913 with 0.6% cholic 

acid led to the highest recovery after solubilisation. 
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Detergent Recovery of OmpA.4A1.HT (nmol/ml microsomes) 
0.35% Emulgen 913 0.22 
0.75% Emulgen 913 0.56 
1.15% Emulgen 913 0.56 

0.75% Emulgen 913 + 0.6% 
cholic acid (sodium) 

1.32 

Table 3-6. Effect of detergent on recovery of membrane-bound OmpA.4A1.HT.  
Different amounts of detergent were added to 5ml membrane protein suspension. The suspension was 
stirred for 1 hour on ice. The solubilised fraction was recovered by centrifugation at 100,000g for 1 
hour, then P450 was measured by spectrometer as described in Materials and Methods section 2.6.1.1. 

3.3.2 Comparison of the expression level of OmpA.4A1.HT and N-terminally 
modified CYP4A1 

In order to investigate whether the OmpA leader sequence can improve the 

expression level of CYP4A1, the expression level of CYP4A1 fusion with OmpA 

was compared with that of the N-terminally modified CYP4A1. The modified 

CYP4A1 was expressed in E.coli under the optimal conditions described by Dierks et 

al. (1998). Briefly, E.coli transformed with plasmid pCWori+/CYP4A1 was cultured 

in TB mediium. Expression was induced by 1mM IPTG at 28°C overnight, and 

80µg/ml δ-ALA was supplied in the TB medium before induction. OmpA.4A1.HT 

was expressed under the optimal conditions determined above. We found that the 

level of expression was similar between OmpA.4A1.HT and modified 4A1 (Figure 

3-15). Therefore, fusion of CYP4A1 with OmpA signal peptide did not enhance the 

expression level when compared with the expression level of N-terminally modified 

CYP4A1.  
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Figure 3-15. Expression level of OmpA.4A1.HT and modified CYP4A1 (n=3).  
OmpA.4A1.HT was expressed under optimal conditions as described in section 3.3.1.4. Expression of 
modified 4A1 was induced by 1mM IPTG at 28°C overnight and 80µg/ml δ-ALA was supplied in the 
medium according the previous report (Dierks et al. 1998a). Data represent the average of three 
separate experiments and standard deviation was used to show the variation. 

3.3.3 Expression and purification of CYP4A1 by large-scale culture 

CYP4A1 was usually expressed at 60-100nmol/l of bacterial culture under optimal 

conditions. A typical purification procedure is shown in Table 3-7.  

 P450 
(nmol) 

Protein 
(mg) 

Specific content 
(nmol/ mg protein) 

Recovery 
(%) 

Intact cells 77 1080 0.071 100 
12,000g supernatant 62 407 0.15 81 
100,000g pellet 50 57 0.88 65 
100,000g pellet (solubilised) 35 33 1.06 48 
Purified by His-bind resin 8.2 6.0 1.37 11 
Buffer change by PD-10 8.6 3.9 2.2 11 

Table 3-7. Extraction and Purification of OmpA.4A1.HT.   
OmpA.4A1.HT was expressed in 1 liter TB medium. Induction by 1mM IPTG for 24 hours at 28°C. 
The content of protein was measured by Bradford assay and content of P450 was determined by 
different spectrum.  

 
Table 3-7 shows that purification by nickel column seriously affected the recovery of 

P450. More than 70% of the P450 activity was lost during this step.  The specific 

content of P450 was not greatly increased after this stage. The specific content of 

purified CYP4A1 was only 2.2 nmol P450/mg protein, which is lower than the 
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theoretical value (16.4 nmol/mg protein, based on a molecular weight of 

OmpA.4A1.HT of 60.8 kDa). However, the purified OmpA.4A1.HT showed a single 

band on SDS-PAGE (Figure 3-16A), indicating the protein was homogenous. This 

data suggests there is a considerable amount of protein without spectral activity. 

However, little P420 was observed in the difference spectrum of purified CYP4A1 

(Figure 3-16B). Therefore, some protein must have lost the ability to bind carbon 

monoxide, suggesting the protein lost the heme or iron in heme.  

After purified CYP4A1 was desalted on a PD-10 column, the amount of total protein 

decreased by 30% but the content of P450 did not. This was probably because some 

non-functional P450 protein was not recovered after the sample passed the PD-10 

column.  
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Figure 3-17 exemplifies the process of preparing the pure CYP4A1. The purified 

protein was checked by SDS-PAGE, and a single band was observed in the gel. The 

pure recombinant CYP4A1 was obtained. 

 
Figure 3-17. PAGE of OmpA.4A1.HT during purification.  
Samples were analysed by 10% polyacrylamide gel and stained by coomassie blue. The positions of 
molecular-weight marker (kDa) are indicated.  Lane 1, purified OmpA.4A1.HT (8 pmol); lane 2, 
membrane-fraction of E.coli-expressed OmpA.4A1.HT in pellets after centrifugation at 100,000g (15 
µg); lane 3, E.coli-expressed OmpA.4A1.HT released from cells in the supernatant after 
centrifugation at 12,000g (15 µg); lane 4, E.coli-expressed OmpA.4A1.HT in induced cells (20 µg); 
and lane 5, uninduced cells transformed with plasmid pCWori+/OmpA.4A1.HT (20 µg).  
 
The recombinant CYP4A1 was also analysed by western blotting. The CYP4A1 

antibody from rabbits was prepared as in the previous report (Heng, Kuo et al, 1997). 

The strong single band was detected in both bacteria expressed OmpA.4A1.HT and 

with purified protein; no band was found in induced JM109 (Figure 3-18).  Thus, the 

identification of recombinant CYP4A1 was also supported by western blotting. 
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Figure 3-18. Western analysis of recombinant CYP4A1.  
Samples were separated by 10% SDS-PAGE and blotting with the primary antibody against CYP4A1 
and detected using enhanced chemiluminesence. The position of molecular-weight marker (kDa) is 
indicated. Lane 1 purified OmpA.4A1.HT; lane 2, induced JM109 cell without plasmid; and lane 3 
induced JM109 cells containing pCWori+.CYP4A1 plasmid.  

3.3.4 Spectral characteristics of recombinant OmpA.CYP4A1.HT 

The recombinant CYP4A1 showed the typical P450 spectrum (Figure 3-19). In the 

absolute spectrum of recombinant CYP4A1, there is a clear absorption peak around 

420nm, which is caused by the heme in P450. In the Fe2+: Fe2+-carbon monoxide 

spectrum, the recombinant CYP4A1 gave the characteristic absorbance at 450nm.  

Therefore, the bacterial system produced pure and spectrally functional CYP4A1. 
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19. The spectrum of OmpA.4A1.HT.   
difference spectrum of OmpA.4A1.HT (Fe2+: Fe2+-
tassium phosphate buffer buffer (pH 7.4) with 20%

 were added in 2ml of OmpA.4A1.HT solution. The s
n was used as the reference. Another aliquot of samp
onoxide. The spectrum was recorded by scanning sam
als and Methods section 2.6.1.1. (B) The absolute 
tassium phosphate buffer buffer (pH 7.4) with 20% g
.4A1.HT (0.57µM) was scanned from 400nm to 500
 in Materials and Methods section 2.6.1.2.  

udy in structure-function relationships of 

ubstrate binding residues 

K93 

 Prediction 

dues in CYP4A1, which could be involved in

t residue that we focus on is K93. 

ignment of CYP4A proteins (Figure 3-

nding to the residue K93 in CYP4A1 is wel
B

 

CO). OmpA.4A1.HT (0.56µM) was in 
 glycerol. A few crystals of sodium 

olution was divided the equal part. 1ml 
le was taken out and gently bubbled by 
ple from 400nm to 500nm as described 
spectrum of OmpA.4A1.HT. 1ml of 
lycerol was used as the reference. 1ml 
nm, and the spectrum was recorded as 

CYP4A1  

 substrate binding, were studied. 

20) shows that the position 

l conserved. There are the same 



Ming Qi Fan                                                                    3 Results 

  

 
- 110 - 

residue lysine in CYP4A3, CYP4A4, CYP4A5 and CYP4A11, and similar basic 

residue arginine in 4A6. Therefore, the positively charged residues often appear in 

this position among CYP4As. CYP4A2, CYP4A7 and CYP4A8 differ: CYP4A2 and 

CYP4A8 have polar residues, threonine and asparagine, while CYP4A7 has negative 

charged glutamic acid in the corresponding position. Thus, these positively charged 

residues including K93 in CYP4A1 may have a similar function, which is important 

for keeping P450 catalytic activity. 

Moreover, the alignment (Figure 3-20) shows the position of K93 in CYP4A1 to be 

similar to that of R47 in BM3. According to the crystal structure of CYPBM3 in the 

presence of palmitoleic acid, R47 and Y51 residues are substrate contact residues (Li 

and Poulos 1997). Site-directed mutagenesis of BM3 also supports the hypothesis 

that R47 and Y51 are important for substrate binding (Graham-Lorence et al. 1997; 

Oliver et al. 1997; Noble et al. 1999; Cowart et al. 2001). Both K93 and R47 

residues carry positive charges; therefore, these two residues may share similar 

functions. Thus, the alignment of CYP4As and CYPBM3 also suggest the residue 

K93 is a potential substrate-binding residue. 

               68                          87       93 95                107 

CYP4A1  : DKELQQIMTCVENFPSAFPRWFWGSKAYLIVYDPDYMKVI   
CYP4A2  : DREFQQVLTWVEKFPGACLQWLSGSTARVLLYDPDYVKVV   
CYP4A3  : DREFQQVLTWVEKFPGACLQWLSGSKTRVLLYDPDYVKVV   
CYP4A4  : DQELERIQKWVEKFPGACPWWLSGNKARLLVYDPDYLKVI   
CYP4A5  : NQELQQILKWVEKFPRACPHWIGGNKVRVQLYDPDYMKVI   
CYP4A6  : GHELQVMLKWVEKFPSACPRWLWGSRAHLLIYDPDYMKVI   
CYP4A7  : DSELQQVLKRVEKFPSACPRWLWGSELFLICYDPDYMKTI   
CYP4A8  : DQDFQDILTRVKNFPSACPQWLWGSNVRIQVYDPEYMKLI   
CYP4A11 : DQELQRIQKWVETFPSACPHWLWGGKVRVQLYDPDYMKVI   
CYPBM3  : DKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEAC 
               23                                  47    51              62 

Figure 3-20. Alignment of CYP4As and CYPBM3.   
Alignment was created up by pileup program and displayed by GeneDoc program. Different shading 
shows the conserved region. The black shade is 100% identity, the deep gray shade is 80% identity 
and the light gray shade is 60% identity. The similar residues are considered to be identity. K93 and 
R87 in CYP4A1 are underlined. R47 and Y51 in CYPBM3 are also underlined. 
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The model of CYP4A1, based on the crystal structure of CYPBM3 (CYP102) 

(Ravichandran et al, 1993), was built to predict the function of residues in CYP4A1 

(unpublished, C. A. Laughton, School of Pharmaceutical Sciences, University of 

Nottingham). It has been proposed that the positively charged residue, K93, located 

at the entrance of the substrate channel according to our CYP4A1 model (Figure 3-

21), plays an important role in substrate binding because it could form an ion-pair 

with fatty acids, the substrate of CYP4A1. The distance between K93 and the heme 

in CYP4A1 (21.2 Å) as shown in Figure 3-21 is sufficient to fit lauric acid (ca. 14 Å). 

