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Abstract 

Human cytochrome P450 1 (CYP1) family consists of three members; they 

are CYP1A1, CYP1A2 and CYP1B1. The mRNAs of CYP1A1 and 

CYP1B1 genes are known to be expressed in extra-hepatic tissues while 

that of the CYP1A2 gene is found in the liver amongst other tissues. Under 

normal circumstances, rarely has CYP1A1 protein expression been seen in 

human tissues.  All three CYP1A enzymes have been widely studied for 

different reasons.  

The CYP1A1 enzyme is known to be induced by xenobiotics and poly-

aromatic hydrocarbons (PAHs). Induction of CYP1A1 results in its 

involvement in Phase 1 biotransformation of xenobiotics and in the 

metabolism of pro-carcinogens, such as PAHs, to carcinogenic substances 

that eventually lead to cancer.  

Natural products such as flavonoids, chalcones and stilbenes have attracted 

a great deal of attention since these compounds have an ability to modulate 

the activity of CYPs by inhibiting CYP-specific enzymatic activity. Several 

compounds have been found which potently inhibit CYP1 family of 

enzymes. They are resveratrol, rhaphontigenin, isorhaphontegenin, α-

napthoflavone, tetramethoxystilbene. Some of these compounds are 

available over the counter in pharmacies in the UK, mainland European 

countries and the US with proclamation of health benefits. Until now, no 

potent CYP1A1-specific inhibitor has been identified. Compounds that 

inhibit CYP1A1 can potentially act as chemo-preventive agents in the 

treatment of cancer.  
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In this thesis, at first, a yeast strain that co-expresses CYP1A1 with a 

genetically engineered variant of human P450 reductase (ΔhRDM) was 

successfully grown; microsomes containing active CYP1A1 enzyme were 

prepared. A 200-compound library (available at DMU’s School of 

Pharmacy) consisting of chemically synthesised compounds belonging to 

chalcone flavonoid and stilbene classes were screened on the CYP1A1 

microsomal enzyme to find a potent inhibitor of CYP1A1; later, CYP1A2 

and CYP1B1 microsomal enzymes were used to determine specificity 

towards CYP1A1. Various inhibitors were identified with differing degrees 

of potency and specificity.  

The lead inhibitory molecules obtained from the initial in vitro screen were 

assessed in live yeast cells that expressed active CYP1A1 enzyme.  The 

results interestingly indicated that there is a strict correlation between IC50s 

obtained in microsomal and cellular assays.  

We were curious to know whether the activation of a CYP by the novel 

reductase ΔhRDM created an active site geometry which is identical to the 

active sites formed by coupling of the wild-type human and yeast P450 

reductases (hRD and yRD). Since currently there is no way of determining 

the active site of a membrane-bound protein complex using X-ray 

crystallography or 2-D NMR, we decided to use chemical tools (i.e. 

inhibitors of the CYP1 enzymes) to find out if the IC50s of inhibitory 

molecules could be used instead as a way of determining active site 

geometry.  It was quite fascinating to see that the IC50 of a compound with 

a CYP activated by ΔhRDM is more or less the same as a CYP activated by 

a wild-type reductase (yRD or a hRD) indicating that the active site 

geometries of a CYP are the same irrespective of the coupled reductase. 
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DMU 2157 (a heterocyclic chalcone) and DMU 110 (a flavonoid) were 

found to be potent inhibitors of CYP1A1 enzyme (IC50, 72nM and 397nM, 

respectively). Structural analysis of DMU 2157 suggested that the positions 

of the methoxy groups in ring ‘A’ and the position of the <N in the pyrido 

‘B’ ring play important roles in facilitating inhibition of CYP1A1 enzyme. 

Therefore DMU 2157 analogues, modelled on ‘chalcone’ and ‘stilbene’ 

scaffolds, were chemically synthesized to better understand the structural 

features of DMU 2157 that contribute to specific inhibition of CYP1A1 and 

with the aim that more potent inhibitors could ultimately be designed. 

Intriguingly, besides obtaining CYP1A1-specific inhibitors, these chemical 

studies have led to compounds that are also exquisitely specific to CYP1B1 

and CYP1A2.  

In conclusion, the body of data generated in this thesis has created the basic 

foundations for further studies that could eventually lead to entities with 

strong anticancer potential.  
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Chapter 1  Introduction  

 1.1 Biotransformation of xenobiotics 

Every living organism is constantly exposed to foreign chemicals which are 

known as xenobiotics. These include compounds that are industrial 

chemicals, drugs, plant metabolites, environmental pollutants, pesticides 

and toxins. These chemical compounds are absorbed by the body via 

cutaneous, oral and pulmonary routes and the water soluble xenobiotics are 

easily eliminated through the urine and faeces. But the fat soluble 

xenobiotics are not easily eliminated by the body, they have a tendency to 

accumulate in the tissues which are rich in lipids and then lead to adverse 

or toxic effects in the body. The elimination of these compounds depends 

on their ability to be transformed into water soluble substances, the process 

being known as biotransformation. Biotransformation takes place in the 

presence of enzymes present in the liver and extra-hepatic tissues. These 

enzymes work as catalysts in this transformation and help an organism to 

get rid of the possible toxicity. 

1.2 Phase I and II of Biotransformation 

The reaction in the presence of catalytic enzymes leading to 

biotransformation completes in two phases, Phase I and Phase II. The 

former involves hydrolysis, reduction and oxidation which result in an 

increase in xenobiotic hydrophilicity (Parkinson 1996). The latter includes 

methylation, acetylation, glucuronidation, sulphonation and conjugation 

with amino acids and glutathione (Bock et al 1994). Phase I includes an 

unmasking procedure of a drug molecule in order to make it more water 

soluble so as to be excreted. The drug metabolizing enzyme reactions lead 
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to the creation of more water soluble metabolites than the precursors. These 

drug metabolizing enzymes are known as cytochrome P450 (CYP) 

enzymes which are oxygen-reacting haemproteins (Hasler et al 1999).  

Further explanation of this is provided later in this chapter under the 

heading ‘Cytochrome P450’. Phase II which involves conjugation reactions 

takes place after the completion of Phase I by allowing a covalent 

attachment to glycine to increase xenobiotic solubility. The conjugation 

reaction involving the activated xenobiotics leads to greater excretion than 

the processes of acetylation and methylation. Phase II reactions are much 

faster than Phase I so the excretion process depends more on the 

completion of the first phase by cytochrome P450 enzymes (Parkinson 

1996). 

1.3 Cancer and Carcinogenesis 

Cancer is a disease caused by the disruption of the normal function of a 

cell. Normal cell regulation involves a mechanism with a systematic natural 

programming and any intervention to this natural system disrupts the whole 

course and leads to abnormal cell division and restriction of cell death 

(Hanahan and Weinberg 2000). 

Carcinogenesis may be caused by genetic mutations induced by a foreign 

chemical agent in the human body and involves three stages which are 

initiation, promotion and progression. For example, polyaromatic 

hydrocarbons present in tobacco smoke can initiate carcinogenesis in lungs 

by utilising CYP metabolising action (San Jose et al 2010).  
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1.4  What are Cytochrome P450s and their role? 

Cytochrome P450s (abbreviated as CYP450 or CYP) belong to a group of 

enzymes which are responsible for the activation of molecular oxygen in 

oxidative metabolism of a variety of organic chemicals such as drugs, 

steroids etc (Pandey and Fluck 2013). These enzyme systems have been 

found in all living beings and play a great role in the process of detoxifying 

toxic materials formed in the body. The CYP450s belong to a super-family 

of  haemoproteins. They are also referred to as mixed function oxidases. 

They are endoplasmic reticular membrane bound terminal oxidases. 

Usually they consist of ~500 amino acids and contain an iron-

protoporphyrin IX prosthetic group (Mason 1957; Hasler et al 1999). 

Active CYP450s require the participation of NADPH-cytochrome P450 

reductase and cytochrome b5 (Mason 1957).  

CYP450s in humans play a very vital role in the metabolism of an array of 

lipophilic xenobiotics, oxidation of unsaturated fatty acids to intracellular 

messengers, region- and stereo-specific metabolism of vitamins to make 

them fat soluble, biosynthesis of steroid hormones etc (Hasler et al 1999).  

CYP450s are present in all living organisms both eukaryotic and 

prokaryotic (Caswell et al 2013). They exist in most bacteria although there 

seems to be no CYP450 gene in Escherichia coli (Werck-Reichhart and 

Feyereisen 2000). It has been suggested that the ancestral cytochrome P450 

gene may have existed for the last 3.5 billion years (Nebert and Mckinnon 

1994).  

In 1958, Klingenberg discovered a pigment from the microsomal fraction 

derived from livers of rats. He observed an absorbance band at 450 nm 

when he gassed with carbon monoxide (CO) after addition of sodium 
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dithionine to the diluted microsomal fraction. The name ‘P450’ is derived 

from its spectrophotometric property, a protein peak at 450nm 

(Klingenberg 1958). The name ‘cytochrome P450’ originated from the 

work done by Omura and Sato in 1964, who reported that this pigment is 

haemoprotein in nature. CYP450 discovery was shortly followed by the 

discoveries of Estabrook et al (1963) and Cooper (1965) who found that 

the metabolism of pharmaceutical drugs was carried out by CYP450 in the 

liver. Since then research on CYP450 enzymes seems to be an essential 

part of the process of Drug Discovery. Recently it has also been realised 

that some CYP450s participate widely in oncogenesis.  

A ~500-amino acid mammalian CYP450 consists of an amino terminal 

domain which is hydrophobic in nature that allows anchoring to the 

endoplasmic reticulum membranes while the carboxyl terminal domain acts 

as a thiol-ligand for haeme iron (Hasler et al 1999).  

1.5 NC-IUB and Cytochrome P450  

The enzymatic properties of individual mammalian P450 sequences were 

first reported by Fujii-Kuryama et al (1982) and nomenclature of the varied 

CYP450s was provided by Nebert et al in (1987). 

The human genome encodes 57 CYP enzymes. Besides these, there are 58 

pseudo-genes which are segments of DNA that resemble a gene but it is 

thought that, for some reason, the DNA segments cannot be transcribed 

(http://drnelson.uthsc.edu/human.P450.table.html; Nelson et al 2004). Each 

functional CYP enzyme is capable of performing multiple reactions. 

Human CYPs are categorised into 18 families and 43 sub-families on the 

basis of sequence similarities.  
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The standard nomenclature system for the P450 gene super family was first 

suggested by Nebert et al in (1987). In this nomenclature the CYP450 

proteins which share more than 40% amino acid sequence similarity are 

designated to the same family while the proteins which share more that 

55% amino acid sequence similarity are reserved in the same sub-family 

(Nebert et al 1991). The nomenclature was updated in 1989, 1991 and 

finally by Nelson et al in (1993). The website at 

http://drnelson.uthsc.edu/cytochromeP450.html catalogues all the P450 

genes known until now from different species. It is maintained and updated 

regularly. The most recent update was on January 18th 2013. 

The recommendations of the nomenclature committee assigned to naming 

CYP450 genes are as follows: 

A CYP450 gene is denoted by the italicized root symbol CYP and the 

family by Arabic numerical. The letter after the numerical indicates the 

subfamily when two or more subfamilies are known to exist within that 

family. The numerical after the letter represents the individual gene. For 

example, the gene CYP1A1 represents, cytochrome P450 (CYP), P450 

family (1), P450 subfamily (A), individual gene (1).  The protein gene 

product is represented non-italicised as CYP1A1 (Nebert et al 1991). 