As a result, the residue K93 was chosen for these substrate-binding studies.  

We proposed that K93 could bind to lauric acid by electrostatic attraction. In order to 

test this, site-directed mutagenesis was used in this experiment. However, many 

reasons can cause a mutant to lose affinity for a substrate, such as altered enzyme 

tertiary structure. Therefore, we designed the mutant, K93E, which was supposed to 

change the substrate specificity from fatty acid to fatty amine, due to the ion-pair 

formation between negatively charged residue E and positively charged fatty amine. 

This mutant should not only diminish the affinity for fatty acid, but should also 

confer a new fatty amine-binding ability. Therefore, the role of K93 in substrate 

binding can be clearly demonstrated.   
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Figure 3-21. Homologous model of CYP4A1.  
The computing model of CYP4A1 was created by C. A. Laughton (School of Pharmaceutical 
Sciences, University of Nottingham) based on the crystal structure of CYPBM3. The pink residue is 
K93, which is located at the mouth of the substrate channel. The heme group in CYP4A1is yellow, 
and the iron in the heme is orange. The distance between K93 and heme-iron is 21.20Å in the model 
of CYP4A1. The I-helix above the heme is red.  

3.4.1.1.2 Expression and purification of the K93E mutant  

The K93E mutant was constructed by site-directed mutagenesis using the GeneEditor 

Kit as described in Materials and Methods section 2.7.1. The DNA sequence of 

K93E was confirmed by double-strand sequencing as shown below.  

K93E: 
GCCTTTCCTCGATGGTTCTGGGGATCCGAAGCCTACTTAATT  
A  F  P  R  W  F  W  G  S  E  A  Y  L  I      

Figure 3-22. DNA Sequence of K93E mutant and deduced amino acids.  
The mutation is shown in bold and the novel BamH I is underlined. 
 
The K93E mutant was expressed in E.coli as described in Materials and Methods 

section 2.6.2.3 for wild type CYP4A1. The level of expression was 60-90nmol/l, 

which is similar to wild type CYP4A1. After purification by His�Binding resin, a 

single band was detected on SDS-PAGE (Figure 3-23A). The Fe2+: Fe2+-CO 

difference spectrum of K93E showed that the main peak was at 450nm, though a 
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small amount of P420 still existed (Figure 3-23B). Therefore, the pure and spectrally 

functional K93E was obtained and used for substrate binding and activity assays. 
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t protein.  
GE. 8pmol of K93E was loaded in 10% polyacrylamide gel 
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[S]: the concentration of substrate, [E0]=k ∆Amax), with the assumption that total 

substrate concentration is much higher than P450 concentration (Alterman et al. 

1995; Chaurasia et al. 1995).  

Lauric acid and dodecyltrimethylammonium bromide, which carry negative and 

positive charge respectively, were chosen as the substrates to examine the effect of 

electrostatic interaction between CYP4A1 or K93E mutant and substrates.  

The difference spectra of CYP4A1 binding to lauric acid are shown in Figure 3-24. 

Ks value is shown in Table 3-8. CYP4A1 binding to lauric acid resulted in the 

typical Type I difference spectrum, which showed a maximum at approximately 

390nm and a minimum at approximately 420nm (Jefcoate 1978; Ortiz de Montellano 

1997). As expected, wild type CYP4A1 bound well with lauric acid, shown by the 

low Ks value (9.7µM). The binding of lauric acid to K93E also showed a Type I 

difference spectrum (Figure 3-25). The Ks value (32µM) of the K93E mutant 

binding to lauric acid was lower than expected for the electrostatic repulsion between 

two carboxyl groups in lauric acid and E93, only approximately three times higher 

than that of CYP4A1 binding to lauric acid. This Ks data demonstrated that lauric 

acid was still a good substrate for the K93E mutant. This substrate binding assay 

result was further supported by the activity assay, the activity assay showed no large 

difference between CYP4A1 and K93E for metabolising lauric acid (CYP4A1: 

Km=6.25µM, Vmax=32.5 nmoles/min/nmol P450, K93E: Km=10.5µM, Vmax=26.2 

nmoles/min/nmol P450. Data was provided by V. E. Holmes, School of 

Pharmaceutical Sciences, University of Nottingham). 
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Figure 3-24. Interaction of lauric acid and CYP4A1.  
(A) The difference spectrum of substrate binding.  The difference spectrum was recorded as 
described in Materials and Methods section 2.6.1.2. The concentration of CYP4A1 was 0.44µM. (B) 
Regression plot of lauric acid concentration versus ∆A. Data was analysed by SigmaPlot. The Ks 
value was determined by fitting the equation ∆A=[S][E0]/(Ks+[S]) (n=1). 
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Figure 3-25.  Interaction of lauric acid and K93E.  
(A) The difference spectrum of substrate binding. The difference spectrum was recorded as 
described in Materials and Methods section 2.6.1.2. The concentration of enzyme was 0.44µM. (B) 
Regression plot of lauric acid concentration versus ∆A. Data was analysed by SigmaPlot. The Ks 
value was determined by fitting the equation ∆A=[S][E0]/(Ks+[S]) (n=1). 
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CYP4A1 failed to bind to dodecyltrimethylammonium bromide; no absorbance 

difference was observed (Figure 3-26). For the K93E mutant, there was a trough at 

420nm in the difference spectrum but no peak at 390nm (Figure 3-27) after titration 

of dodecyltrimethylammonium bromide. Concentrations of dodecyltrimethyl-

ammonium bromide up to 400µM were assayed but no higher because higher 

concentrations of detergent were likely to damage the P450 tertiary structure. This 

difference spectrum has not been previously reported (Jefcoate 1978; Ortiz de 

Montellano 1997). The regression of ∆A against concentration of 

dodecyltrimethylammonium bromide showed an almost linear relationship and as a 

result, the Ks value of K93E binding to dodecyltrimethylammonium bromide could 

not be determined.  

The slope of the line was 7.91×10-5 µM-1⋅µM-1 P450. The maximum absorption 

change caused by dodecyltrimethylammonium bromide (0.014) was approximately 

half of that caused by lauric acid (0.038). It is apparent that the change in difference 

spectrum, produced by the interaction of lauric acid with CYP4A1, resulted in the Ks 

regression curve at low concentrations of the substrate, which is difficult to 

distinguish from linearity. Therefore, the interaction of dodecyltrimethylammonium 

with K93E reflects a low affinity substrate binding. 

The activity assay showed that both CYP4A1 and K93E could not metabolise 

dodecyltrimethylammonium bromide (unpublished, V. E. Holmes, School of 

Pharmaceutical Sciences, University of Nottingham).  

In summary, CYP4A1 and K93E bound well to lauric acid. The Ks value of wild 

type CYP4A1 binding to lauric acid was approximately three times lower than that of 

K93E binding to lauric acid. The difference in Ks values between CYP4A1 and 
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K93E was smaller than expected for the effect of electrostatic interaction between 

K93 and the substrate. CYP4A1 does not bind to amine compound; K93E weakly 

binds to amine compound.  

Therefore, no major difference of substrate specificity was found between K93E 

mutant and CYP4A1. The K93 residue in CYP4A1 is probably not critical for the 

substrate contacting. It is possible that there are other residues in CYP4A1, which are 

involved in substrate binding. 

 

Figure 3-26. Interaction of dodecyltrimethylammonium bromide and CYP4A1.        
Up to 400µM dodecyltrimethylammonium bromide was added to CYP4A1. The difference spectrum 
was recorded as described in Materials and Methods section 2.6.1.2. 
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Figure 3-27. Interaction of dodecyltrimethylammonium bromide and K93E.  
(A) The difference spectrum of substrate binding.  The concentration of K93E mutant was 0.44µM. 
The difference spectrum was recorded as described in Materials and Methods section 2.6.1.2. (B) 
Regression plot of dodecyltrimethylammonium bromide concentration versus ∆A. Data was 
analysed by SigmaPlot (n=1).  
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  4A1 K93E 
Lauric acid  9.7µM 32µM 
Dodecyltrimethylammonium bromide  Not bindinga Linear (No saturated) b 
a. The absorbance did not change up to 400µM dodecyltrimethylammonium bromide. 
b. ∆A continually changed up to 410µM dodecyltrimethylammonium bromide. The resulting 
regression curve was close to straight line. 

Table 3-8. Binding of substrate to CYP4A1 and K93E.  
The concentration of CYP4A1 and K93E are 0.44µM. The difference spectra were recorded as 
described in Materials and Methods section 2.6.1.2.  The Ks values (µM) were obtained by nonlinear 
regression as described in Materials and Methods section 2.6.1.2. 

3.4.1.2 R87 

Owing to the negative results obtained from the K93E substrate-binding assay, we 

presumed that other residues could respond to substrate binding. We examined the 

computing model of CYP4A1 again and found that residue R87 also carried the 

positive charge, and was located at the other side of the substrate channel (Figure 3-

28). Therefore, it was proposed that R87 could be another potential candidate for 

substrate binding.   

 

Figure 3-28. R87 and K93 in CYP4A1 model.  
The R87 residue is light blue and the K93 residue is pink. Both of them are close to substrate channel. 
The heme is green. The iron in the heme is red.  
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3.4.1.2.1 R87E and R87E/K93E mutants 

We designed two mutants: R87E and R87E/K93E to study structure-function 

relationship of R87 residue in CYP4A1. In these mutants, the positively charged 

residue R87 was replaced by negatively charged E. The substrate specificity of these 

mutants was investigated. 

The mutants were constructed by the GeneEditor Kit as described in Materials and 

Methods section 2.7.1, and expressed in JM109 as described in Materials and 

Methods section 2.6.2.3 for CYP4A1. The DNA sequences of mutants were 

confirmed by double-strand sequencing as showed below.  

R87E/K93E: 
GCCTTTCCTGAATGGTTCTGGGGATCCGAAGCTTACTTAATT  
A  F  P  R  W  F  W  G  S  E  A  Y  L  I      

R87E: 
GCCTTTCCTGAATGGTTCTGGGGAAGCAAAGCTTACTTAATT  
A  F  P  R  W  F  W  G  S  K  A  Y  L  I      

Figure 3-29. DNA sequences of R87E/K93E and R87E mutants and deduced amino acids.  
The mutations are shown in bold; the novel Hind III (AAGCTT) and BamH I (GGATCC) sites are 
underlined. 
 