The CYP1 to CYP4 families in humans contain the largest number of 

CYP450s.  
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1.6 NADPH-Cytochrome P450 reductase (CPR) 

The human NADPH-cytochrome P450 reductase (CPR) is also an 

endoplasmic reticular membrane bound protein of 76.6kD but is coded by a 

single gene.  It has been described that CPR gene has evolved from flavin- 

containing electron transport proteins (Porter and Kasper 1985).  The 

functional monooxygenase system was first reported by Lu and Coon 

which consisted of a CYP450, the CPR and phospholipids (Lu et al 1969; 

Backes 2007). The human CPR is a flavoenzyme that is present in tissues 

such as brain, kidney, small intestine, olfactory epithelium on the 

endoplasmic reticulum but it is abundantly found in the liver where 

CYP450 are highly expressed (Reed et al 1986; Ghersi-Egea et al 1989; 

Backes 2007). CPR is an essential component of active CYP450s because 

CPR is responsible for transferring electrons to microsomal CYP for 

metabolism of exdogenous and endogenous substrates (Simmons et al 

1985; Shephard et al 1989; Yamano et al 1989; see Figure 1.1).  

Horecker (1950) was the first person to report CPR as a NADPH-

cytochrome c reductase. The reductase is activated by flavin co-factors 

(containing isoalloxazine moieties). They are FAD (flavin adenine 

dinucleotide) and FMN (flavin mono nucleotide) which are present in a 

ratio of 1:1.  FAD is an electron acceptor from NADPH and FMN is a 

donor which donates electrons to CYP. Transfer of electrons is carried out 

one at a time (Wang et al 1997; Backes 2007). CPR is yellow in colour due 

to the presence of flavin (Iyanagi et al 1978). In the N-terminal sequence of 

human CPR there is a 6KDa hydrophobic domain which allows binding to 

the endoplasmic reticulum while the rest of the C-terminal sequence 

contains a hydrophilic catalytic domain and sequences that bind to flavin 
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cofactors and NADPH (Sevrioukona and Peterson 1995). The N-terminal 

sequence of CPR had been reported to have high sequence similarity from 

yeast to trout to humans (Sevrioukona and Peterson 1995). Besides 

transferring electrons to CYPs, CPR also donates electrons to other 

enzymes, for example, haeme oxygenase and squalene mono-oxygenase 

(Iyanagi and Mason 1973; Lu et al 1969; Iyanagi et al 1978). 

 

 

Figure  1.1:  Cytochrome  P450  and  cytochrome  P450  reductase  interactions  on  the 

endoplasmic reticular membranes (Ohkawa et al 1998). 

1.7 Cytochrome b5  

Cytochrome b5 is a protein that can act both as an electron acceptor or 

donor protein. In 1971 Estrabrook and Hildebrandt reported that 

cytochrome b5 is involved in mixed-function oxidase with CYP450s. The 

molecular mass of this protein is 16kDa and it is also bound to the 

endoplasmic reticular membranes (Vergeres and Waskell 1995).  It consists 

of a hydrophobic domain which anchors it to an endoplasmic reticulum and 

a hydrophilic domain which binds to the haeme and is active in redox 

reactions. The second electron in the catalytic CYP450 cycle is donated via 
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cytochrome b5 (Estrabrook and Hildebrandt 1971; Davis and Waskell 

1984;  Vergeres and Waskell 1995). In in vitro studies it has been reported 

that not all CYPs require cytochrome b5. Only few CYPs such as CYP2C8, 

CYP2C9, CYP2C18, CYP2C19, CYP2E1, CYP2A6, and CYP3A4 require 

the second electron from cytochrome b5 to catalyse oxygenase reactions 

(Shimada et al 2005; Mokashi et al 2003).   

1.8 Biochemistry of Cytochrome P450 enzymes 

The catalytic cycle of cytochrome P450 (CYP) enzymes involve initial 

activation of oxygen followed by oxidation of a substrate. A particular 

CYP can chemically react with different substrates but the basic 

mechanism of substrate oxygenation is similar in all the CYP family 

members. 

The activation and transfer of oxygen on to a substrate by a CYP enzyme 

was demonstrated first by Hayaishi and his co-workers in (1957) and later 

by Montellano in (2005). 

Substrate (RH) + O2 + H + + NADPH             Product (ROH) + H2O + NADP+ 

The ultimate oxygenation of a substrate by a CYP involves multiple steps. 

In the first step, CYP binds to a substrate to form the CYP-substrate 

complex, then in the second step, reduction of the ferric cytochrome P450 

in the CYP-substrate complex to ferrous cytochrome P450 takes place by 

transfer of an electron by another membrane bound enzyme, the NADPH-

cytochrome P450 reductase (CPR). The third step involves binding of 

ferrous cytochrome P450 to di-oxygen to form the CYP–di-oxygen–

substrate complex. In the fourth step, a second electron is transferred by 

NADPH-cytochrome P450 reductase (CPR) or by cytochrome b5.  In the 
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fifth step, the di-oxygen molecule splits into reactive iron-oxo intermediate 

and water (H2O). In the sixth step, transfer of mono-oxygen takes place 

from the iron-oxo intermediate on to the substrate which is bound to 

haeme. In the final step, the substrate, which has been converted to a more 

hydrophilic product by addition of the oxygen atom, dissociates and this 

completes the cycle (Parkinson 1996; Groves 1995) (see figure 1.2).  

 

Figure  1.2:  The  seven  steps  in  the  catalytic  cycle  of  cytochrome  P450  that  allows 

mono‐oxygenation of substrates (Parkinson 1996). 

1.9 CYP450 role in medical therapeutics in human 

In humans CYP450 plays a very important role in maintaining the health of 

the human body. The mammalian cytochrome P450 (CYP) enzymes have 

been extensively studied in different contexts. “CYPs in the liver play a 

major role by converting drugs from a hydrophobic state to a hydrophilic 
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form” (Chang and Kam 1999). In the past few decades CYP450s have been 

identified as drug-metabolizing enzymes. Humans are exposed to a wide 

variety of therapeutic drugs and environmental pollutants which are 

liphophilic in nature and should undergo a process of solubilisation (i.e. 

metabolism). Although the liver produces the highest amount of CYP 

enzymes, there is a variety of other tissues that also express CYPs. They 

are responsible for metabolism of endogenous and exogenous xenobiotic 

compounds directly resulting in detoxification or activation of certain 

enzymes that are involved in detoxification. Thus the response of the body 

to certain substrates, drug therapeutics, environmental pollutants and other 

chemicals can be influenced by the levels of expression of CYP enzymes in 

different tissues. 

Hepatic CYP450s play a crucial role in oxidative drug metabolism, making 

a drug more water soluble so that is easily excreted in the urine by the body 

(Riley and Grime 2004). Drug metabolizing CYP450 enzymes belong to 

CYP1, CYP2 and CYP3 families. These families are involved in Phase I 

biotransformation process to metabolise > 80% of clinically prescribed 

drugs and xenobiotics (Ingelman-Sundberg 2004). The human body faces 

adverse reactions due to polymorphic CYPs (which occur at the genetic 

level) because the polymorphic CYPs distort the process of drug 

metabolism by inappropriately slowing or enhancing the rates of reactions 

(Ingelman-Sundberg 2004; Phillips et al 2001).  It has been reported that 

the majority of the CYPs from CYP1, CYP2 and CYP3 families are 

polymorphic in nature. CYPs show inter-individual variability due to 

differences in CYP allele. The distribution amongst ethnic groups seems 

interesting, some more information about the impact of this, if any, on the 
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metabolism of compounds and prevalence of disease might be good. The 

four phenotypes which have been identified are  

(a) poor metabolizers (PM) who lack functional alleles,  

(b) intermediate metabolizers (IM) who have a combination of one 

functional wild-type allele and another mutant allele leading to 

partial loss of functionality,  

(c) ultra-rapid metabolizers (UM) who have duplicates or multiple 

copies of the wild-type allele and  

(d) normal metabolisers (NM) who carry two copies of the wild-type 

allele (Ingelman-Sundberg 2004, Meyer 1994).  

The CYP1 gene sub-family consists of three enzymes, CYP1A1, CYP1B1 

and CYP1A2. The messenger RNAs (mRNAs) of CYP1A1 and CYP1B1 

are known to be highly induced at the transcriptional level by poly-

aromatic hydrocarbons (PAHs) which are found mainly in cigarette smoke, 

high-boiling fraction of crude oil, charred meat and vegetables. The 

induction leads to increased levels of CYP1A1 and CYP1B1 enzymes. The 

PAHs also act as ideal substrates for both CYP1A1 and CYP1B1 enzymes 

which efficiently hydroxylate the PAHs leading to the formation of 

carcinogenic entities from pro-carcinogenic molecules. This implies that 

the PAHs play a dominant role in the CYP1A1 or CYP1B1 mediated 

positive feedback mechanism that underlies the formation of carcinogenic 

substances capable of intercalating DNA (Gonzalez 1992). The mRNAs of 

CYP1A1 and CYP1B1 are found in a variety of different tissues (Figures 

1.3 and 1.4) while CYP1A2 mRNAs are only found in liver.  

CYP1A1 gene is mostly expressed in the soft tissue, CYP1B1 gene in the 

thymus and CYP1A2 gene in the liver. Single nucleotide polymorphisms 



Page | 34  
 

(SNPs) in the CYP1A1 gene are linked to an increased risk to lung and 

colon cancers whereas SNPs in the CYP1B1 gene can cause predisposition 

to congenital glaucoma possibly because of CYP1B1 enzyme’s role in the 

pathway that leads to the biosynthesis of steroids (Vasiliou and Gonzalez 

2008). Both types of SNPs involve missense mutations.  

 

Figure 1.3: Expressed Sequence Tag (EST) profile of CYP1A1  

Obtained from the website of the Wilmer Institute, Johns Hopkins University, USA. 
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Figure 1.4: Expressed Sequence Tag (EST) Profile of CYP1B1  

Obtained from the website of the Wilmer Institute, Johns Hopkins University, USA. 

The family of CYP2 genes is the largest among all the P450 families that 

exist in mammals. Enzymes like CYP2C8, CYP2C19, CYP2C9, CYP2D6, 

CYP2E1 etc. are responsible for metabolism of many approved drugs and 

are associated with drug-drug interactions. A metabolite formed by 

CYP2E1 from acetaminophen has severe toxic effects in humans.  

Moreover, CYP2E1 is induced in individuals who consume high levels of 

alcohol and over-expressed in liver alcoholic diseases (Yin et al 1995; 

Lieber 1997; Hasler et al 1999).  Omeprazole a proton pump inhibitor 

which is used for treatment of peptic ulcer is metabolized by CYP2C19 

(Yin et al 2004). CYP2D6 enzyme is responsible for the metabolism of a 

quarter of all known pharmaceutical drugs (Werck and Feyereisen 2000).   

The enzymes in the human CYP3 gene family are most abundantly 

expressed in the liver and the gastrointestinal tract and are responsible for 

the metabolism of 30% of currently prescribed drugs (Zanger and Schwab 



Page | 36  
 

2013). Because of this great care is taken in prescribing two or more drugs 

at the same time. For example, administration of the CYP3A4 inhibitor 

ketoconazole (an antifungal compound) with Triazolam (a sedative used to 

treat insomnia and normally metabolized by CYP3A4) results in overdose 

of Triazolam. This typically illustrates a case of drug-drug interaction. 