The expression level of mutants was low. R87E and R87E/K93E were expressed in 

26nmol/l and 33nmol/l, respectively. After purification on a nickel column, R87E 

and R87E/K93E showed single protein bands on SDS-PAGE (Figure 3-30). The 

difference spectrum of these mutants showed the typical P450 spectrum, but there 

was small amount of P420 in the purified proteins (Figure 3-31). The purified protein 

was stored at -80°C and used for substrate binding assay and activity assay. 
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Figure 3-30. Purified R87E, R87E/K93E and R87W/K93E mutants protein. 
14pmol of R87E, 5pmol of R87W/K93E and 5pmol of R87E/K93E were loaded on gel. Proteins were 
separated by 10% SDS-PAGE and detected by coomassie blue. The protein marker was indicated 
(M=Marker, the unit is KDa). 
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e difference spectra of (A) R87E and (B) R87E/K93E mutants.  
n of R87E and R87E/K93E were 0.03µM and 0.23µM. The CO-binding difference 

orded as described in Materials and Methods section 2.6.1.1. 



Ming Qi Fan                                                                    3 Results 

  

 
- 124 - 

The binding of lauric acid to R87E or R87E/K93E mutants resulted in a Type I 

difference spectrum, which showed a peak at around 390nm and a trough at around 

420nm (Figure 3-32,33). The substrate-binding assay showed both R87E and 

R87E/K93E mutants had very high values of Ks for binding to lauric acid (544µM 

and 370µM, respectively). These Ks values were not accurate because the maximal 

value for ∆A at steady state was not obtained in the range of 0-410 µM lauric acid.  

Concentrations higher than 410µM of lauric acid were not used because it could lead 

to protein denaturing. Compared with the Ks value of CYP4A1 binding to lauric acid 

(9.7µM), R87E and R87E/K93E mutants weakly bind to lauric acid.  

Moreover, the activity assay showed that R87E and R87E/K93E did not metabolise 

lauric acid  (unpublished, V. E. Holmes, School of Pharmaceutical Sciences, 

University of Nottingham). This result demonstrates that P450 is unable to 

metabolise substrate when it only binds to substrate weakly. This was also observed 

in the interaction of K93E and amine compound.  
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Figure 3-32. Interaction of lauric acid and R87E.  
(A) The difference spectrum of substrate binding.  The concentration of R87E mutant was 0.33µM. 
The difference spectrum was recorded as described in Materials and Methods section 2.6.1.2. (B) 
Regression plot of lauric acid concentration versus ∆A. Data was analysed by SigmaPlot. Ks value 
was determined by fitting the equation ∆A=[S][E0]/(Ks+[S]) (n=1). 
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Figure 3-33. Interaction of lauric acid and R87E/K93E mutant.  
(A) The difference spectrum of substrate binding.  The concentration of R87E/K93E mutant was 
0.55µM. The difference spectrum was recorded as described in Materials and Methods section 2.6.1.2. 
(B) Regression plot of lauric acid concentration versus ∆A. Data was analysed by SigmaPlot. Ks 
value was determined by fitting the equation ∆A=[S][E0]/(Ks+[S]) (n=1). 
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The difference spectrum of R87E mutant binding to dodecyltrimethylammonium 

bromide did not show a significant absorbance change up to 160µM dodecyl-

trimethylammonium bromide (Figure 3-34). The addition of a high concentration of 

dodecyltrimethylammonium bromide (210µM-410µM) to the R87E mutant resulted 

in a continual decrease of absorbance in the range of 350nm to 500nm, which could 

be caused by damage to enzyme conformation as a result of excess of detergent 

(dodecyltrimethylammonium bromide). These results are not consistent with specific 

binding of substrate, and show that the R87E mutant does not bind dodecyltrimethyl-

ammonium bromide. 

 
Figure 3-34. Interaction of dodecyltrimethylammonium bromide and R87E.  
The difference spectrum was recorded as described in Materials and Methods section 2.6.1.2.  The 
concentration of enzyme was 0.33µM. 
 
The difference spectrum of R87E/K93E double mutant binding to dodecyltrimethyl-

ammonium bromide was similar to that of K93E mutant. The trough at approximate 

420nm was observed but no obvious peak was formed at 390nm (Figure 3-35). The 

absorbance change did not reach maximum with the concentration range of 0- 

410µM dodecyltrimethylammonium bromide. Owing to possible damage to the 
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conformation of the enzyme caused by adding excessive dodecyltrimethylammonium 

bromide, concentrations of dodecyltrimethylammonium bromide higher than 410µM 

were not used. The regression plot shows an almost straight line. The slope of line 

was 9.62×10-5 µM-1⋅µM-1 P450, which is similar to the slop obtained from K93E 

interacting with dodecyltrimethylammonium bromide. Thus, R87E/K93E possibly 

binds to dodecyltrimethylammonium bromide very weakly. R87E/K93E failed to 

metabolise dodecyltrimethylammonium bromide (unpublished, V. E. Holmes, School 

of Pharmaceutical Sciences, University of Nottingham). This activity assay was 

consistent with the substrate binding assay result. 
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Figure 3-35. Interaction of dodecyltrimethylammonium bromide and R87E/K93E.  
(A) The difference spectrum of substrate binding.  The concentration of R87E/K93E mutant was 
0.55µM. The difference spectrum was recorded as described in Materials and Methods section 2.6.1.2. 
(B) Regression plot of dodecyltrimethylammonium bromide concentration versus ∆A. Data was 
analysed by SigmaPlot (n=1).  
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Owing to the failure to observe any activity in R87E and R87E/K93E mutants, the 

alternative mutation at 87 was examined. The CYP4As alignment (Figure 3-20) 

shows there is a neutral residue W in the corresponding position of CYP4A4. It was 

proposed that a change of residue from R87 to W would not completely destroy the 

P450 activity, as CYP4A4 remained functional. Therefore, the R87W/K93E mutant 

was designed to examine the function of R87 residue. 

3.4.1.2.2 R87W/K93E mutant  

The R87W/K93E mutant was constructed by GeneEditor Kits as described in 

Materials and Methods section 2.7.1. The DNA sequence was confirmed by double-

strand sequencing as shown below.  

R87W/K93E: 
GCCTTTCCTTGGTGGTTCTGGGGATCCGAAGCTTACTTAATT  
A  F  P  W  W  F  W  G  S  E  A  Y  L  I    

Figure 3-36. DNA Sequence of R87W/K93E and deduced amino acids.  
The mutation was bold; the novel BamH I and Hind III sites were underlined. 
 
After expression and purification, homogenous protein was obtained (Figure 3-30). 

The expression level was 74nmol/l. The CO-difference spectrum of the R87W/K93E 

showed a typical P450 spectrum, but a small amount of P420 was evident (Figure 3-

37). 
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Figure 3-37. The CO-difference spectrum of R87W/K93E.  
The concentration of protein was 0.23µM. The difference spectrum was recorded as described in 
Materials and Methods section 2.6.1.1. 
 
The difference spectrum of R87W/K93E mutant binding to lauric acid is shown in 

Figure 3-38. The pattern of R87W/K93E mutant binding to lauric acid (Type I 

difference spectrum) was similar to that of R87E/K93E mutant. The Ks value 

(724µM) from regression is inherently inaccurate, since the maximal value at steady 

state was not obtained. However, this Ks value still suggests that lauric acid bound 

poorly to R87W/K93E when compared with the Ks of lauric binding to CYP4A1.   
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Figure 3-38. Interaction of lauric acid and R87W/K93E.  
(A) The difference spectrum of substrate binding.  The concentration of R87E/K93E mutant was 
0.44µM. The difference spectrum was recorded as described in Materials and Methods section 2.6.1.2. 
(B) The regression plot of lauric acid concentration versus ∆A. Data was analysed by SigmaPlot. 
Ks value was determined by fitting the equation ∆A=[S][E0]/(Ks+[S]) (n=1). 
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The difference spectrum of R87W/K93E mutant binding to dodecyltrimethyl-

ammonium bromide (Figure 3-39) was similar to that of K93E and R87E/K93E. 

There was a trough at 420nm but no peak appeared at 390nm. The highest 

concentration of dodecyltrimethylammonium was used up to 300µM, because the 

R87W/K93E sample became cloudy when higher concentrations of amine compound 

were added. The regression of ∆A versus the concentration of 

dodecyltrimethylammonium bromide showed a nearly linear relationship. The slope 

of the line was 13.2×10-5 µM-1⋅µM-1 P450, which is close to data obtained from 

K93E and R87E/K93E binding to dodecyltrimethylammonium bromide. Therefore, 

R87W/K93E possibly bound the amine compound weakly. The activity of 

R87W/K93E will be further examined. 
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Figure 3-39. Interaction of dodecyltrimethylammonium bromide and R87W/K93E.  
(A) The difference spectrum of substrate binding.  The concentration of R87E/K93E mutant was 
0.44µM. The difference spectrum was recorded as described in Materials and Methods section 2.6.1.2. 
(B) The regression plot of dodecyltrimethylammonium bromide concentration versus ∆A. Data 
was analysed by SigmaPlot (n=1).  
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All Ks data are summarised in the Table 3-9. For lauric acid binding, the Ks value of 

K93E is approximate three times higher than that of CYP4A1 but the change of Ks is 

smaller than expected for electrostatic repulsion between K93 and lauric acid. Ks 

values of R87E, R87E/K93E and R87W/K93E are much higher than that of CYP4A1, 

which showed the low affinity of lauric acid for these mutants. CYP4A1 and R87E 

do not bind to dodecyltrimethylammonium bromide, but K93E, R87E/K93E and 

R87W/K93E possibly have weak contact with amine compound. 

  Lauric acid Dodecyltrimethylammonium bromide 
CYP4A1 9.7µM Not bindinga 
K93E 32µM Linear (no saturation) b 
R87E 544µM Not bindinga 

R87E/K93E 370µM Linear (no saturation) b 

R87W/K93E 724µM Linear (no saturation) b 

a. The absorbance did not change in the applied concentration range of substrate.  
b. ∆A continually changed with increase of concentration of substrate. The regression curve was close 
to a straight line. 

Table 3-9. Binding of substrate to R87E, R87E/K93E and R87W/K93E.  
Lauric acid and dodecyltrimethylammonium bromide were used as the substrate. All enzymes are in 
20mM potassium phosphate buffer (pH 7.5) with 20% glycerol. The concentrations of R87E, 
R87E/K93E and R87W/K93E were 0.33µM, 0.55µM and 0.44µM, respectively. The difference 
spectra with and without substrates were recorded as described in Materials and Methods section 
2.6.1.2. The Ks values (µM) were obtained by nonlinear regression as described in Materials and 
Methods section 2.6.1.2. 
 
In summary, R87E shows drastically increased Ks for lauric acid, and no specific 

interaction with amine compound. R87E/K93E shows a similar Ks as for interaction 

of R87E with lauric acid, but also a weak binding to amine compound was observed 

in R87E/K93E. R87W/K93E has very high Ks value for lauric acid, and also shows 

weak contact with amine compound. Therefore, the change of R to E at position 87 

possibly causes to structural distortion of the substrate-binding site, and the 

replacement of R by W results in low affinity to lauric acid. The combination of R87 

mutation with K93E results in weak contact between mutants and amine compound, 
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which is possibly caused by K93E mutation. In a conclusion, R87 is important to 

keep the function of P450, but it is not clear if it contributes to binding of substrate. 