Thus, to choose a chemical compound that does not profoundly inhibit or 

induce a CYP enzyme is very important at an early stage in the protracted 

process of drug development. Hence, use of these enzymes at appropriate 

time points in the drug discovery flowchart can save huge costs and time 

required for preclinical and clinical studies. Thus drug metabolism studies 

play a very important part in drug discovery.  

The CYPs from CYP4, CYP11, CYP17, CYP19 and CYP21 families are 

responsible for metabolism of endogenous substrates such as arachidonic 

acids, prostaglandins and activation of vitamins A and D3 to biological 

hormones and for steroid biosynthesis (Ronald 2003; Purnapatre et al 

2008). 

A subset of CYPs which is most commonly responsible for metabolism of 

currently approved drugs and therefore responsible for drug-drug 

interactions are CYP2J2, CYP2B6, CYP2A6, CYP1A2, CYP2D6, 

CYP2C9, CYP2C19, CYP2E1 and CYP3A4/5 present in the human liver 

(see Figure 1.5). CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and 

CYP3A5 enzymes together metabolize 90 percent of drugs (Wilkinson 

2005). 
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Figure 1.5: Relative  importance of CYPs  in terms of metabolism of approved clinical 

drugs (Zanger and Schwab 2013). 

1.10  CYP1 family  

The human CYP1 family consists of three members: CYP1A1, CYP1A2 

and CYP1B1. CYP1A1 and CYP1A2 genes are located on chromosome 

15q24.1 which consists of  7 exons and 6 introns whereas CYP1B1 gene is 

located on chromosome 2p22.2 and consists of 3 exons (Zanger and 

schwab 2013). These three enzymes metabolise xenobiotic compounds 

such as nitrogenous heterocylics, polycyclic aromatic hydrocarbons and 

their derivatives such as 2-acetylaminofluorene, caffeine, aromatic amines 

etc in Phase I biotransformation processes (McManus et al 1990; Harvey 

1991; Wakabayashi et al 1992; Butler et al 1989). CYP1 family enzymes 

metabolically activate pro-carcinogens to carcinogens (Gonzalez et al 

1991; Munro et al 1993; Gonzalez and Geloin 1994; Lewis et al 1993). 

CYP1A1 and CYP1B1 mRNAs are found in extra-hepatic tissues such as 

lung, ovary, prostate, kidney and mammary gland (Guengerich et al 2003; 

Shimada et al 1996).  CYP1A2 is predominantly found in the liver and is 
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known to be involved in 8% of the Phase I biotransformation of 

xenobiotics (Rendic and DiCarlo 1997). In humans it has been reported that 

CYP1A1 and CYP1A2 enzymes share 80% of amino acid sequence 

similarities and 40% with CYP1B1 enzyme (Quattrochi et al 1985; Jaiswal 

et al 1985; Chun and Kim 2003). CYP1A1 and CYP1B1 expression is 

induced by poly-aromatic hydrocarbons like 2, 3, 7, 8-tetrachlorodibenzo-

p-dioxin (TCDD), benzo(a)pyrene, 7,12-dimethylbenz(a) anthracene 

(DMBA) via binding to the aromatic hydrocarbon (Ah) receptor as ligands 

(Sutter et al 1991; Sutter et al 1994; Chun and Kim 2003). CYP1A2 in 

humans is also know to be induced by heterocyclic amines and arylamines 

found in broiled meat (Raney et al 1992; Butler et al 1989). CYP1A1 

enzyme has been extensively studied since 1973 and is known to play 

important role in lung cancer (Mckay et al 1995). CYP1B1 has also been 

studied extensively for the past 20 years and is reported to be present in 

most breast tumours (Doostdar et al 2000).  

Naturally occurring compounds containing polyphenolic groups such as 

stilbenes, anthraquinones, coumarins, flavonoids and synthetically 

manufactured aromatic compounds with acetyl and vinyl functional groups 

are known to be CYP1 enzyme inhibitors (Chun and Kim et al 2003). 

Anthraquinones such as doxorubicin, daunomycin, purpurin, carminic acid 

and alizarin are known to modulate CYP1 enzyme activity (Rochat et al 

2001; Takahashi et al 2002). Coriandrin, bergamoltin, xanthotoxin, 

imperaturin are natural products from the coumarin class that are known to 

inhibit the activity of CYP1A1, CYP1A2 and CYP1B1 enzymes (Mays et 

al 1990; Chun and Kim et al 2003). The stilbene class of compounds 

rhapontigenin, resveratrol, 2, 4, 3', 5'- tetramethoxy stilbene (a derivative of 

oxyresveratrol), 2-[2-(3,5-Dimethoxy-phenyl)-vinyl]-thiophene are known 
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as potent inhibitors of CYP1 family. These compounds are abundantly 

found in plants, vegetables and fruit sources (Chun et al 1999; Chang et al 

2000; Chun et al 2001). From the flavonoid group of compounds, α-

napthoflavone, naringenin, diosmetin, galangim, hesperetin, are also known 

to inhibit CYP1 family enzymes. (Zhai et al 1998; Shimada et al 1998; 

Doostdar et al 2000; Chun and Kim et al 2003). 

1.11  CYP1A1  

CYP1A1 is known to play an important role in activating pro-carcinogens 

to carcinogens which are found in cigarette smoke, tobacco, environmental 

pollutants such as polyaromatic hydrocarbons, aromatic amines etc. 

Cigarette smoke is particularly associated with the induction of CYP1A1 

gene and the resultant metabolism of the PAHs in cigarette smoke is 

thought to be one of the primary causes of lung cancer (Pliarchopoulou et 

al 2012).  

CYP1A1 enzyme is expressed in the lung through induction mediated by 

PAHs and negligibly in the liver. As mentioned earlier, CYP1A1 gene 

induction occurs at the transcriptional level which, in turn, leads to the 

induction of CYP1A1 enzyme activity which is also known as aromatic 

hydrocarbon hydroxylase (AHH). For induction of CYP1A1 gene 

transcription a transcription factor composed of two proteins is required. 

Ligand (PAH)-bound aromatic (aryl) hydrocarbon receptor (AhR) forms a 

complex with the aryl hydrocarbon receptor nuclear translocator (Arnt) to 

form the active transcription factor (Androutsopoulos et al 2009).  

The compound, 3-methylcholanthrene (3-MC) was the first PAH that was 

reported to be an inducer of CYP1A1 gene (Whitlock et al 1996) Later on, a 
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more potent inhibitor than 3-MC a 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) (see figure 1.6, 1.7), a halogenated aromatic hydrocarbon was 

reported to be an inducer of CYP1A1 gene (Whitlock et al  1996). TCDD 

has a high affinity towards AhR. The ligand TCDD binds to AhR in the 

cytosol and the TCDD-AhR complex then translocates into the nucleus 

where it binds Arnt to form the active TCDD-AhR-Arnt complex which 

acts as a transcription factor. The complex binds to dioxin responsive 

enhancer elements (DREs; upstream activation sequences) in the promoter 

of the CYP1A1 gene to induce its transcription. The induction of CYP1A1 

by TCDD leads to increase in the levels of CYP1A1 enzyme which is a 

hydroxylase responsible for hydroxylating PAHs. Hydroxylated PAHs 

(TCDD being one of them) are carcinogenic since they have great 

propensity in causing breaks in double-stranded DNA. Hence TCDD and 

PAHs in general are known as tumour promoters (Dolwick et al 1993; 

Androutsopoulos et al 2009; Whitlock et al 1996).   

 CH3

 

3-MC 

Figure 1.6: The structure of 3‐methylcholanthrene (3MC) (Whitlock et al 1996).  
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TCDD 

Figure 1.7: The structure of 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin  (TCDD)  (Whitlock et 

al 1996). 

1.12  Induction of CYP1A1 mediated by the AhR  

receptor  

Induction of CYP1A1 occurs at gene transcriptional level, which is 

mediated by AhR (aryl hydrocarbon receptor) signalling pathway via Ah 

receptor (Nebert et al 2000; Delescluse et al 2000). Ligand activated 

receptor AhR is a cytosolic specific receptor and it belongs to protein 

family of basic-helix-loop-helix (bHLH) Per-Arnt-Sim (PAS) (Hankinson 

2005; Androutsopoulos et al 2011). AhR exists as an inactive form in a 

cytosol complex, AhR is bound to a dimer which consists of two heat 

shock 90 protein (hsp90), immunophillin-like protein 2 (XAP2) and co-

chaperone p23 (Puga et al 2009; Androtsopoulos et al 2011). A variety of 

organic chemicals such as dibenzofurans, halogenated aromatic 

hydrocarobons, TCDD, benzo(a)pyrene etc are known to act as exogenous 

ligands for AhR (Whitlock et al 1996; Puga et al 2009). Upon ligand 

binding to AhR, ligand-AhR dissociates from the cytosol complex and 

forms ligand bound AhR complex. The ligand-bound AhR dimer 

translocates into the nucleus and joins together with Arnt (aromatic 

hydrocarbon receptor translocator). A ligand-bound AhR-Arnt heterodimer 

complex binds to the enhancer sequence (5'-TNGCGTG-3') which is also 
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known as dioxin responsive element, located at promoter region which 

initiates CYP1A1 gene transcription into mRNA there by the mRNA 

translates into the CYP1A1 protein in the cytosol (Hankinson  2005; 

Whitlock et al 1996) (see figure  1.8).  

 

Figure 1.8:  Induction of CYP1A1 by  the  ligand TCDD via  the AhR‐Arnt  complex.  (a) 

Domain strucutre of the aryl hydrocarbon receptor (AhR). (b) Mechanistic model of 

the AhR signaling pathway (Amakura et al 2008). 

 

There are 18 different allelic variants (single nucleotide polymorphisms, 

SNPs) that have been reported for CYP1A1 

(http://www.cypalleles.ki.se/cyp1a1.htm). Some of these alleles enhance 

metabolism of PAHs. An individual who bears these alleles would be more 

pre-disposed to cancer, especially of the lung and liver.  
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1.13  Flavonoids 

The main classes of polyphenolic compounds are phenolic alcohols, 

lignins, stilbenes, phenolic acids and flavonoids (Li et al 2013). Albert 

Szent-Gyorgyi was the first person to discover flavonoids as antioxidants in 

1930 and was awarded the Nobel Prize (Ross and Kasum 2001; Kim et al 

2005). Flavonoids belong to the largest sub-class of polyphenolic 

compounds which are present in vegetables, fruits and many plants thereby 

keeping their presence in all the plant-derived beverages and most 

commonly in the human daily diet (Heim et al 2002). The flavonoids are 

compounds synthesised by secondary metabolism occurring in the plants. 

They also play an important role in development and growth of plants and 

also act as a defense mechanism against pest and microbial invasions. All 

naturally occurring flavonoids are glycosides (containing a sugar molecule) 

due to which they are easily soluble in water; they occur as glucosides, 

rutinosides and rhamnoglucosides (Ross and kasum 2002; Hodek et al 

2002). Flavonoids reveal a wide array of pharmacological and biochemical 

activities such as anti-inflammatory, anti-allergic, antioxidant, anti-platelet, 

anti-tumour and inhibit the formation of tumours in human organs (Cao et 

al 1997).  Flavonoids at a lower concentration antagonise and bind to AhR 

receptor inhibiting CYP1 family gene expression thereby manifesting 

chemo-preventive properties (Hodek et al 2002). It has also been suggested 

that the chemo-preventive effects of flavonoids could be due to interaction 

of the flavonoid compounds with cytochrome P450 enzymes in humans 

(Kim et al 2005 and Androutsopoulos et al  2010) .  As flavonoids have an 

ability to scavenge radicals such as superoxide anion, lipid peroxidase and 

hydroxyl anion they may prevent disease by preventing oxidative damage 

of DNA, proteins and membranes (Ferguson 2001). 
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Flavonoids are divided into 6 different groups such as flavanones, flavans, 

isoflavones, flavonols, anthocyanidins and chalcones (Ross and Kasum 

2002; see Figure 1.9). The basic structure of a flavonoid resembles a 

chromane, a heterocyclic hydrocarbon (Pietta 2000; Hodek et al 2002). 

Flavans are formed by substitution of ring C in positions 2 or 3 with a 

phenyl group in ring B while isoflavanones and flavanones are formed, an  

oxo-group is substituted at position 4 in ring C (Hodek et al 2002). The 

flavonoids possessing double bonds in ring C as a replacement for oxo-

group are known as anthocyanidins which are colourful compounds (Hodek 

et al 2002). A number of flavonoids possess hydroxyl and methoxy 

functional groups on their basic chemical structure (Takemura et al 2010). 

Around more than 8000 flavonoids are known and they are reported to be 

found in daily human diet (Pietta 2000). The major flavonoids currently 

known are fisetin, myricetin, chrysin, quercetin, apigenin and kamperol. 

They all belong to the major class of flavonoids such as flavans, flavanones 

and isoflavanones (Chatuphonprasert et al 2010). For example apigenin is a 

flavanone abundantly found in vegetables and fruits like guava, bell pepper 

and garlic, and has a potential of being an anti-cancer compound 

(Chatuphonprasert et al 2010). According to Gupta et al (2001) apigenin 

has no mutagenicity, low toxicity and has proven to inhibit the cancer cells 

via inducing apoptosis in cancerous cells without affecting normal cells 

(Gupta et al 2001; Chatuphonprasert et al 2010). Kaempferol with a 

different structure has a –OH at position 3 of apigenin and is found in herbs 

fruits and vegetables like onion leafs, pumpkin and papaya shoots and has a 

number of pharmacological benefits by being an anti-inflammatory, anti-

oxidant and anti-radical agent (Kanakis et al 2005; Kowalski et al 2005; 

Chatuphonprasert et al 2010). Tangeretin, nobiletin and sinensetin 
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polymethoxylated flavonoids found in species of citrus fruits are also 

known to possess chemo-preventive properties (Walle 2007). 

                      

                                                               

                          

Figure 1.9: Skeletal structure of commonly known flavonoids. 

1.14  Chalcones 

Chalcones originate from a large polyphenolic sub-class of flavonoids 

which are naturally occurring products and are widely distributed in tea, 

fruits, vegetables, soy-based food stuffs etc (Di Carlo G. et al 1999; Shenvi 

et al 2013). The first chalcone was isolated from (Glycyrrhiza inflata), the 

Chinese liquorice which has been used in duodenal, gastric ulcers and 

many other treatments (Mandge et al 2007; Nowakowska 2007).  
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Chalcones have a large array of helpful pharmacological properties. They 

possess antifungal, antitumor, anticancer (cytotoxic) activities. They can 

also act as antimicrobials and antioxidants (Dimmock et al 1999; Go 2005; 

Nowakowska 2007). They play an important role in different biochemical 

pathways by inhibiting various enzymes such as EGFR tyrosine kinase, 

tyrosinase, CysLT1 and COX/5-LOX (Bhagat  et al 2006). It has also been 

reported that chalcones fused with pyridine, pyrimidines and heterocyclic 

fused rings are potential chemopreventive agents (Rostom et al 2009). 

Pyridine fused chalcone derivatives (where either the ‘A’ or the ‘B’ ring of 

the chalcone contains a pyridine ring) have shown fungicidal, anticancer 

and bacteriocidal properties (Bondock  et al 2013). 

Chalcones consist of 1,3-diaryl-2-propen-1-one chemical structure, which 

has two aromatic rings A and B joined by means of three carbon α,β- 

unsaturated carbonyl carbon system (Nowakowska  2007; see Figure 1.10). 

Due to their large spectrum of biological activities, synthesis of chalcone 

derivatives have attracted a great deal of attention (Bhagat et al 2006). 

Chalcones are synthesised via Claisen-Schmidt condensation reactions 

between ketones and carbonyl compounds lacking an alpha-hydrogen in the 

presence of various bases such as KOH, NaOH, Ba(OH2) etc (Liu et al 

2001; Dominguez et al 2001; Bhagat et al 2006; Hsieh et al 1998; Lin et al 

2002).  In the study of chalcones' structure activity relationships it has been 

reported that substitution of hydroxyl and methoxyl group on rings A and B 

participate in the performance of biological activity of the compound 

(Boumendjel et al 2008; Cabrera et al 2007, Rao et al 2004; Rao et al 

2005). For example 3,4,5- trimethoxy and 2,4,6-trimethoxy chalcone shows 

antiproliferative and nitric oxide scavenging properties (Chiaradia et al 

2008; Rao et al 2005; Shenvi et al 2013). It has also been reported that 
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substitution pattern on ring ‘A’ at positions 2 and 4 on the chalcone 

skeleton structure shows inhibitory properties on the division of breast 

cancer cells (Neves et al 2012; Juvale et al 2012; Shenvi et al 2013). 

Chalcones with fluorine and methoxy substituted groups on ring ‘A’ and 

‘B’ show the property of inhibiting production of nitric oxide (Rojas et al 

2002; Nowakowska 2007). Substitution patterns and the presence of two 

aryl groups enhance the antioxidant properties of chalcones (Rezk et al 

2002, Shenvi et al 2013). Trimethoxyphenyl, a chalcone derivative has 

been reported to be highly cytotoxic to cancer cells with a cell growth 

inhibition IC50 value of 0.21nM (Zhang et al 2011). Furthermore, 

compounds with the chalcone scaffold have also been reported as a 

promising treatment for human cancers; for example, flavokawain A from 

kawa extracts has shown an ability to induce apoptosis in bladder cancer 

cells (Zi and Simoneau 2005). 

 

 

Figure 1.10:  Skeleton structure of basic chalcone with A and B ring. 
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1.15  Stilbenes 

Stilbenes belong to a sub-class of large polyphenolic naturally occurring 

compounds (Pandey and Rizvi 2009). These compounds are extensively 

found in dietary supplements and drinks such as grapes, red wine, berries, 

peanut, dark chocolate and pistachio, vegetables, fruits and plants (Roupe 

et al 2006; Zamora-Ros et al 2008). Naturally occurring stilbenes are 

polyphenolic and possess a backbone consisting of 1,2-diphenylethylene 

(see Figure 1.11). Stilbenes are derived through secondary metabolism 

carried out in plants via the phenylpropanoid pathway (Chong et al 2009; 

Roupe et al 2006).  

It has been reported that around 800 compounds with a stilbene moiety are 

found in certain plants such as Lialiaceae, Vitaceae, Iridoceae, Cyperaceae, 

Leugminosae, Moraceae, Pinaceae, Paeniaceae, Pagaceae, 

Bipterocarpaceae (Harborne et al 1999; Xioa et al 2008; Fernandes-Marin 

et al 2012). These stilbenoid compounds may possess various beneficial 

properties such as antiaging, anticancer (as chemopreventive), antifungal, 

antimicrobial, neuroprotective and cardioprotective (Fernandez-Marin et al 

2012; Guerrero et al 2009).  In recent years stilbene based compounds have 

attracted a great deal of attention due to their beneficial biological 

properties and also because they are abundant in nature (Simoni et al 

2008). The existence of stilbenoid compounds in nature occur in Z 

(German, ‘zusammen’) and E (German, ‘entgegen’) form, which mainly 

depends on the existence of functional group attached to the either side of 

double bond (Roupe et al 2006). Among these two different forms Z forms 

have shown more potential as anticancer agents and antioxidants (Roupe et 

al 2006).  
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However, trans-resveratrol ((E)-resveratrol), belongs to the E form and was 

found to be ten times more potent than cis-((Z)-resveratrol) (which belongs 

to the Z form) to induce apoptosis in HL-60 leukaemia cell lines (Roberti et 

al 2003; Simoni et al 2008). Resveratrol (trans-3,4’,5-trihyroxystilbene) is 

a hydroxylated stilbene compound which is found in grapes, peanuts and 

red wine. It has been widely studied due to its anticancer, anti-

inflammatory and chemopreventive properties (Simoni et al 2008). In the 

year 2008, resveratrol became the only compound with more than 900 

published papers some of which detailed new extraction methods (Zheng et 

al 2008; Paul et al 2010). Dervatives of resveratrol have been synthetically 

developed with various modifications of functional groups; some 

derivatives have been reported to have superior properties than the parent 

compound with improved biological activities and more potent antioxidant, 

chemopreventive and cytotoxic properties (Mikstacka et al 2012). 

Compounds similar to resveratrol are being studied for future therapeutic 

use. They are piceatannol (trans-3,4,3’,5’-tetrahyroxylstilbene) which has 

been reported to possess antileukemic and anti-tumourigenic properties in 

various cancer cell lines and animal models. Trans-piceid (a glucoside 

derivative of trans-resveratrol) has been reported to exhibit neuroprotective 

properties. Pterostilbene, rhapontigenin, isorhapontigenin have also shown 

anticancer properties (Fulda 2010; Fernandez-Marin et al 2012).  

Tamoxifen is a trans-stilbene which is currently used for the treatment of 

breast cancer in women and male (Csuk et al 2012). A cis-stilbene 

compound, combretastatin, has shown potent antitumor properties and its 

derivative is in Phase III clinical trials for the treatment of soft-tissue 

carcinoma (Soria et al 2010; Csuk et al 2012). 
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Natural occurring stilbene compounds have been reported to show effects 

on several human cancerous cells by causing arrest at G1 and S phase of 

the cancer cell division cycle. This occurs through inhibition of cyclin-

dependant kinases (Cdks), induction of Cip/Kip1 proteins which are global 

inhibitors of Cdks and down-regulation of cyclins (Kundu and Surh 2008; 

Joe et al 2002; Paul et al 2010). 

 

Figure 1.11: Basic skeleton structure of a stilbene. 

1.16  Reactive oxygen species 

Reactive oxygen species (ROS) are also known as free radicals. They were 

first studied in 1950 and they are produced in all aerobic living organisms 

as a by-product of cellular metabolism (Buonocore et al 2010; Klaunig and 

Kamendulis 2004). These free radicals are highly reactive and can damage 

proteins, lipids and DNA (Thannickal and Fanburg 2000). One of the major 

damaging effects of these free radicals is that they activate proto-oncogenes 

or inactive tumour suppressor genes by causing the incorporation of point 

mutations, deletion mutations in the DNA (Mates and Sanchez-Jimenez 

1999).  

The cells of all aerobic organisms have a natural defence mechanism to 

fight against ROS by means of antioxidant enzymes such as glutathione 

peroxidase catalase, superoxide dismutase and non enzymatic means (Lau 
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et al 2008; Rahman and MacNee 2000; Halliwell 1996). As everything in 

nature has negative and positive influences so is the case with ROS which 

depend on utilizing free radicals by virtue of their ability to cause oxidative 

stress on the cells and thereby leading them to cell death. According to 

Benhar et al 2000, ROS can be used as chemopreventive agent for 

treatment of several human diseases (Benhar et al 2002; Lau et al 2008). 

Scientists in recent years have explored different ROS-generating 

mechanisms which include cytochrome P450s and the mitochondrial 

electron transfer chain (Fruehanf and Meyskens 2007).  