3.4.1.3 N116  

In view of the failure to identify a key residue for interaction with substrate, 

alternative residues were investigated. The structural study of CYPBM3 suggested 

that Ser72, which aligns to N116 in CYP4A1, could interact with the polar head of 

palmitoleic acid (Chang and Loew, 1999a). The model of CYP4A11 also suggested 

that H117 residue, which is equivalent to N116 in CYP4A1, was one of the residues 

in the substrate-binding channel (Chang and Loew, 1999b). The study in CYP4A3 

and CYP4A2 suggested that Ser-Gly-Ile in CYP4A3 were involved in substrate 

contact (Hoch et al, 2000). The alignment of CYP4A proteins showed the 

corresponding position of S114 in CYP4A3 was N116 in CYP4A1 (Figure 3-40). 

Therefore, N116 might play a similar role in CYP4A1. Moreover, alignment among 

CYP4A proteins shows N116 in CYP4A1 aligns primarily with basic residues in 

other CYP4As; such as R in CYP4A5 and 4A7, and H in 4A8 and 4A11 (Figure 3-

40), which can potentially form ion-pairs with fatty acids. 

The model of CYP4A1 suggests that N116 is located in the substrate-binding 

channel and faces the K93 residue (Figure 3-41). The amide group in asparagine 

could also interact with carboxyl of fatty acids. As a result, it was proposed that the 

substrate might initially dock at the K93 residue, then shift to N116.  

Therefore, N116 is another potential candidate for substrate binding. We designed 

the N116E and N116E/K93E mutants, which carry the negative charge E at position 

116, to investigate the function of N116 in CYP4A1.  
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                  108        116       124                         

CYP4A1_RAT :  LGRSDPKANGVYRLLAP   
CYP4A2_RAT :  LGRSDPKP---YQSLAP   
CYP4A3_RAT :  LGRSDPKASGIYQFLAP   
CYP4A4_RAB :  LGRSDPKAPRNYKLMTP   
CYP4A5_RAB :  LGRSDPKSRGSYTFVAP   
CYP4A6_RAB :  LGRSDPKAQGSYRFLAP   
CYP4A7_RAB :  LGRSDPKARVSYSFLAP   
CYP4A8_RAT :  LGRSDPKAHGSYRFLAP   
CYP4A11_HU :  LGRSDPKSHGSYRFLAP   
CYPBM3     :  ESRFDKNLSQALKFVRD  
Figure 3-40. Alignment of CYP4A proteins.  
Alignment was created by pileup program and displayed by GeneDoc program. The conserved region 
is shown by different shades. The black shade is 100% identity, the deep gray shade is 80% identity 
and the light gray shade is 60% identity. The similar residues are considered to be identity. N116 in 
CYP4A1, S114 in CYP4A3 and H117 in CYP4A11 are underlined. 
  

 

Figure 3-41.  The position of N116 in CYP4A1 model.  
The N116 residue is green. The K93 residue is blue. The heme group in CYP4A1 is light blue. The 
iron in the heme is red. 
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The N116E and N116E/K93E mutants were constructed by GeneEditor Kits as 

described in Materials and Methods section 2.7.1. The DNA sequence was confirmed 

by double-strand sequencing as shown below.  

N116E: 
ATGAAGGTGATTCTCGGGCGATCGGATCCAAAGGCCGAAGGCGTC  
M  K  V  I  L  G  R  S  D  P  K  A  E  G  V       

N116E/K93E: 
TGGGGATCCGAAGCCTACTTAATTGTCTATGACCCTGACTACATGAAGGTGATTCTC 
W  G  S  E  A  Y  L  I  V  Y  D  P  D  Y  M  K  V  I  L   
           93  

GGGCGATCAGATCCAAAGGCCGAAGGCGTCTACAGATTGCTAGCTCCATGGATC 
G  R  S  D  P  K  A  E  G  V  Y  R  L  L  A  P  W  I 
                     116                        

Figure 3-42. DNA sequence of N116E and N116E/K93E and deduced amino acids.  
The mutations are bold; the novel BamH I and Nco I are underlined. 
 
The N116E mutant was expressed and purified as described in Materials and 

Methods section 2.6.2.3 for CYP4A1. The expression level of N116E was 69nmol/l. 

The purified N116E mutant showed a single band on SDS-PAGE and a typical P450 

spectrum (Figure 3-43). The expression level of N116E/K93E in JM109 was low 

(30nmol/l). After microsome preparation and solubilisation, little P450 (4 nmol for 1 

litre culture) remained. Therefore, N116E/K93E was not further purified and 

investigated for its activity and substrate binding ability. 
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tant protein.  

-PAGE. 3pmol N116E was loaded in 10% polyacrylamide gel 
osition of protein marker (kDa) was indicated. M= Marker. (B) 
of N116 mutant. The concentration of enzyme was 0.48µM. 
as described in Materials and Methods section 2.6.1.1. 
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 Materials and Methods section 2.6.1.2. The Ks values (µM) 
as described in Materials and Methods section 2.6.1.2. 
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Figure 3-44. Interaction of N116E and lauric acid.  
(A) The difference spectrum of substrate binding. The concentration was 0.77µM. The difference 
spectrum was recorded as described in Materials and Methods section 2.6.1.2.  (B) The regression 
plot of lauric acid concentration versus ∆A. Data was analysed by SigmaPlot. Ks value was 
determined by fitting the equation ∆A=[S][E0]/(Ks+[S]) (n=1). 

A

B
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Figure 3-45. Interaction of N116E and dodecyltrimethylammonium bromide.   
The concentration of enzyme was 0.77µM. The difference spectrum was recorded as described in 
Materials and Methods section 2.6.1.2. 

3.4.2 The C-helix region in CYP4A1 

The C-helix region in CYP4A1 consists of 21 amino acids from G135 to K155, 

according to the structure of CYP102 (Ravichandran et al., 1993). The alignment of 

CYP4 proteins showed this region to be highly conserved (Figure 3-46). The model 

of CYP4A1 suggests that the C-helix is close to, and putatively makes contact with 

the heme group in CYP4A1. Moreover, there are many positive charged residues in 

the C-helix that could form part of the positive surface of CYP4A1. Therefore, the 

C-helix could play a role in the interaction between P450 and electron donors, such 

as cytochrome P450 reductase and cytochrome b5, which carry the negative charge 

on the surface. However, the function of this region is still not well understood.  
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                 135       141         149       155        

cyp4a1  :  GQPWFQHRRMLTPAFHYDILK 
cyp4a2  :  GKKWFQHRRMLTPAFHYDILK 
cyp4a3  :  GKKWFQHRRMLTPAFHYGILK 
cyp4a4  :  GQTWFQHRRMLTPAFHYDILK 
cyp4a5  :  GQPWFQHRRMLTPAFHYDILK 
cyp4a6  :  GQTWFQHRRMLTPAFHYDILK 
cyp4a7  :  GQTWFQHRRMLTPAFHYDILK 
cyp4a8  :  GQTWFQHRRMLTPAFHYDTLK 
cyp4a11 :  GQTWFQHRRMLTPAFHYDILK 
cyb4b1  :  GPKWFQHRKLLTPGFHYDVLK 
cyr4b1  :  GPKWFQHRKLLTPGFHYDVLK 
cyp4b1  :  GPKWLQHRKLLTPGFHYDVLK 
cyp4f1  :  GDKWSRHRRMLTPAFHFNILK 
cyp4f2  :  GDKWSRHRRMLTPAFHFNILK 
cyp4f3  :  GEKWSRHRRMLTPAFHFNILK 
cyp4f4  :  GDKWSCHRRMLTPAFHFNILK 
cyp4f5  :  GDKWSRHRRLLTPAFHFDILK 
cyp4f6  :  GEKWNHHRRLLTPAFHFDILK 
cyp4e1  :  GSKWHKHRKMITPAFHFNILQ 
cyp4e2  :  GSKWHKHRKMITPAFHFNILQ 
4d2     :  GRKWHGRRKIITPTFHFKILE 
cyp4c1  :  GAKWHSHRKMITPTFHFKILD 
4d1     :  GRKWHKRRKIITPAFHFKILD 
4m2     :  GPKWQSRRKILTPTFHFNILR  
Figure 3-46. Alignment of the C-helix region in CYP4 proteins.  
Alignment was created by pileup program and displayed by GeneDoc program. The conserved region 
is shown by different shades. The black shade is 100% identity, the deep gray shade is 80% identity 
and the light gray shade is 60% identity. The similar residues are considered to be identity. H141, 
R142, R143 and F149 residues in CYP4A1 are underlined. 

3.4.2.1 H141 

H141 is located at the beginning of C-helix. The model of CYP4A1 showed that 

H141 is very close to two acidic residues: D309 and E313 in the I-helix (Figure 3-

47). Therefore, H141 could form an ion-pair with D309 and E313. This contact 

between H141 in C-helix and two residues including D309 and E313 in I-helix could 
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contribute to stabilisation of the structure of CYP4A1 and provide a potential 

pathway for transferring electron from redox partners to CYP4A1. To explore the 

role of H141, three mutants including H141R, H141F and H141L were designed.  

 
Figure 3-47. The position of H141 in the model of CYP4A1.  
The C-helix of CYP4A1 is green and the I-helix is red. H141 residue (green) is very close to D309 
and E313 (red). 
 
In H141R mutant, the H residue was replaced by the residue R, which still carries the 

positive charge but does not contain the aromatic group. Conversely, in H141F 

mutant, the basic residue H was replaced by the residue F, which does not have 

positive charge but the keeps the aromatic structure. The H141L mutant changed 

positively charged residue H to hydrophobic residue L. All three mutants were 

constructed by GeneEditor Kits as described in Materials and Methods section 2.7.1, 

and expressed in JM109 as described in Materials and Methods section 2.6.2.3 for 

CYP4A1. The sequences of mutation were confirmed by double-strand sequencing 

as shown below.  
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H141R: 
GGACAACCGTGGTTCCAGCGTCGGCGAATGCTAACCCCAGCCTTCCAC  
G  Q  P  W  F  Q  R  R  R  M  L  T  P  A  F  H   

H141L: 
GGACAACCGTGGTTCCAGCTGCGGCGAATGCTAACCCCAGCCTTCCAC  
G  Q  P  W  F  Q  L  R  R  M  L  T  P  A  F  H    

H141F: 
GGACAACCATGGTTCCAGTTTCGGCGAATGCTAACCCCAGCCTTCCAC  
G  Q  P  W  F  Q  F  R  R  M  L  T  P  A  F  H    

Figure 3-48. DNA sequences of H141R, H141L and H141F and deduced amino acids.  
The mutations are shown as in bold; the novel Nco I site is underlined. 
 
The expression levels were 17nmol/l for H141F, 38nmol/l for H141L and 62nmol/l 

for H141R. After purification, the homogenous proteins of the three mutants were 

observed (Figure 3-49). All of them showed the typical P450 spectra (Figure 3-50, 

51, 52). The purified proteins were stored in 20mM potassium phosphate buffer 

buffer (pH 7.4), 20% glycerol at -80°C until future use. 