Induction of a cytochrome P450 produces superoxide anion and hydrogen 

peroxide which obstruct the P450 catalytic cycle via uncoupling or 

breakdown (Valko et al 2006; Bolisetty and Jaimes 2013). Moreover 

microsomes are also responsible for production of hydrogen (Gupta et al 

1997; Valko et al 2006). The allosteric activator of a CYP450, the CYP450 

reductase (CPR), naturally generates ROS during the process of abstraction 

of electrons from NADPH to the active site of a CYP450. Hence, the 

natural action of CPR can cause harm to cells.  During over-production of a 

recombinant CYP450 in a cell system, the CPR also ought to be over-

produced. But over-production of CPR causes cell death. Hence, it is 

critical for a CYP450 production system to engage a CPR that probably 

could be less toxic.  Hence, ΔhRDM was used in this thesis. ΔhRDM is a 

modified form of the wild-type human reductase (hRD) that is far less toxic 

than hRD (Chaudhuri 2009).  

DNA damage caused by ROS has been thought to have a major role in the 

initiation of carcinogenesis via interfering with activated protein 1 (AP-1), 

mitogen-activated protein kinases (MAPKs), c-Jun kinase and nuclear 
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transcription factor (Kappa B (NFkB) (Mates and Sanchez-Jimenez 1999). 

Due to the proximity of mitochondrial DNA to the electron transport chain 

the DNA becomes vulnerable and easily targeted by ROS (Fruehauf and 

Meyskens 2007). The effect of ROS depends on its level. High levels of 

ROS can induce cell death but low levels can promote many diseases 

which include cancer (Finkel and Holbrook 2000). Research has been done 

in the production of ROS generating drugs with the aim of inducing 

apoptosis in human cancer cells. The action of which can act directly on the 

body and cause an imbalance of the ROS in the cells there by causing 

oxidative stress. Cancer cells are more vulnerable to any oxidative stress 

but the normal cells have ability to overcome ROS by natural defence 

mechanisms (Blagosklonny 2004; Lau et al 2008). Natural occurring 

compounds vitamin D and E in their relevant hormonal form induce 

apoptosis in lung cancer and breast cancer cell lines (Ravid et al 1999; 

Weitsman et al 2003; Kang et al 2004; Weitsman et al 2005).  

1.17  cDNA expression of CYP450s 

Expression of cytochrome P450 proteins has been studied via heterologous 

expression of CYP450 cDNAs. Expression of proteins would provide us an 

understanding of CYP450 enzyme function, elucidation of structure and 

their role in metabolism. This is because mammalian CYP450s play 

important roles in drug metabolism and carcinogenesis (Duan and Schuler 

2006). Moreover, expression of cDNAs of CYP450s helps to predict drug-

drug interactions in in vitro studies and can be helpful to predict 

consequences during in vivo testing of a drug (Friedberg and Wolf 1996; 

Friedberg et al 1999).  
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CYP450 heterologous expression systems have been developed in 

prokaryotes (i.e. in bacterial cells, E. coli) and eukaryotes (i.e. in yeast, 

insect and mammalian cells; Gonzalez and Korzekwa 1995).   

Oeda et al in (1985) was the first to report functional mammalian P450 in 

yeast. He analysed the activity of rat cytochrome P450 1A1 (CYP1A1) via 

hydroxylation of the aromatic hydrocarbon, benzopyrene.  

1.18  Prokaryotic expression system 

1.18.1   Bacterial expression system   

Expression of foreign proteins in bacterial (E. coli) cells (i.e. bacterial 

heterologous expression) has been extensively used by pharmaceutical 

companies and in academic research due to the convenience and cost 

effectiveness of the procedure (Georgiou and Segatori 2005). Examples of 

high level protein expression in E.coli are the production of (a) insulin-like 

growth factor-I (IGF-I) at 8.5 g/l (Joly et al 1998) and (b) alkaline 

phosphatase at 5.2g/l (Choi et al 2000). High yields can only be obtained 

via finely tuning the expression system.  

Bacterial expression suffers from many drawbacks. The bacterial system 

cannot provide fatty acid acylation, disulphide bonds, O- and N-linked 

glycosylations, and other modifications at the post-translation level. 

Proteins produced in bacteria require proper folding after production. 

Absence of post-translational modifications can affect solubility, structure 

and bioactivity. Proteins synthesised in bacteria cannot be 

compartmentalised into different organelles because the cells are 

prokaryotic in nature. Proteins produced in bacteria are often protease 

sensitive (Linskens et al 1999; Jung and Williams 1997; Yin et al 2007).  
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For bacterial expression, the membrane-bound mammalian CYP450s 

require modifications at their amino terminal sequence. To do this, the 

strategy that was used was to delete the CYP450 hydrophobic, N-terminal 

membrane-anchoring region at the genetic level and fuse the ompA signal 

sequence to allow targeting of the soluble (anchorless) CYP450 to the 

bacterial lipid bilayers. This strategy produced high yield expression of 

CYP450 proteins (Barnes 1996; Pritchard et al 1998; Guengerich et al 

1997). The disadvantage of the bacterial expression system for production 

of CYP450s is that, to obtain a functional mammalian cytochrome P450 in 

E. coli the expressed protein requires additional co-expression of NADPH-

cytochrome P450 reductase (CPR) as bacteria lack CPR (Friedberg et al 

1999). The CPR could also be expressed separately and be added during 

the performance of the CYP450 assay. The bacterial system is definitely 

not self-sufficient and it also lacks cytochrome b5 (Pompon et al 1995). 

Moreover, CYP450 expression in E. coli requires sensitivity towards the 

use of a particular strain and the culture conditions (Friedberg et al 1999).   

1.19  Eukaryotic expression system 

1.19.1   Yeast expression system 

Yeast Saccharomyces cerevisiae also known as baker’s yeast has been 

extensively used in biotechnology, pharmaceutical industries and in basic 

research for heterologous expression of mammalian CYP450 enzymes and 

have proven to be suitable for expression of variety of eukaryotic proteins 

(Friedberg et al 1999; Celik and Calik 2012). Yeast as an expression 

system for production of foreign proteins was first reported by Ohkawa and 

his colleagues (Celik and Calik 2012) and a mammalian CYP450 

expression was first reported by Oeda et al (1985) in the yeast, S. 



Page | 55  
 

cerevisiae.  Oeda et al (1985) used recombinant CYP1A1 gene together 

with the yeast endogenous NADPH-P450 reductase gene (yRD) to obtain 

active CYP1A1 protein.  

Advantages of using the yeast expression system for production of CYP450 

proteins is that the costs for culture media are low and it also gives 

reasonable levels of expression compared to expression in mammalian cells 

(Duan and Schuler 2006). Moreover, CYP450 spectra can readily be 

measured in the microsomes derived from whole cell preparations 

(Guengerich et al 1993). Compared with bacteria, the yeast cell possesses a 

cellular structure similar to mammalian cells. It contains endoplasmic 

reticular (microsomal) membranes to which CYP450 proteins can be 

anchored (Freidberg et al 1999; Guengerich et al 1993). It has been 

reported that in order to achieve high level mammalian CYP450 catalytic 

activity in the yeast heterologous expression system it is obligatory to co-

express mammalian P450 reductase and a mammalian CYP450 as the host 

yeast endogenous reductase couples poorly with mammalian CYP450 

(Pompon et al 1996). This observation is controversial since companies 

like Astra-Zeneca have solely used the yeast endogenous reductase for 

obtaining active human CYPs from yeast.  Certain mammalian P450s are 

difficult to express in yeast heterologous expression system but this 

problem can be resolved by modifying the 5’-end upstream DNA 

sequences to attain high levels of expression.  

Episomal and integrated vectors are the two types of vectors that are used 

for cloning and expression of genes in yeast. There are a variety of 

different promoters, both constitutive and inducible, that are used for 

protein expression in yeast. In this thesis, the promoters that have been 
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used for CYP450 expression are (a) the inducible GAL1/GAL10 promoters 

(which are repressed by glucose and induced by galactose) and ADH2 

promoter (which is repressed by glucose and induced by ethanol). LEU2, 

URA3, TRP1 and HIS3 genes are used as selectable marker to achieve 

highly selectable transformants (Verma et al 1998).  

At De Montfort University, our research group has developed a 

recombinant CYP expression system in Saccharomyces cerevisiae that 

allows high level production of any CYP of choice with high catalytic 

activity. In this system a human CYP is co-expressed with a modified 

version of a human CPR and where required cytochrome b5 is co-expressed 

as well. 

1.19.2   Insect expression system 

Several mammalian proteins have been produced in insect cells using the 

baculovirus expression system because baculovirus infects insect cells 

only. This recombinant baculovirus is developed via insertion of a foreign 

gene into a plasmid vector which is then integrated into the genome of 

baculovirus that would produce a heterologous protein after the virus 

infects the insect cells (Huynh and Zieler 1999; Zeng et al 1996; Kang 

1997). Around 500 species of baculovirus have been identified which 

would infect insect cell lines (Yin et al 2006). In the baculovirus expression 

system proteins are correctly folded and appropriate post-translational 

modifications similar to that seen in mammalian cells can also occur. 

Moreover, in this system cell culture medium could be used that is free of 

endotoxins and target proteins can be compartmentalized appropriately 

(Kidd and Emery 1993; King and Posse 1992; Yin et al 2007). High levels 

of mammalian CYP450 expression have been produced using baculovirus 
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expression system, compared to what has ever been obtained in mammalian 

cells.  An important point to note is that insect cells do not express 

sufficient amount of P450 reductase (CPR); hence CPR needs to be co-

expressed (Gonzalez et al 1991b; Rushmore et al 2000).  

Drawback of this system is the high cost of culture media, and construction 

of plasmids for construction of the recombinant viruses could also be very 

time consuming.  

1.19.3   Mammalian expression system 

The mammalian expression system is used for transient and stable 

expression of proteins. Obviously, mammalian cells (preferably human 

cells) would be ideal for expression of a human protein as this system does 

not suffer from the drawbacks faced by the other eukaryotic systems, the 

drawbacks being primarily related to post-translational modifications (Yin 

et al 2007).  

For successful expression of mammalian CYP450 proteins, human hepatic 

HepG2 cells, V79 Chinese hamster lung cells, NIH3T3 human fibroblast 

cells, lymphoblast cells, Chinese hamster ovary cells (CHO) have been 

used (Crespi et al 1990; Battula et al 1997; Doehmer et al 1988; Ding et al 

1997; Dia et al 1993). Stable mammalian cell expression of human 

CYP450 proteins has not yet been successfully achieved. The levels of 

CYP450 proteins after stable expression observed are negligible while in 

transient expressions the levels may be slightly higher but the cells need to 

be transfected each time expression is monitored (Guengerich et al 1993).  
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1.20  Aim of the my research project 

Studies have been carried out to search for a potent inhibitor of CYP1A1 

enzyme. Until now no potent inhibitor of CYP1A1 has been reported. 

Human CYP1A1 enzyme is a member of the CYP1 family and it is 

encoded by the CYP1A1 gene. The CYP1A1 enzyme is known to be 

involved in the Phase I biotransformations of xenobiotics.  It has been 

widely studied and is known to be involved in the metabolism of pro-

carcinogens (i.e. poly-aromatic hydrocarbons) to carcinogens (i.e. cancer 

causing substances). 

A few inhibitors of the enzymes in the CYP1 family have been reported 

(Chun et al 1999; Chun and Kim et al 2003). But they inhibit all members 

of the family, that is, CYP1A1, CYP1B1 and CYP1A2.  The inhibitors are 

mostly natural products and belong to the flavonoid or stilbene classes of 

compounds. Amongst the stilbenes, resveratrol, rhapontigenin, 

tetramethoxy-stilblene, 2,3',4,4',5'-pentamethoxy-trans-stilbene have 

specifically been reported to have shown some inhibition towards CYP1A1 

enzymes (Chun et al 1999; Chang et al 2000; Chun et al 2001; Fulda 

2010). 

Substrate specificity is most important in understanding enzyme function 

and mechanism, both of which can provide avenues towards rational design 

of drugs that modulate enzymatic function. A potent inhibitor of CYP1A1 

can be identified by seeking compounds that specifically can modulate the 

activity of CYP1A1 by inhibiting the enzyme. An inhibiting molecule may 

not only reveal structures that could be used to understand the possible 

relationship between CYP1A1 and the onset of lung cancer but they may 

also help in further developing novel therapeutics for treatment of lung 
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cancer. Inhibition of CYP1A1 may also play an important role in cancer 

prevention. 

The aim of this thesis is to find inhibitors of CYP1A1 which are relatively 

specific to the enzyme using a combination of biochemical and cell 

biological techniques.  

I present and discuss my research work over seven chapters which are as 

follows:  

Chapter 1: Introduction to the human cytochrome P450 enzymes, their 

mechanism of action and their role in therapeutics. Introduction to naturally 

occurring compounds (derivatives of which I have used throughout this 

thesis) and their importance. 

Chapter 2:    It describes the materials and methods used in my research.  

Chapter 3: It includes combinatorial approaches that lead to the 

identification of potential CYP450 inhibitors: (a) Preparation of yeast 

microsomes (endoplasmic reticular membranes) that contain CYP1A1 

enzyme using previously established protocols; (b) Screening of a 200-

compound library (available at the School of Pharmacy) that contained 

chalcones, flavonoids and stilbenes on CYP1A1, CYP1B1 and CYP1A2 

enzymes to determine percentage inhibition at a fixed concentration of 

compound; (c) Determination of IC50 values to identify a potent inhibitor of 

CYP1A1 enzyme which does not inhibit other members of the CYP1A 

family. 

Chapter 4: It includes CYP450 inhibition assays performed on live cells. 

The inhibitory potencies of the compounds are studied in intact yeast cells 
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which express within the cell on the endoplasmic reticular membranes 

active CYP1A1 enzyme. The CYP1A1 IC50 values obtained from live cells 

are compared with those obtained in in vitro. 

Chapter 5: It includes (a) Monitoring the expression, in live cells, of 

CYP1A1, CYP1B1 and CYP1A2 enzymes activated by three different 

reductases (hRD, ΔhRDM and yRD); (b) Determining the IC50s of a few 

chosen compounds, which have the potential to be inhibitors of these 

enzymes (as shown in in vitro microsomal assays), in three different types 

of live cells that express (i) the CYP isoform with hRD, (ii) the CYP 

isoform with ΔhRDM, (iii) the CYP isoform with yRD; (c) Compare the 

IC50s obtained in (i), (ii) and (iii), from results in (b) to establish whether 

the active sites of a particular CYP isoform are the same when activated by 

different reductases.  

Chapter 6: This chapter includes synthesis of analogues of DMU 2157 in 

order to study structure activity relationship (SAR).  DMU 2157 had been 

identified in Chapter 3 as a potent inhibitor of CYP1A1 enzyme. The 

positional effects of (a) the <N in the pyrido ‘B’ ring and (b) the three –

OCH3 groups in the ‘A’ ring of compound DMU 2157 have been analysed 

in detail. 

Chapter 7: It briefly discusses the results obtained and provides a future 

perspective.   
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Chapter 2  Materials & Methods 

2.1  Chemical & Reagents Used 

2.1.1    Water 

To make all the solutions, to perform cell culture, molecular biological 

experiments and to make reagents ultra pure water was used from Milli-Q 

gradient ultra pure water.  

2.1.2   A list of materials and equipments used for preparation  

and purification of plasmid DNA 

For crude preparation of plasmid DNA, glucose (Catalogue number: 

G500), potassium acetate (Catalogue number: P1190) and ethanol biology 

grade (Catalogue number: E/06500DF/25) were obtained from Sigma-

Aldrich, UK. Tris-base (Catalogue number: BP152-500), EDTA 

(Catalogue number: BP121-500), sodium hydroxide (Catalogue number: 

359-500), micro-tubes (Catalogue number: FB74031) and glacial acetic 

acid (Catalogue number: A35-500) were purchased from Fisher Scientific, 

UK. DH5α an E.coli stran was purchased from Invitrogen, UK (Catalogue 

number (18265017). 

QIASpin column Mini prep kit (Catalogue number:27104) was from 

QIAGEN, UK. 

For gel electrophoresis: agarose (Catalogue number: A9539) and ethidium 

bromide (Catalogue number: E7637) were from Sigma-Aldrich, UK. DNA 

ladder 2-log 0.1-10 kb (Catalogue number: N3200L) and loading dye 6X 
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(Catalogue number: G1881) were from New England Bio-Labs and 

Promega, UK. 

Equipment such as weighing machine 16 kg (Catalogue number: 

CP16001S) and 220 gram maximum (Catalogue number: CP225D-0CE) 

were from Sartorius, UK. Table top micro-centrifuge (545415 D) and 

Thermo mixer (Catalogue number: BLD-455-010C) were from Fisher 

Scientific, UK. Spectrophotometer was from Agilent technologies. UV-

2401PC Illumination (Catalogue number: C-80) was from Bio-Rad, UK. 

Microwave 800w compact was previously purchased from SANYO and 

available in the laboratory. Orbital shaker incubators (Catalogue number: 

Innova 4300) were from New Brunswick Scientific, UK. 

2.1.3   A list of the common material and equipment used for  

yeast transformation and preparation of microsomes 

Salmon sperm DNA (Catalogue number: 15693-011) was purchased from 

Invitrogen, UK. Glucose (Catalogue number: G500), ethanol (Catalogue 

number: E/06500DF/25), casein enzymatic hydrolysate (Catalogue number: 

C7585), L-Adenine (Catalogue number: A3159), L-Leucine (Catalogue 

number: L8000), L-Tryptophan (Catalogue number: T0254), L-Histidine 

(Catalogue number: H8125), uracil (Catalogue number: U1128) were 

purchased from Sigma-Aldrich, UK. Yeast extract (Catalogue number: 

LP0021), Agar technical grade (Catalogue number: LP0085) and Bacto 

Proteose Peptone (LP0085) were purchased from Oxoid Ltd, UK. Yeast 

nitrogen base (YNB; Catalogue number: MD21152) was purchased from 

Becton Dickinson, UK. Sodium hydroxide pellets (Catalogue number: 359-

500), micro-tubes (Catalogue number: FB74031), Dimethylsulphoxide 
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(DMSO) (Catalogue number: BP231-100) and glycerol (Catalogue number: 

G/0650/17) were purchased from Fisher Scientific, UK. Equipment such as 

Cell density meter µ (Catalogue number: CO8000) and orbital shaker 

incubator (Catalogue number: IOX 400XX2) were purchased from 

BioExpress and Weiss Gallenkamp, UK.  

2.1.4   A list of materials for estimating microsomal protein  

concentrations using the Bradford dye assay  

Bradford reagent (Catalogue number: 500-006), bovine serum albumin 

(BSA) (Catalogue number: 500-007) were purchased from Bio-Rad Ltd, 

UK. Yellow plastic (200 µl) tips for Gilson pipettes (Catalogue number: 

877290) were purchased from Greiner Bio-One Ltd, UK. Sorbitol 

(Catalogue number: 50807) was purchased from Melford Laboratories Ltd, 

UK. 

2.1.5   A list of materials and equipment used for Carbon 

 monoxide-binding spectrum assay 

Carbon monoxide (CO) gas bottle (Catalogue number: 295116), sodium 

hydrosulfite (Catalogue number: S-1256), potassium phosphate dibasic 

(K2HPO4) (Catalogue number: P8281) and potassium phosphate monobasic 

(KH2PO4) (Catalogue number: P5379) were purchased from Sigma-

Aldrich, UK. Plastic cuvettes (1ml) (Catalogue number: FB55147) and 

glycerol (Catalogue number: G/0650/17) were purchased from Fisher 

Scientific Ltd, UK. 
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2.1.6   A list of materials and equipment used for MTT assay 

β-Nicotinamide adenine dinucleotide phosphate (NADPH) (Catalogue 

number: N0505), Glucose 6-Phosphate dehydrogenase (Catalogue number: 

G6378), Glucose 6-Phosphate (Catalogue number: G7250), magnesium 

chloride solution (MgCl2) (Catalogue number: M1028) and  MTT (3-(4,5-

dimethlylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Catalogue 

number: M2128) were purchased from Sigma-Aldrich, UK. Plastic cuvettes 

(1ml) (Catalogue number: FB55147) were purchased from Fisher Scientific 

Ltd, UK. 

2.1.7   A list of materials and equipment used for western 

blotting 

Protein ladder (75-50Kb) (Catalogue number: 161-0375), 30% 

Acrylamide/bis solution (29:1) (Catalogue number: 161-0156), Dry milk 

powered (Catalogue number: 170-6404XTU) were purchased from Bio-

Rad Ltd, UK. Sodium dodecylsuphate (SDS) (Catalogue number:15711-

021), Glycine (Catalogue number: 15709-017) and N,N,N',N'-

Tetramethylethylenediamine (TEMED) (Catalogue number: 1571-019) 

were purchased from Gibco LTD, UK. Ammonium persulphate (APS) 

(Catalogue number: A3678), Butanol (Catalogue number: B1417), 

Phosphate buffered saline (PBS) (Catalogue number: P4417-100), 

Methanol (Catalogue number: B 4903), Aminocaproic (Catalogue number: 

A 2504) etc were purchased from Sigma-Aldrich, UK. Tween 20 

(Catalogue number: BP 337--100) and Tris-base (Catalogue number: BP 

152-500) were purchased from Fischer Scientific, UK. Rabbit antibody 

specific to CYP1A2 (Catalogue number: ab3569), Rabbit antibody specific 

to CYP1A1 (Catalogue number: ab3568), Rabbit antibody specific to 
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CYP1B1 (Catalogue number: ab32649) and secondary goat antibody to 

Rabbit IgG (HRP) (Catalogue number: ab6721) were purchased from 

AbCam, UK. HRP ETC kit (Catalogue number: sc- 2048) was purchased 

from Santa Cruz, UK. PVDF membrane (Catalogue number: IPVH20200) 

was purchased from Millipore, UK.  

2.1.8   The fluorescent substrates used for determining the  

 activity of microsomal CYP1A1, CYP1B1, CYP1A2, CYP3A4  

and CYP2D6 in in vitro assays 

7-ethoxyresorufin (EROD) (Catalogue number: E3763) and 3-cyano-7-

ethoxycoumarin (CEC) (Catalogue number: C2612) are substrates used for 

kinetic assays and endpoint assays for CYP1A1 and CYP1A2 enzymes and 

were purchased from Sigma-Aldrich, UK. 