 

Figure 3-49. The purified H141R, H141F and H141L proteins.  
3pmol of H141R, 5pmol of H141L and 9pmol of H141F were loaded on SDS-PAGE. The proteins 
were separated by 10% polyacrylamide gel and detected by coomassie blue.  The protein marker was 
indicated (M=Marker, the unit was kDa). 
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Figure 3-50. The CO-difference spectrum of purified H141R mutant.   
The Fe2+: Fe2+-CO difference spectrum was recorded as described in Materials and Methods section 
2.6.1.1. The concentration of enzyme was 0.56µM.   
 

  
Figure 3-51. The CO-difference spectrum of purified H141F.   
The Fe2+: Fe2+-CO difference spectrum was recorded as described in Materials and Methods section 
2.6.1.1. The concentration of H141F was 0.08µM.   
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Figure 3-52. The CO-difference spectrum of purified H141L.   
The Fe2+: Fe2+-CO difference spectrum was recorded as described in Materials and Methods section 
2.6.1.1. The concentration of H141L was 0.21µM.   
  

The activity of the three mutants was examined. The preliminary results showed that 

the activity of H141R was similar to wild type, but the activity of H141L and H141F 

kept only approximately 10~20% lauric acid ω-hydroxylation activity of wild type 

(unpublished, V. E. Holmes, Pharmaceutical Sciences, University of Nottingham). 

Therefore, the positive charge at 141 was important to keep the activity of P450.   

3.4.2.2 F149 

The residue F149 is located at the end of C-helix. The model of CYP4A1 shows that 

F149 is close to F317 in I-helix (Figure 3-53). Therefore, I-helix might interact with 

the C-helix through these two residues. To investigate the function of F149, two 

mutants, F149Y and F149I were constructed. In F149Y mutant, the polar residue 

tyrosine replaced the hydrophobic residue phenylalanine. As a result, the aromatic 
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structure is kept but the hydroxyl group at tyrosine makes the residue at 149 become 

hydrophilic. In F149I mutant, the hydrophobic character is kept because of the 

hydrophobic residue isoleucine, but the aromatic structure is eliminated.  

 

Figure 3-53. The F149 residue in the model of CYP4A1.  
The F149 residue (green) in C-helix is close to the F317 residue (red) in I-helix. The C-helix and I-
helix are green and red, respectively. The heme group in CYP4A1 is orange. 
 
All mutants were constructed by GeneEditor Kits. The sequences of the mutations 

were confirmed by double-strand sequencing as shown below.  

F149Y: 
ATGCTAACCCCAGCCATCCACTATGATATCCTGAAA 
M  L  T  P  A  F  H  Y  D  I  L  K   

F149I: 
ATGCTAACCCCAGCCTACCACTATGATATCCTGAAA 
M  L  T  P  A  I  H  Y  D  I  L  K   

Figure 3-54. DNA Sequences of F149Y and F149I and deduced amino acids.  
The mutations are showed as in bold; the novel EcoR V sites are underlined. 
 
The typical expression level of F149Y was 30nmol/l. The F149Y protein was 

purified to homogeneity as shown in Figure 3-55. The process of purification could 
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not remove P420. The spectrum of purified F149Y protein showed that the main 

maximum absorption was at 420nm and the peak at 450nm was very low (Figure 3-

56). 

The preliminary result showed that the activity of F149Y was approximate 30-40% 

of that of the wild type (unpublished, V. E. Holmes, Pharmaceutical Sciences, 

University of Nottingham). Therefore, the polar group at the position 149 could 

decrease P450 activity.  

 

 
 

Figure 3-55. The purified F149I and F149Y protein.  
5pmol of F149Y and 5µg of F149I were loaded on 10% SDS-PAGE and detected by coomassie blue. 
The protein marker was indicated (M=Marker, the mass unit is kDa). 
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Figure 3-56. The CO-difference spectrum of F149Y.  
The Fe2+: Fe2+-CO difference spectrum was recorded as described in Materials and Methods section 
2.6.1.1. The concentration of enzyme was 0.27µM.   
 
After the F149I mutant was expressed in E.coli, no P450 could be detected in 

bacteria (Data not shown). After cells were sonicated, little P450 was found. The 

protein was purified to homogeneity as shown in Figure 3-55. The purified F149I 

protein contains almost no P450 (Figure 3-57). The activity of F149I mutant was not 

examined owing to insufficient P450 spectral activity. Therefore, the aromatic 

structure at 149 is necessary to keep the function of P450. 

In summary, the aromatic group at position 149 is critical for P450 function; the 

hydrophilic group at this position can diminish P450 activity. Both aromatic and 

hydrophobic environments are required at position 149 of CYP4A1.  
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Figure 3-57. The CO-difference spectrum of F149I.  
The Fe2+: Fe2+-CO difference spectrum was recorded as described in Materials and Methods section 
2.6.1.1.   

3.4.2.3 R142 and R143 

The CYP4A1 model shows that R142 and R143 extend to the outer space (Figure 3-

58). Both R142 and R143 carry positive charges. Therefore, these residues form part 

of the positively charged surface on CYP4A1. 

The study of other P450s suggests the positively charged surface could interact with 

redox partners such as cytochrome P450 reductase and cytochrome b5 that carry 

negative charge on the surface (Omata et al. 1994; Bridges et al. 1998; Schenkman 

and Jansson 1999; Omata et al. 2000). Therefore, R142 and R143 could play a role 

in binding to redox partners. Two mutants, R142A and R143A were designed by 

replacing the positively charged arginine to the neutral residue, alanine. 
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Figure 3-58. The position of R142 and R143 in CYP4A1 model.  
R142 and R143 residues are green and extend to outwards. The C-helix is green and I-helix is red. The 
heme group in CYP4A1 is orange.  
 
The mutants were constructed by GeneEditor Kits as described in Materials and 

Methods section 2.7.1. The sequences of mutant were confirmed by double-strand 

sequencing as shown below.  

R142A: 
GGACAACCATGGTTCCAGCACGCTCGAATGCTAACCCCAGCCTTCCAC  
G  Q  P  W  F  Q  H  A  R  M  L  T  P  A  F  H         

R143A: 
GGACAACCATGGTTCCAGCACCGGGCTATGCTAACCCCAGCCTTCCAC  
G  Q  P  W  F  Q  H  R  A  M  L  T  P  A  F  H    

Figure 3-59. DNA Sequences of R142A and R143A and deduced amino acids.  
The mutations are showed as the bold; the novel Nco I site is underlined. 
 
The expression level of R142A and R143A mutants was low. The typical levels of 

expression were 13nmol/l for R142A and 26nmol/l for R143A. R142A mutant was 

not further purified as insufficient P450 was obtained. The R143A mutant was 
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purified to homogeneity (Figure 3-60-A). The R143A mutant showed the typical 

P450 difference spectrum (Figure 3-60-B). However, a large quantity of P420 was 

observed in this spectrum. 

 The preliminary result showed that the activity of R143A mutant was only 

approximately 10% of that of the wild type (unpublished, V. E. Holmes, 

Pharmaceutical Sciences, University of Nottingham). Therefore, the positive charge 

at 142 and 143 is important to keep normal P450 function. The decreased activity of 

R143A might result from insufficient contact between the CYP4A1 and the electron 

donor.   
A

 

     
 Figure 3-60. The R143A mutant
(A) Purified R143A mutant on S
gel and detected by coomassie blu
(B) Fe2+: Fe2+-CO difference s
0.14µM. The difference spectrum 
 

B
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 protein.  
DS-PAGE. 15pmol of R143A was loaded on 10% polyacrylamide 

e. The position of protein marker (kDa) was indicated (M= Marker). 
pectrum of R143A mutant. The concentration of enzyme was 
was recorded as described in Materials and Methods section 2.6.1.1. 
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4 Discussion 

4.1 Expression of cytochrome b5 

In order to reconstitute CYP4A1 activity in vitro, it was necessary to obtain enough 

pure and functional cytochrome b5 and cytochrome P450 reductase (CPR). A 

heterologous expression system was established to express cytochrome b5 and CPR.  

Human cytochrome b5 was expressed in E.coli using a T7 expression system. In 

order to maximally express cytochrome b5, a series of conditions were optimised. 

BL21(DE3)pLysS and HMS174(DE3)pLysS were examined as the host strains. They 

contain the λDE3 lysogen, which provides T7 RNA polymerase to induce expression 

of the target protein; and the plasmid pLysS, which produces T7 lysozyme to inhibit 

T7 RNA polymerase produced at basal levels in the host (Studier et al. 1990). Thus, 

leaky expression would be reduced, which could be toxic to the host bacteria because 

membrane-bound cytochrome b5 could disturb the normal function of membrane. 

BL21 strain is deficient in lon and ompT proteases and therefore it has advantages for 

expression of some heterologous protein (Studier et al. 1990). However, my 

experience was that the expression of cytochrome b5 in BL21(DE3)pLysS was 

variable (data not shown). HMS174(DE3)pLysS was more suitable to express 

cytochrome b5 due to high-level expression and consistent reproducibility (Figure 3-

4). This may be because the HMS174 strain is recA-, which may help to stabilise the 

DE3 prophage, unlike the BL21 strain that has recA+ background.   

Terrific broth with rare salt was the best medium to express functional cytochrome 

b5 in HMS174(DE3)pLysS (Figure 3-4). It has been shown that terrific broth was 

also good for expression of cytochrome P450 in E.coli (Barnes 1996). This is 
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possibly because terrific broth is a rich media, in which bacteria grow better. Terrific 

broth also contains phosphate buffer, which can help to stabilise the culture pH 

around 7, and glycerol, which is ready to be used as carbon source (Barnes 1996).   

Other reports suggest that the concentration of IPTG affects expression of 

cytochrome b5 in the T7 system (Holmans et al. 1994). Lower concentrations of 

IPTG were preferred, due to reduction of heterologous protein aggregates (Holmans 

et al. 1994). However, we did not observe that the concentration of IPTG (from 

0.1mM to 1mM) had any obvious effect on the expression of cytochrome b5 (Figure 

3-5). Even 1mM IPTG still induced the expression of functional cytochrome b5 

(Figure 3-5). In our cytochrome b5 expression system, T7 lysozyme, which is 

produced by the pLysS plasmid in the host strain, inhibits T7 polymerase to reduce 

leaky expression. As a result, T7 polymerase present at a relatively low level, and so 

T7 promoter would not be very active even in the presence of high concentration of 

IPTG. Therefore, this system may not be very sensitive to the concentration of IPTG. 

The T7 system reported by Holmans et al (1994) is different from our system; they 

did not use the plasmid pLysS. Thus, their system had a strong T7 promoter and as a 

result would be more easily affected by the concentration of IPTG (Holmans et al. 

1994). 