2.1.9   A list of materials and equipment used for 

determination of IC50 values 

β-Nicotinamide adenine dinucleotide phosphate (NADPH) (Catalogue 

number: N0505), glucose 6-phosphate dehydrogenase (Catalogue number: 

G6378), glucose 6-Phosphate (Catalogue number: G7250), magnesium 

chloride solution (MgCl2) (Catalogue number: M1028), dimethyl sulfoxide 

(DMSO) (Catalogue number: H8125), sodium citrate (Catalogue number: 

S-4614), potassium phosphate dibasic (Catalogue number: P8281) and 

potassium phosphate monobasic (Catalogue number: P5379) were 

purchased from Sigma-Aldrich, UK.  Yellow plastic (200µL)  tips 

(Catalogue number: 877290) were purchased from Greiner Bio-One Ltd.  
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Black 96-well flat bottomed microplates (Catalogue number: DPS-130-

020K) were purchased from Fisher Scientific Ltd, UK. 

2.1.10   A list of materials and equipments used for cell-based  

enzyme assays (Live cell assays) 

Glucose (Catalogue number: G500), casein enzymatic hydrolysate 

(Catalogue number: C7585), L-Adenine (Catalogue number: A3159), L-

Leucine (Catalogue number: L8000), L-Tryptophan (Catalogue number: 

T0254), L-Histidine (Catalogue number: H8125) and Trypan Blue 

(Catalogue number: T8154) were purchased from Sigma-Aldrich, UK. 

Yeast extract (Catalogue number: LP0021), Agar technical grade 

(Catalogue number: LP0085) and Bacto Proteose Peptone (Catalogue 

numberLP0085) were purchased from Oxoid Ltd, UK.  Yeast nitrogen base 

(YNB) (Catalogue number: MD21152) was purchased from Becton 

Dickinson and company, UK. Black 96-well flat bottomed microplates 

(Catalogue number: DPS-130-020K) and haemocytometer (Catalogue 

number: MNK-420-010N) were obtained from Fisher Scientific Ltd, UK. 

Equipment such as the dual beam UV-spectrophotometer (UV2401PC) 

were from Shimadzu and the plate reader purchased from Bio-Tek 

Synergy, UK. 

2.1.11   Storage of compounds 

Around 175 compounds were kindly provided by Dr Ken Beresford and Dr 

Ketan Ruparelia (Leicester School of Pharmacy, De Montfort University, 

UK). The compounds were weighed and 50 mM stock solutions were 

prepared by dissolving the compounds in 100 % DMSO (dimethyl 
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sulphoxide) and stored at -20 °C. Further dilutions were made to prepare 

stock solutions of 100 µM for day to day use. Commercial flavonoids such 

as Genistein (Catalogue number: 14171), Cirsiliol (Catalogue number: 

14131), Eupatorin (Catalogue number: 14495), Daidzien (Catalogue 

number: 486668) and Apigenin (Catalogue number: 15041) were 

purchased from Lancaster synthesis, UK. Acacetin (Catalogue number: A-

8206), Luteolin (Catalogue number: L-9283, Baicalein (Catalogue 

number:465119),Myricetin (Catalogue number: M-6760), Quercetin 

dihydrate (Catalogue number: Q-0125), Chrysin (Catalogue number: 

C8010-5), Kaempferol (Catalogue number: K- 0133), Piceatannol 

(Catalogue number: P-0453) etc were purchased from Sigma-Aldrich, UK. 

Scutellarein tetramethylether (Catalogue number: 021278), 6-methoxy 

luteolin (Catalogue number: 021084) and Diosmetin (Catalogue number: 

0211085) were purchased from Indofine chemical company, USA.  

2.1.12    A list of materials and equipment used to synthesis 

chalcones and stilbenes 

All the chemicals and reagents were purchased from Sigma Aldrich and 

Fischer scientific. Thin layer column chromatography (TLC) was carried 

out using Merck aluminium –silical gel 60F254 coated plates which were 

visualised under UV light and stained wtih 2,4- dinitrophenylhydrazine. 

The H1-NMR and 13C-NMR spectra for synthesised compounds were 

produced using Bruker 400MHz spectrophotometer. Infrared spectra for the 

compounds were recorded using Alpha Burker platinum – ATR. Melting 

points of the synthesised compounds were recorded using stuart scientific 

melting point apparatus digital SMP10.  Mass spectra for the compounds 

synthesised were recorded by EPSRC National mass spectrometry service 
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centre (Swansea, UK) using micromass quattroporte II low resolution triple 

quadrupole mass spectrometer.       

2.2 Cell Biology Method  

A Saccharomyces cerevisiae yeast strain W303Mata was used to transform 

plasmids bearing CYP genes. The resultant yeast strains were used to 

express active CYP enzymes.  

In order to produce active proteins, plasmids were purified, DNA was 

quantified, status of plasmid DNA was confirmed by agarose gel 

electrophoresis, yeast cells were transformed, concentrations of proteins 

expressed in yeast was determined and are discussed further in sections 2.4, 

2.5, 2.6 and 2.7. 

2.3 Plasmid vectors 

All the yeast strains in this study are derived from wild-type BC300 

(W303-1A) which has been used for heterologous expression of a number 

of proteins in yeast. The BC600 yeast strain was developed “in-house” by 

disrupting the chromosomal CPR gene i.e. the endogenous yeast reductase 

of the BC300 strain.  

The human CYP1A1, CYP1B1 and CYP1A2 genes from a human liver 

cDNA library were cloned at first by other members of the research group 

in the basic plasmid pBluescript KS(+) at the BamHI, XbaI sites. The 

CYP1A1, CYP1B1 and CYP1A2 genes were then isolated from the 

pBluescript KS(+)-derived plasmids and were sub-cloned in the pYES2-

based episomal plasmid, pSYE263. The new episomal plasmid contains a 

573 bps NgoMIV-HindIII promoter fragment of the yeast alcohol 
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dehydrogenase 2 (ADH2) gene. This replaced the GAL1 promoter present 

in pYES2. The plasmid pSYE263 also contained the transcription 

terminator from the yeast CYC1 gene. Genes cloned in pSYE263 would be 

driven by the ADH2 promoter. The plasmid pSYE263 is the basis of the 

ADH2 expression system. The plasmid is a shuttle vector which is capable 

of replicating in both yeast and bacterial cells. It contains a bacterial origin 

of replication and has the ampicillin resistance β-lactamase gene which 

allows for selection of clones in bacteria. The reductase yRD, hRD and 

ΔhRDm genes were chromosomally integrated into BC600 yeast strain (the 

strain that lacks endogenous yRD) at the LEU2 locus. All three reductase 

genes were also under the control of the ADH2 promoter.  

Map of the ADH2 plasmid that can express active CYP1A1 enzyme in 

yeast (restriction enzymes that cut the plasmid only once are shown) 

 

Map of the ADH2 plasmid that can express active CYP1A2 enzyme in 

yeast (restriction enzymes that cut the plasmid only once are shown) 
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Map of the ADH2 plasmid that can express active CYP1B1 enzyme in 

yeast (restriction enzymes that cut the plasmid only once are shown) 
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2.4 Purification of Plasmid DNA 

The recombinant plasmids (described in Section 2.3) were introduced into 

DH5α a popular E.coli strain (φ80δlacZΔM15 recA1 endA1 gyrA96 thi-1 

hsdR17 (rk-, mk+) supE44 relA1 deoR δ(lacZYA-argFv169), F-,λ
−
)  by a 

process known as transformation. Glycerol stocks of the resultant bacterial 

strains were made and were stored at -80°C. Two different protocols were 

used for extraction of plasmid DNA from bacterial cells, (1) the alkaline 

lysis method and (2) a protocol provided by the manufacturer of QIAGEN 

kits.  

Extracted DNA was analysed using agarose gel electrophoresis. 

2.4.1   Extraction of plasmid DNA using the alkaline lysis  

method  

The alkaline method of extraction of plasmid DNA involves three steps: (i) 

bacterial cell growth, (ii) lysis of harvested bacteria cells and (iii) 

purification of plasmid DNA. This is a simple method and can easily be 

performed with readily available laboratory reagents. A protocol to perform 

this experiment was adapted from Molecular Cloning, a laboratory manual 

book published by Sambrook and Russell (Sambrook and Russell 2001). 

2.4.1.1   Procedure 

Glycerol stocks of an E.coli strain containing the plasmid DNA of interest 

were streaked out onto LB agar plates containing 100 µg/ml of ampicillin. 

The plates were kept in an incubator in an inverted position at 37°C for 16 

hours. The cells were scratched out using a sterile loop and inoculated in 10 

ml of LB broth containing 100 µg/ml of ampicillin. The culture was 
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incubated for 16 hours at 220 rpm at 37°C. A 2 ml aliquot of harvested 

bacterial cell culture was transferred into a sterile micro-centrifuge tube 

and centrifuged at 13,000 rpm for 1 minute. Supernatant obtained was 

poured off. Cell pellet was re-suspended by vortexing in 100 µl of ice-cold 

Solution 1 containing 2 µg/ml of RNase. A 200 µl of Solution 2 was added 

to the cell suspension and contents were mixed by inverting the tube 6 

times. The tube was kept on ice for 5 minutes. Solution 2 was incubated at 

37°C prior to use so that SDS detergent gets completely dissolved in the 

solution. To the cell suspension, 150 µl of Solution 3 was added and 

contents were mixed for 10 seconds of vortexing. The tube was stored on 

ice for 5 minutes, after which the cell suspension was centrifuged at 8000 

rpm for 10 minutes at 4°C. Supernatant was transferred to a fresh and 

sterile micro-centrifuge tube. Double-stranded DNA was precipitated by 

adding a volume of 70% ethanol which is 2X the volume of the 

supernatant. The mixture was vortexed and centrifuged at 8000 rpm for 10 

minutes at 4°C. The DNA pellet was obtained at the bottom of micro-

centrifuge tube and the supernatant was carefully discarded using a micro-

pipette. The pellet was rinsed with 1 ml of 70% ethanol and air dried for 10 

minutes. The DNA was re-suspended in 50 µl of TE buffer (10mM Tris-

HCL, pH 7.5 and 1mM EDTA, pH 7.5) and stored at  

-20°C. 
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2.4.1.2   Reagents for the above protocol  

Solutions 1 and 3 were stored at 4°C while Solution 2 was stored at 

room temperature.  

1. Solution 1 

 Glucose 50 mM, 

 Tris-HCl 25 mM (pH 7.5), 

 EDTA 10 mM (pH 7.5). 

2. Solution 2 

 1% SDS (sodium dodecylsulphate) 

 0.2N NaOH (sodium hydroxide). 

3. Solution 3 

 5 M Potassium acetate, 

 Glacial acetic acid. 

2.4.2   Extraction of plasmid DNA via spin columns (Qiagen  

kits) 

The recombinant plasmid DNA of interest was also extracted from DH5α 

(E.coli) cells using a spin column which is part of a Qiagen kit. The 

protocol followed was the same as mentioned in Qiagen plasmid 

purification handbook. The protocol is based on the modified alkaline lysis 

method and consisted of three steps:  

(a) Preparation of bacterial lysate,  
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(b) Absorption of DNA on to a silica membrane which is within the 

spin column followed by  

(c) Washing and elution of DNA to get high quality pure DNA (Qiagen 

plasmid purification handbook 2005). 