The optimal induction temperature was 27°C for expression of cytochrome b5 

(Figure 3-6), differing from a previous report, which found expression of cytochrome 

b5 at above 25°C would form inclusion bodies (Holmans et al. 1994). The different 

effect of induction temperature observed between the current study and the previous 

report might also be caused by pLysS plasmid in the host strain, which reduces the 

T7 polymerase level, and possibly weakens the T7 promoter. 
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Expression level reached a peak after 24 hours induction, and longer induction time 

did not improve expression level (Figure 3-5). This was consistent with other reports 

using the T7 system to express cytochrome b5 (Holmans et al. 1994; Mulrooney and 

Waskell 2000). 

Under optimal conditions, up to 265nmol of cytochrome b5 was expressed in 1 litre 

medium.  Compared with other reports (Table 4-1), which also used T7 system to 

express mammalian cytochrome b5, this level was relatively low.  

Table 4-1. Expression of cytochrome b5 in the different systems. 

References Holmans, shet et al, 
1994 

Mulrooney and 
Waskell et al, 2000 

Current study  

Level 1200-2000nmol/l 820mg/l  100-265nmol/l 
Plasmid pT7-7 pLW01 pRSET 
Host strain BL21(DE3)FTQ C41(DE3) HMS174(DE3)pLysS 
Medium TB TB TB 
Induction time 24 hours 16-20 hours 24 hours 
IPTG 0.1mM 0.01mM 0.1mM 
Induction 
temperature 

24°C 37°C 27°C 

 

We compared our expression conditions with other references (Holmans et al. 1994; 

Mulrooney and Waskell 2000). All plasmids carried the T7 promoter. However, the 

host strains had different characters. Holmans et al.  (1994) used a strain that had the 

lac repressor gene, lacI. As a result, T7 RNA polymerase was tightly switched off in 

the absence of IPTG because this gene is located downstream of the lacUV5 

promoter. Thus, the basal level of T7 RNA polymerase could be controlled, but the 

T7 promoter would still be strong as long as T7 polymerase was induced.  

We used the pLysS plasmid included in the host strain, which produces an inhibitor 

of T7 polymerase to control leaky expression. However, the strength of the T7 

promoter also became weaker (Studier et al. 1990). Moreover, it was reported by 
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Holmans et al. (1994) that pLysS could be lethal to the host strain during expression 

of cytochrome b5. Although we did not find the presence of pLysS to be fatal to the 

host bacteria during expression, there might have been a toxic effect of pLysS, which 

could also reduce expression level of cytochrome b5. Therefore, the expression level 

of cytochrome b5 was lower in the host containing pLysS plasmid. 

More recently, mutants of BL21(DE3) were developed, including C41(DE3) and 

C43(DE3), which are specially beneficial for expression of membrane protein 

(Miroux and Walker 1996). It was believed that these mutants produced either 

deficient or less T7 RNA polymerase (Miroux and Walker 1996). As a result, the 

toxic effect of accumulating RNA on the host bacteria, which was caused by strong 

T7 RNA polymerase, could be reduced (Miroux and Walker 1996). Rabbit 

cytochrome b5 was expressed in C41(DE3) at a high level using T7 system 

(Mulrooney and Waskell 2000). Interestingly, the induction temperature in this 

system was 37°C (Mulrooney and Waskell 2000), which is much higher than other 

reports (Holmans et al. 1994) including our experiments. This is possibly due to the 

fact that the T7 promoter is less active in C41(DE3). We also used C41(DE3) to 

express human cytochrome b5. The expression level increased approximately 2 fold 

(data not shown). The advantage of using C41(DE3) to express membrane protein 

was confirmed.  

It was reported that as much as 3000nmol/l rat cytochrome b5 was expressed in 

E.coli using pCWori+ plasmid (Chudaev and Usanov 1997), which is commonly used 

for expression of cytochrome P450. Therefore, other plasmids, which have a weaker 

promoter, might benefit expression of cytochrome b5 in E.coli. 
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T7 lysozyme produced by pLysS can not only inhibit the T7 RNA polymerase but 

also lyse the E.coli cell wall (Studier et al. 1990). As a result, simply freezing and 

thawing can help extract the target protein (Studier et al. 1990). However, freezing 

and thawing was not very efficient at lysing cells in our study (Table 3-1). It was 

necessary to combine this treatment with sonication (Table 3-1 and Table 3-2).  

The efficiency of sonication depended on duration. Longer sonication times 

increased cell lysis but there was the risk of degradation of cytochrome b5. Thus, it is 

important to control the strength of sonication in order to obtain high recovery of 

cytochrome b5. The recovery of membrane-bound cytochrome b5 (33%) in our 

experiment (Table 3-3) was similar to the previous report (36%) (Holmans et al. 

1994).   

The His tag provided an easy way to purify cytochrome b5. Complex processes such 

as anion exchange and hydrophobic chromatography could be avoided. However, the 

recovery of cytochrome b5 was very low after the nickel affinity chromatography.  

Later, we found that binding of solubilised CYP4A1- (His)6 protein to the nickel 

column was much better after protein storing buffer was exchanged for fresh buffer 

by a size exclusion PD-10 column. We proposed that the storing buffer after 

membrane protein solubilisation might contain histidine or other low molecular 

weight compounds, which competed with histidine tag protein binding to the nickel 

resin. As a result, the recovery by nickel affinity chromatography was low. Therefore, 

buffer exchange before purification may help to improve the recovery of cytochrome 

b5 purification.    

Interestingly, when less detergent was used to solubilise membrane-bound 

cytochrome b5, the purification recovery increased (Table 3-4). This shows that the 
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amount of detergent used for cytochrome b5 solubilisation may also affect the 

recovery of cytochrome b5 purification. 

In conclusion, functional human cytochrome b5 was expressed in E.coli. After 

purification, pure and spectrally functional cytochrome b5 was obtained (Figure 3-7 

and 3-8). These purified cytochrome b5 was used in reconstitution of CYP4A1 

activity. 

4.2 Expression of CPR 

Human cytochrome P450 reductase was expressed in E.coli using plasmid pB55, 

with human CPR cDNA fused to the pelB leader sequence in pB55. The initial study 

showed that expression of CPR in E.coli led to serious degradation of CPR (Porter et 

al. 1987); therefore the signal peptide, OmpA, was utilised to transport CPR into 

periplasmic space to avoid proteolysis (Shen et al. 1989).  In this project, pelB was 

supposed to play a similar role to OmpA because pelB is also a signal peptide.  

The recombinant CPR expressed in JM109 showed cytochrome c reduction activity 

(Table 3-5). This meant that the recombinant CPR was functional. After affinity 

purification by 2�, 5�-ADP agarose, there were two bands of approximate molecular 

weight 66,000Da and 78,000Da, on SDS-PAGE. The high molecular weight 

corresponded to intact CPR. According to previous studies, the low molecular weight 

band was likely to result from the proteolysis of CPR (Porter et al. 1987).  The 

purified CPR retained strong cytochrome c reduction activity, and was used for 

reconstitution of CYP4A1 activity in vitro. 
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4.3 Expression of CYP4A1 

OmpA is a membrane protein in E.coli, which contains 346 amino acids, the first 21 

of which make up the transmembrane signal region (MKKTAIAIAVAIAGFATVAQ 

AA) (Movva et al. 1980). The signal peptide of OmpA was fused to CYP4A1 to 

express P450 in E.coli. A six-histidine tag was introduced in the fusion protein to 

help purification.  

Several factors including the host strain, the concentration of IPTG, induction time, 

and induction temperature were examined for maximal expression of OmpA.4A1.HT. 

The optimal conditions (Section 3.3.1.4) were similar to a previous study for 

expression of cytochrome P450 in E.coli. (Barnes 1996). The effect of δ-ALA was 

also investigated. The supplement of δ-ALA was found to enhance the expression of 

OmpA.4A1.HT (Figure 3-14). However, a previous report showed that expression of 

OmpA-3A4 was not improved by the addition of δ-ALA (Pritchard et al. 1997). δ-

ALA is the precursor of heme, which might explain enhancement in expression of 

P450s. However, when P450s are expressed at high level, heme may not be the 

limiting factor and as a result, the additional δ-ALA would not improve the 

expression level. The effect of δ-ALA could differ for expression of different P450s.   

In a previous report, the same OmpA-fusion strategy was used to express CYP3A4, 

2A6 and 2E1 (Pritchard et al. 1997). All expression levels, except for CYP2E1, were 

higher than N-terminally modified versions (Pritchard et al. 1997). However, the 

expression level of OmpA.4A1.HT fusion was 60-100nmol in one litre of media 

under optimal conditions, similar to the expression level of modified N-terminal 

CYP4A1 (Figure 3-15). Therefore, although functional OmpA-CYP4A1 was 

successfully expressed in E.coli, OmpA-fusion did not improve the expression level 
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of CYP4A1. The reason why expression level of different P450s shows such 

variation needs further investigation. 

Previous studies showed that buffer, detergent and the concentration of protein could 

affect solubilisation of membrane protein (Hjelmeland 1990). Phosphate buffer is 

well known for its ability to aid in solubilisation of membrane protein (Hjelmeland 

1990), and so it was chosen for solubilisation of CYP4A1 in this project. 

Non-ionic surfactants such as Emulgen 913 are widely used for extracting P450s 

from membranes. Interestingly, we found that the combination of Emulgen 913 and 

sodium cholate, which is an ionic detergent, improved the recovery of the P450 after 

solubilisation (Table 3-6). This might be because the ionic detergent could interact 

with the charged surface of P450, enhancing the solubility of P450. Thus, detergents 

with different properties were used together. 

Higher concentrations of protein can improve solubilisation of P450 from the 

microsome (Hjelmeland 1990). When the membrane protein concentration was 

higher than 1mg/ml, better recovery was obtained (Hjelmeland 1990). Therefore, the 

microsome protein concentration was kept at more than 1 mg/ml in this experiment.   

After CYP4A1 was purified by Ni2+ chelate affinity chromatography, the protein 

showed a single band on the SDS-PAGE (Figure 3-16A). This meant that CYP4A1 

was homogenous. The purified CYP4A1 had a typical P450 carbon monoxide 

binding spectrum and little P420 was detected (Figure 3-16B). Therefore, pure and 

functional CYP4A1 was obtained.  

The specific content of purified OmpA.4A1.HT (2.2 nmol/mg protein) was found to 

be lower than the theoretical value (16.4 nmol/mg protein, based on a molecular 

weight of OmpA.4A1.HT of 60.8kDa), which meant that a considerable amount of 
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P450 lost spectral activity during purification. A similar result was observed during 

purification of [His]6-CYP2D6-∆25 (Kempf et al. 1995). The authors proposed that 

imidazole, which was used to elute P450 from nickel column, could compete with 

carbon monoxide to bind with heme and therefore the content of P450 could be 

underestimated (Kempf et al. 1995).   

Dierks et al. (1998) reported that imidazole could bind to CYP4A1 and induce a 

difference spectrum that had a peak around 425nm. The Ks value of CYP4A1 

binding to imidazole was 1.4±0.1mM, determined by the difference spectrum (Dierks 

et al. 1998a). During purification of CYP4A1, the concentration of imidazole in the 

buffer (5-750mM) was much higher than the Ks value. Therefore, imidazole could 

bind to CYP4A1 and possibly occupy the heme iron site in CYP4A1. Although the 

purified CYP4A1 was desalted using a PD-10 column, there may still been some 

tightly bound imidazole in CYP4A1. This could affect the binding of carbon 

monoxide to P450 and as a result, the content of P450 could be undervalued.  

Another reason for low specific content of CYP4A1 could be the loss of heme during 

purification. It was reported that 30% of heme, in the E.coli expressed CYP4A1, was 

covalently bound and 70% heme was in free form (Hoch and Ortiz De Montellano 

2001). When CYP4A1- (His)6 bound to the nickel column, some free heme may have 

been washed out by the washing buffer, resulting in some CYP4A1 losing the heme.  

Therefore, the functional recombinant CYP4A1 was successfully expressed in E.coli. 

CYP4A1 protein was purified to be homogenous by nickel chelate chromatography 

and the purified protein had the typical P450 spectrum (Figure 3-16). These CYP4A1 

proteins were used for substrate-binding and activity assays.      
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4.4 Structure-function relationships of CYP4A1 

4.4.1 Substrate binding sites 

Site-directed mutagenesis was used to examine residues in CYP4A1, which could 

bind substrate. We tried to distinguish mutants, which only affected substrate-

binding patterns from other mutations, which diminished CYP4A1 catalytic activity 

because of other reasons, such as disturbing the tertiary structure of the enzyme. 

Therefore, mutants were designed, which are supposed to change the substrate 

specificity from fatty acid to fatty amine.  

4.4.1.1 K93 

A model of CYP4A1 was built to help to investigate structure-function relationships 

in CYP4A1 (unpublished, C. A. Laughton, University of Nottingham). This model 

suggests that the basic residue K93, located at the entrance of the substrate-binding 

channel, is a substrate-binding residue (Figure 3-21). The alignment of CYP4A 

proteins also showed that K or R, which carry a positive charge; often appear at a 

similar position in other CYP4A members (Figure 3-20). Moreover, R47 in 

CYPBM3, which is equivalent to K93 in CYP4A1, was identified as a crucial residue 

for substrate binding (Graham-Lorence et al. 1997; Oliver et al. 1997; Noble et al. 

1999). Therefore, we proposed that K93 could possibly form an ion-pair with the 

carboxyl group of a fatty acid substrate, and then would play an important role in 

substrate contact.  

In order to examine this hypothesis, we changed the positively charged residue K93 

to the negatively charged residue E by site-directed mutagenesis and proposed that 

the K93E mutant would change the substrate specificity from fatty acid to fatty 
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amine. This was because K93E would form ion-pair with the amine compound that 

carries a positive charge, but not with fatty acid, which carries the same negative 

charge as the residue E.  

The substrate affinity of K93E mutant was investigated, and compared with wild 

type. Two kinds of substrate: lauric acid and dodecyltrimethylammonium bromide, 

which carry negative and positive charge respectively, were used in the experiments. 

Addition of lauric acid to CYP4A1 and K93E induced a Type I difference spectra 

(Figure 3-24A and 3-25A). For lauric acid, the Ks value of K93E (32µM) was 

approximately three times higher than that of CYP4A1 (9.7µM), but the change was 

less than expected. The expected electrostatic repulsion between the carboxyl groups 

in lauric and glutamic acid should have produced a bigger difference in Ks. For 

dodecyltrimethylammonium bromide, no difference spectrum was observed during 

titration of the substrate in CYP4A1 (Figure 3-26). However, the difference spectrum 

of K93E showed a trough at approximate 420nm but no peak at 390nm (Figure 3-

27A). This change in the difference spectrum could not be an artefact because 

CYP4A1 did not show a similar pattern. The Ks value could not be determined 

because the regression curve was linear in the range of 0-410µM of amine compound. 

This linear pattern was consistent with the initial region of the regression curve (0-

100µM lauric acid) obtained from CYP4A1 binding to lauric acid (Figure 3-25B). 

The maximal change of absorbance caused by titration of amine compound in K93E 

was approximately half (Figure 3-27B) that caused by titration of lauric acid in 

CYP4A1 (Figure 3-24B). Higher concentrations of amine compound were not used 

in this experiment due to the fact that a large amount of detergent would destroy the 
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enzyme tertiary structure. Therefore, this difference spectrum suggested that there 

was a weak interaction between K93E and dodecyltrimethylammonium bromide.  

Our hypothesis predicted that K93E would bind to fatty amine compound because 

the ion-pair could form between the negatively charged glutamic acid and the 

positively charged dodecyltrimethylammonium bromide. This contact was detected 

by a substrate-binding assay, but the interaction between K93E and fatty amine 

compound was weaker than expected.  

In summary, K93E mutant results in an increase of Ks for lauric acid and the weak 

binding to fatty amine compound, but the change of K to E did not greatly affect 

substrate-specificity.  

Our previous hypothesis suggested that K93E would change substrate-specificity 

from fatty acid to fatty amine compound. Our results clearly showed that change of 

K93 to E in CYP4A1 slightly decreased the affinity against lauric acid and produced 

a weak interaction with fatty amine compound. Therefore, K93 in CYP4A1 could be 

related to substrate contact, but is not the principle substrate binding residue. Other 

residues in CYP4A1 may work together with K93 and determine the substrate 

binding.   

4.4.1.2 R87 

Because K93 was not identified as the determinative residue for substrate binding, 

we then investigated other residues that could be involved in substrate binding. The 

model of CYP4A1 suggested R87 to be located on the opposite side of K93 but also 

in the mouth of substrate channel (Figure 3-28). Moreover, R87 carries a positive 

charge, which could potentially form an ion-pair with substrate. Therefore, we 

designed a series of mutants to examine the role of R87.    
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Firstly, R87 mutant was replaced by the residue E. Substrate specificity of R87E was 

investigated. Titration of lauric acid induced in a Type I substrate-binding difference 

spectrum (Figure 3-32). The Ks value of R87E binding to lauric acid (544µM) was 

much higher than that of CYP4A1 binding to lauric acid (9.7µM), showing that 

R87E decreased the affinity to lauric acid. No change was observed in the difference 

spectrum of R87E binding to dodecyltrimethylammonium bromide (Figure 3-34). 

Thus, R87E possibly did not bind the amine compound. The activity assay showed 

that R87E mutant failed to metabolise either lauric acid or amine compound 

(unpublished, V. E. Holmes, University of Nottingham). Since the mutation from 

R87 to E diminished lauric acid affinity in the absence of increased amine compound 

binding, this was consistent with the effect of the mutation, which had an 

adventitious effect on the tertiary structure of CYP4A1 in the substrate access 

channel; therefore, we could not assess the contribution of R87 in substrate binding 

from this data.     

We also designed the double mutant, R87E/K93E, to examine if the combination of 

mutations at both R87 and K93 to E would change the substrate-binding pattern. 

Titration of lauric acid resulted in a Type I difference spectrum in R87E/K93E 

(Figure 3-33A) and the Ks value of binding lauric acid (370µM) was much higher 

than that of CYP4A1 binding to the same substrate (9.7µM). The difference 

spectrum of titration of dodecyltrimethylammonium bromide in R87E/K93E was 

similar to that in K93E, which showed no peak at 390nm but a trough at 420nm 

(Figure 3-35A). The linear relationship of ∆A against the concentration of amine 

compound was obtained (Figure 3-35B). This difference spectrum suggested that 

R87E/K93E only bound weakly to the fatty amine compound as described in section 
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4.4.1.1. Therefore, R87E/K93E showed low affinity to both lauric acid and amine 

compound, consistent with the results obtained from R87E. This could be due to the 

destruction of tertiary structure of CYP4A1 in the substrate access channel. Thus, the 

role of R87 in CYP4A1 cannot be evaluated from these data.  

We then used neutral residue W to replace the basic residue R87 to further 

investigate the role of R87 in CYP4A1. R87W mutation is supposed to keep the 

P450 activity because CYP4A4 also has W in the corresponding position according 

to the alignment among CYP4As (Figure 3-20). We looked to see if the substrate 

specificity of the mutant would change when the positive charge was absent at R87 

and the basic residue K93 was replaced by the acidic residue E. Thus, the double 

mutant R87W/K93E was constructed. Titration of lauric acid in R87W/K93E 

induced a Type I difference spectrum (Figure 3-38A), but the affinity to lauric acid 

of R87W/K93E was lower than that of wild type due to the very high Ks value 

(724µM). R87W/K93E showed weak contact to amine compound due to the similar 

difference spectrum of titration of dodecyltrimethylammonium bromide in 

R87W/K93E (Figure 3-39) as described in the section 4.4.1.1. These results 

suggested that the change of R87 to W decreased the affinity to lauric acid because 

K93E single mutant did not dramatically affect the substrate affinity, but 

R87W/K93E did not shift the substrate specificity from lauric acid to the amine 

compound. This can be explained by the fact that W could not form an ion-pair with 

amine and K93E only bound the amine weakly. However, we could not distinguish 

the reduction of fatty acid affinity in R87W/K93E resulted from the poor binding of 

substrate, or destruction of tertiary structure at the entrance of substrate-binding 

channel. A further activity assay of R87W/K93E may help to find the answer.    
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Therefore, R87 is important to keep the function of P450 but it is not clear if R87 

residue is directly involved in the substrate binding. 

4.4.1.3 N116 

N116 is located behind the K93 in the model of CYP4A1 (Figure 3-41). We 

hypothesised that the substrate might initially interact with K93, then shift to N116.  

Therefore, N116 could be another candidate for substrate binding.  

We designed the N116E and N116E/K93E mutants to investigate the function of 

N116. We failed to obtain the purified functional N116E/K93E mutant, owing to low 

level of expression and few P450 in microsome (section 3.4.1.3). Therefore, only 

N116E mutant was examined.  

The substrate binding assay showed that the Ks value of N116E binding to lauric 

acid (8µM) was similar to that of CYP4A1 (9.7µM), and titration of 

dodecyltrimethyl-ammonium bromide did not cause the change of difference 

spectrum (Figure 3-45), the same observation as seen with CYP4A1. These results 

suggested that the mutation in N116 did not affect substrate-binding pattern, and that 

N116 was probably not involved in substrate binding.   

We investigated the role of three residues including K93, R87 and N116 in CYP4A1 

for substrate binding. Our results showed that the K93 residue is involved in binding 

substrate but that it does not determine the substrate binding. Also, R87 is important 

for maintaining the normal P450 activity but we cannot assess the substrate-binding 

ability of R87 due to the fact that E mutation at R87 resulted in the non-functional 

enzyme; and that N116 is probably not involved in substrate contact.   

K93 in CYP4A1 is equivalent to K91T in CYP4A3. In a previous report, the K91T 

mutant of CYP4A3 completely lost catalytic activity and the titration of lauric acid 
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and myristic acid did not cause a spin state change (Hoch et al. 2000a). The authors 

did not describe the reason why the CYP4A3-K91T mutant lost the activity in their 

study. There are two possibilities that could have caused activity loss of CYP4A3-

K91T mutant. The first possibility was that the K91T mutant failed to bind substrate. 

The second possibility was that the mutation deconstructs the tertiary structure of the 

substrate-binding channel. Our results suggested that the K93E mutant still bound 

lauric acid well and kept significant activity. Therefore, we propose that the activity 

loss of CYP4A3-K91T mutant was possibly caused by the second reason.   

In CYP4A7, there is a natural E residue in the position corresponding to that of K93 

in CYP4A1. However, CYP4A7 can bind and metabolise lauric acid well (Loughran 

et al. 2000). This seems to be consistent with our observation from K93E mutant. 

The position of R47 in CYPBM3 is equivalent to K93 in CYP4A1.Although R47 in 

CYPBM3 was a critical residue for substrate binding; there is argument about the 

role of R47 in CYPBM3. In the crystal structure of CYPBM3, R47 residue could not 

be well defined (Ravichandran et al. 1993). The authors suggested that the position 

of R47 could be flexible (Ravichandran et al. 1993). The crystal structure of 

CYPBM3 with palmitoleic acid and N-palmitoylglycine revealed that the distance 

between R47 and the carboxyl group of substrates was longer than efficient 

electrostatic interaction range (Li and Poulos 1997; Haines et al. 2001). The authors 

proposed that the role of R47 in substrate binding could be flexible and transient (Li 

and Poulos 1997; Haines et al. 2001). Although the R47 mutants showed decreased 

affinity for some substrates of BM3 (Graham-Lorence et al. 1997; Oliver et al. 1997; 

Noble et al. 1999), it was recently reported that R47A mutant had a higher turnover 

than the wild type for lauric acid oxidation. Also, the Ks of R47A only increased 3.7 
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fold for arachidonic acid and 4.9 fold for palmitoleic acid (Cowart et al. 2001), 

which is similar to our observation in K93E binding to lauric acid. Therefore, K93 in 

CYP4A1 may also be flexible. It may it might initially form a temporary 

intermediate with the substrate, the substrate would then shift to (an) other binding 

site(s). Other residues in CYP4A1 could determine substrate binding.  

R90 in CYP4A7 is the equivalent to R87 in CYP4A1 in the alignment of CYP4A 

proteins (Figure 3-20). In a previous study, R90W mutant of CYP4A7 showed a 

decrease of catalytic activity against laurate and arachidonate but a slight increase of 

PGE1 activity (Loughran et al. 2000). Our substrate-binding assay suggested that the 

affinity of R87W/K93E to lauric acid was reduced, which is consistent with the 

observation in CYP4A7-R90W mutant.   

Owing to failure of identifying the key substrate binding residues, it remains in 

question what residue(s) is (are) crucial for substrate binding. The study in CYPBM3 

suggested that Y51 plays an important role in substrate binding. The hydrogen bond 

could be formed between Y51 and carboxyl group in the fatty acid. Y95 in CYP4A1 

is similar to Y51 in CYPBM3. The CYP4A1 model showed that Y95 is also located 

at the entrance of the substrate channel; it is close to K93 but behind K93. Therefore, 

the position of Y95 is suitable to bind substrate. 
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Figure 4-1. Y95 residue in CYP4A1 model.  
The Y95 residue is yellow; the K93 residue is pink. The heme group is green and the iron in the heme 
is red.  
 
The alignment of the CYP4As suggested that the basic residues, which could 

potentially make contact with carboxyl group of fatty acid, often appear in the 

similar position to Y95 in CYP4A1. The two exceptions are CYP4A7 and CYP4A21, 

which have hydrophobic residue F and M in this position. Interestingly, CYP4A21, 

the new member of CYP4A subfamily, recently identified in pig, can not use lauric 

acid as the substrate, but it can hydroxylate chenodeoxycholic acid (Lundell et al. 

2001). Therefore, CYP4A21 probably has different substrate recognition sites. The 

sites that respond to bind lauric acid could be lacking in CYP4A21. The Met90 in 

CYP4A21, corresponding to Y95 in CYP4A1 (Figure 4-2), might be able to explain 

the unique substrate specificity of CYP4A21.  

 

 



Ming Qi Fan                                                              4 Discussion 

  

 
- 171 - 

                      68                                    93 95    99                   

CYP4A1_rat   : DKELQQIMTCVENFPSAFPRWFWGSKAYLIVY    
CYP4A2_rat   : DREFQQVLTWVEKFPGACLQWLSGSTARVLLY  
CYP4A3_rat   : DREFQQVLTWVEKFPGACLQWLSGSKTRVLLY  
CYP4A4_rabit : DQELERIQKWVEKFPGACPWWLSGNKARLLVY  
CYP4A5_rabit : NQELQQILKWVEKFPRACPHWIGGNKVRVQLY 
CYP4A6_rabit : GHELQVMLKWVEKFPSACPRWLWGSRAHLLIY  
CYP4A7_rabit : DSELQQVLKRVEKFPSACPRWLWGSELFLICY  
CYP4A8_rat   : DQDFQDILTRVKNFPSACPQWLWGSNVRIQVY  
CYP4A11_human: DQELQRIQKWVETFPSACPHWLWGGKVRVQLY  
CYP4A21_pig  : ESELQPLLKRVEKYPSACARWLWGTRAMVLVY 
                                                               90             

Figure 4-2. Alignment of CYP4As protein sequence.  
Y95 in CYP4A1 and the corresponding residues in other CYP4As are shown in bold. F96 in CYP4A7 
and M90 in CYP4A21 are underlined. 
 
Moreover, it was reported that CYP4A1 could bind methyl laurate and lauryl alcohol 

well (Alterman et al. 1995). These compounds do not carry a charge and therefore 

they cannot form an ion-pair with the positively charged residues in CYP4A1. 

However, the hydroxyl group in Y95 could possibly form a hydrogen bond with the 

carboxyl group in methyl laurate and hydroxyl group in lauryl alcohol. Therefore, 

Y95 could be another potential candidate for substrate binding. 

4.4.2 The C-helix region 

The C-helix is conserved in the CYP4 family according to the alignment among 

CYP4As (Figure 4-46), but its role is unknown. The CYP4A1 model showed that the 

C-helix is behind I-helix and had putative contact with the heme group (Figure 3-47). 

We chose four residues: H141, R142, R143 and F149 in C-helix, and examined their 

functions by site-directed mutagenesis.  

4.4.2.1 H141 

H141 is located almost at the beginning of C-helix (Figure 3-46). Histidine is a basic 

residue and has aromatic group. In order to examine what structural characteristic 

was important, we designed two mutants, H141F and H141L. These did not carry the 
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positive charge but H141F still had the aromatic structure. These two mutants 

dramatically decreased the P450 activity. Interestingly, another mutant, H141R, 

which kept the positive charge, had similar activity to wild type (unpublished, 

Holmes, University of Nottingham). Therefore, the positive charge at this position 

maintained the catalytic activity of CYP4A1, but aromatic structure did not.    

The model of CYP4A1 suggested that basic residue H141 is very close to two acidic 

residues, D309 and E313, in I-helix (Figure 3-47). The ion-pair could be formed 

between H141 and acidic residues. This electrostatic contact could help to stabilise 

the tertiary structure of CYP4A1. Owing to the fact that histidine is conserved in all 

CYP4As, H141 possibly plays an important role in keeping P450 function. 

4.4.2.2 F149 

Another residue we focused on was F149, which is located at the end of the C-helix 

(Figure 3-46). In this study, we undertook mutagenesis to find the function of F149 

in CYP4A1.  After Ile replaced Phe, most of the enzyme was non-functional P420 

(Figure 3-57). However, the F149Y mutant retained some activity but the activity 

was much lower than wild type (unpublished, Holmes, University of Nottingham). 

Therefore, the aromatic character was required for activity of CYP4A1.  

In the CYP4A1 model, F149 in C-helix was very close to F317 in I-helix (Figure 3-

53). They might interact with each other to help to stabilise the position of C-helix 

and I-helix. The polar hydroxygen group at F149Y might reduce this interaction, and 

F149I could not have this interaction. As a result, F149Y has the low activity and 

F149 turns to non-functional P420. Therefore, F149 also contributes to the normal 

function of P450.  
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4.4.2.3 R142 and R143 

There are some basic residues at C-helix, which could comprise part of positively 

charged surface (Figure 3-58). We designed two mutants, R142A and R143A, to 

eliminate the charge and then examined the activity of mutants. R142A did not yield 

purified enzyme due to the low expression level (12nmol/l). However, purified 

R143A showed a significant decrease of activity (unpublished, Holmes, University 

of Nottingham). The study of CYP2B4 and 2B1 suggested that the positively charged 

surface of P450 was related to docking negative charged redox partners including 

CPR and cytochrome b5 (Omata et al. 1994; Bridges et al. 1998; Omata et al. 2000). 

Some key residues, including R126 in CYP2B4 (Bridges et al. 1998) and R125 in 

CYP2B1(Omata et al. 1994; Omata et al. 2000), have been identified. R142 and 

R143 in CYP4A1 correspond to the position of R125 and R126 in both 2B4 and 2B1. 

Therefore, it is possible that they share a common function for binding the redox 

partners. The low activity of R143A might be caused by the inefficient contact 

between CYP and redox partners.  

                      138         142                                 151 
4A1 : WFQHRRM-LTPAFHY 
2B4 : WRALRRFSLATMRDF 
2B1 : WKALRRFSLATMRDF 
                                     125         

Figure 4-3. Alignment of 4A1 with 2B4 and 2B1.   
R142 and R143 in CYP4A1 and R125 and R126 in CYP2B1 and 2B4 are underlined.  

4.5 Future direction 

The role of residues K93, R87 and N116 in substrate binding have been studied by 

site-directed mutagenesis in this project. However, it is still not very clear which 

residue(s) in CYP4A1 is (are) curial for substrate-binding. Therefore, the further 

investigation of structure-function relationships in CYP4A1 seems to be necessary. 
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As described in section 4.4.1, the Y95 residue in CYP4A1 may play a role in 

substrate-binding, according to the CYP4A1 model, alignment among CYP4A 

proteins and studies in CYPBM3. Therefore, site-directed mutagenesis in Y95 may 

be a good start to further identify the key substrate-binding residue in CYP4A1. 

Furthermore, the updated CYP4A1 model may also lead to find the other potential 

substrate-binding residues, and then site-directed mutagenesis can help to reveal the 

function of these residues. 

For the C-helix region in CYP4A1, it has been shown that H141, R142, R143 and 

F149 residues in this region are important to keep the P450 function in this study. 

The further experiments are necessary to elucidate the function of these residues. For 

example, the interactions between positively charged residues such as H141, R142 

and R143 and redox partners are needed to investigate. The functions of  H141 and 

F149 in stabilisation of CYP4A1 structure and keeping P450 spectral character are 

also needed to examine. These further studies may help us well understand the C-

helix region in CYP4A1. 
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