2.4.2.1   Procedure 

Bacterial cells from a glycerol stock of an E. coli strain that harboured the 

plasmid DNA of interest were streaked out on a LB agar plate containing 

100 µg/ml of ampicillin. The plates were kept in an incubator in an inverted 

position at 37°C for 16 hours. The cells from the plate were scratched out 

using sterile loop and inoculated in 10 ml of LB broth containing 100 

µg/ml of ampicillin. The culture was kept shaking in an incubator at 220 

rpm at 37°C. 2 ml of bacterial cell culture was transferred into a sterile 

micro-centrifuge tube and was centrifuged at 13,000 rpm for 1minute. The 

supernatant was poured off. 250 µl of buffer P1 (50mM Tris-HCl , 10mM 

EDTA, pH8.0) was added to the pellet containing ‘lyse blue reagent’ and 

100 µg/ml of RNase A. The cell suspension was vortexed until the cell 

pellet was completely re-suspended. 250 µl of buffer P2 (200 mM NaOH , 

1% SDS) was added to the cell suspension and mixed by inverting the tube 

6 times. The cell suspension colour changed to blue due to the ‘lyse 

reagent’. Finally, 350 µl of buffer N3 (3.0mM potassium acetate pH 5.5) 

was added to the cell suspension and mixed by inverting tube 4 times. 

Mixture was centrifuged for 10 minutes at 13,000 rpm. Supernatant 

obtained was transferred to QIA spin column. Spin column was placed on a 

micro-centrifuge tube and centrifuged for 1 minute at 13,000 rpm. Flow 

through obtained was discarded and the plasmid DNA got bound to the 

silica membrane on the bottom of the spin column. QIA spin column was 

washed by adding 750 µl of PE (2mM Tris-HCl, pH 7.5 and 20mM NaCl) 
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buffer and centrifuged for 1 minute at 13,000 rpm. Column was put on a 

fresh sterile 1.5 ml micro-centrifuge tube and DNA was eluted into another 

micro-centrifuge tube by adding 50 µl of EB (10mM Tris-HCl, 1mM 

EDTA pH 8.5) buffer to the centre of the column and centrifuged for 1 

minute at 13,000 rpm and the eluted plasmid DNA was stored at -20°C. 

2.4.3   Quantification of DNA 

Concentration of plasmid DNA in the sample was quantified by measuring 

the absorbance at 260 nm. The absorbance reading was measured at two 

wavelengths, 260 nm and 280 nm and ratio between them indicated the 

purity of the DNA. The ratio usually ranges between the values 1.7 and 2 

for relatively pure DNA which is devoid of RNA. 

2.4.3.1   Procedure 

A 1 cm path length quartz cuvette containing 1 ml of water was set as 

blank. Another quartz cuvette with a similar path length contained 2 µl of 

plasmid DNA (obtained via the alkaline lysis method or using Qiagen 

columns) in 1 ml of sterile water. Absorbance was measured at 260nm and 

280nm using spectrophotometer. 

2.4.3.2   Calculations  

 Purity of DNA = A260 nm / A280 nm  

 Amount of DNA µg/µl in the sample = Optical density (i.e. 

Absorbance) at 260 nm X dilution factor X 50µg/ml  

2.4.4   Agarose gel electrophoresis 

Agarose gel electrophoresis is a technique which separates DNA fragments 

based on their size.  An electric field is applied across the gel matrix of 
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agarose which allows negatively charged DNA to move towards positive 

charged end. The migrated DNA in the gel is stained with ethidium 

bromide (fluorescent dye) which interacts with bases of DNA producing 

fluorescence which can be visualised under UV-light. 

2.4.4.1   Procedure 

A 0.8 % agarose gel in 1X TAE (0.4M Tris-acetate, pH8.0, 0.01M EDTA) 

buffer was prepared using a microwave oven. Ethidium bromide was added 

to the lukewarm (40°C) agarose solution. Solution was poured onto a 

casting tray which contained a comb. After 45 minutes, the melted agarose 

solidified and the comb was removed from the gel which was then placed 

into an electrophoretic buffer tank containing sufficient amount of 1X TAE 

buffer. 2 µl (0.1-10 kb)of 2-log DNA ladder was added to the first well. 

The other wells contained DNA solutions in sterile water mixed with 6X 

DNA loading dye. The tank was closed with a lid.  A 90 Volt electric 

current was applied to the tank and gel was allowed to run for 45 minutes. 

After 45 minutes, gel was taken out and DNA bands were visualised under 

UV-trans-illuminator and good quality photographs were captured. 

2.5   Yeast Transformation 

2.5.1   Reagents and media used in yeast transformation and  

expression 

1. SD-Minimal Agar (500 ml) 

 3.35 g Yeast Nitrogen Base (YNB), 

 10 g Glucose, 

 7.5 g Agar (technical grade), 
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 1 pellet of Sodium Hydroxide (NaOH). 

The above contents were mixed in a sterile glass bottle to the volume of 

500 ml with sterile distilled water; the mixture was autoclaved at 121°C 

and 15KPI pressure for 15 minutes.  

2. SW6 Broth (500 ml) 

 3.35 g of Yeast Nitrogen Base (YNB), 

 20 ml of 50 % Glucose solution. 

Above contents were added to 500 ml of sterile distilled water in a sterile 

glass bottle and the mixture was autoclaved at 121°C and 15KPI pressure 

for 15 minutes. 

3. YPD broth (500 ml) 

 10 g Yeast Extract, 

 20 g Bacto Proteose Peptone. 

The above contents were added to 500 ml of sterile distilled water in a 

sterile glass bottle and the mixture was autoclaved at 121°C and 15KPI 

pressure for 15 minutes. 

4. Standard L- Adenine stock solution, 5 mg.ml-1 

0.5 g of L-adenine was added to a glass bottle containing 100 ml of 

distilled water and was autoclaved at 121°C under 15KPI pressure for 15 

minutes. 
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5. Standard L-histidine stock solution, 6 mg.ml-1 

0.6 g of L-histidine was added to a glass bottle containing 100 ml of 

distilled water and was autoclaved at 121°C under 15KPI pressure for 15 

minutes. 

6. Standard L-tryptophan stock solution, 12 mg.ml-1 

1.2 g of L-tryptophan was added to a glass bottle containing 100 ml of 

distilled water and the solution was filter sterilised. 

7. Standard L-Leucine stock solution, 7.2 mg.ml-1 

0.72 g of L- leucine was added to a glass bottle containing 100 ml of 

distilled water and was autoclaved at 121°C under 15KPI pressure for 15 

minutes. 

8. 1 M Sorbitol (100 ml) 

18.2 g of Sorbitol was dissolved in water and topped to 100 ml and then 

autoclaved at 121°C under 15KPI pressure for 15 minutes. Solution was 

stored at 4°C. 

9. 1 M Tris-HCl (pH 8.0) 100 ml: 

12.1 g of Tris was dissolved in sterile Millipore water and 1N HCl was 

added dropwise to adjust the solution to pH 8.0. Then it was autoclaved at 

121°C under 15KPI pressure for 15 minutes.  
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10. 50% PEG (Polyethylene Glycol) 

50 g of PEG (3550 M.W.) was dissolved in 50 ml of sterile Millipore water 

and was autoclaved at 121°C under 15KPI pressure for 15 minutes. 

11. 1 M Lithium Acetate (LiAc) 

10.2 g of LiAc was dissolved in 100 ml of sterile Millipore water and was 

autoclaved at 121°C under 15KPI pressure for 15 minutes. 

12. 1X TE buffer (pH 8.0) 

 10 mM Tris-HCl, 

 1mM EDTA (pH 8.0). 

2.5.2   Preparation of single strand carrier DNA 

Salmon sperm (ss-DNA) acts as a carrier DNA in yeast transformation. 

Salmon sperm DNA was prepared at a concentration of 10 mg/ml.  The 

salmon sperm DNA was diluted by adding 1X TE, pH 8.0 in order to 

obtain a working stock of 2 mg/ml. The working stock was boiled for 5 

minutes at 99°C in order to denature the DNA and was aliquoted in 100 µl 

volumes in sterile micro-centrifuge tubes and stored at -20°C. Salmon 

sperm DNA was used for yeast transformation using the DMSO and 

Lithium Acetate methods (see Sections 2.5.3 and 2.5.5).  

2.5.3   Yeast Transformation via the DMSO Method 

Yeast transformation via the DMSO method was carried out using a 

protocol that was developed within our research group. 
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2.5.3.1   Procedure 

Yeast strains were scratched out from a frozen glycerol stocks (kept at -

80ºC) using a sterile loop and streaked on to a SD-minimal agar plates 

containing the required nutrients.  The plates were incubated in the inverted 

position at 30°C for 2-3 days. A single colony of yeast cells was taken 

using a sterile loop and inoculated into a 100 ml flask containing 10 ml of 

YPD broth containing 2% glucose, 12.5 ml/litre (1.25%) of L-adenine, 8.3 

ml/litre (0.83%) of L-histidine, L-leucine and L-tryptophan. The culture 

was incubated for 16 hours at 220 rpm at 30°C. The overnight culture’s OD 

was measured at 600 nm after diluting 1:10. A fresh 10 ml culture in YPD 

broth was inoculated from the overnight culture with a starting OD600 of 

0.2. The culture was incubated for 4½ hours at 220 rpm at 30°C, until 

OD600 reached 0.6. Prior to transformation, salmon sperm DNA was boiled 

at 99°C for 5 minutes in a thermo mixer (at 400 rpm) and then chilled on 

ice for 5 minutes. 3 ml of the culture was centrifuged at 13,000 rpm for 1 

minute. Supernatant was poured off and 50 µl (100 µg) of salmon sperm 

DNA, 4 µL (0.5µg) of plasmid DNA, 500 µl of PEG solution (40% PEG 

3350 MW, 0.1 M LiAc pH 7.5, 10 mM Tris pH 8.0 and EDTA pH 8.0) 

were added to the retained pellet. The cell pellet was gently re-suspended 

with the aid of a micro-pipette. 55 µl of pure biological grade 10% DMSO 

was added. The mixture was incubated at 400 rpm at 25°C for 15 minutes 

in a thermo mixer. The mixture was subjected to heat shock for 15 minutes 

in a water bath at 42°C. In the last 5 minutes 60 µl of pure biology grade 

ethanol was added and then the mixture was centrifuged at 13,000 rpm for 

1 minute. The cell pellet was washed with 1X TE pH 8.0 twice and was 

centrifuged at 13,000 rpm for 1 minute. Finally the cell pellet was re-

suspended in 200 µl of 1X TE pH8.0 and was spread on SD-minimal agar 
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plates containing the appropriate nutrients. The plates were incubated at 

30°C for 2-3 days and later stored in the fridge at 4°C. 

2.5.4   Yeast Transformation via Electroporation 

Yeast transformation via electroporation was carried out as detailed in the 

application guideline of Micro-Pulse Electroporation (Bio-Rad, UK). It is a 

simple technique where a high voltage electric pulse is applied to the intact 

yeast cells in the presence of media. It consists of a shocking chamber, 

pulse generator model and 0.1 cm cuvette incorporated with electrodes. 

The sample is placed between the cuvette and an electric pulse is passed 

through the capacitor which is charged to a high voltage.  Yeast cells were 

made competent using sorbitol prior to transformation. 

2.5.4.1   Procedure 

Yeast strains were scratched out from frozen glycerol stocks (kept at -80ºC) 

using a sterile loop and streaked on to SD-minimal agar plates containing 

the required nutrients.  The plates were incubated in the inverted position at 

30°C for 2-3 days. The electroporation cuvettes were chilled at 4°C prior to 

use. The single colony for yeast cells was scratched out using a sterile loop 

and inoculated in a 50 ml flask containing 10 ml of YPD broth containing 

2% glucose, 12.5 ml/litre of L-adenine, 8.3 ml/litre of L-histidine and L-

tryptophan. The culture was incubated for 16 hours at 220 rpm at 30°C. 

Overnight culture OD was measured at 600 nm after 1:10 dilution. A fresh 

10 ml culture in YPD broth was inoculated from the overnight culture with 

a start OD600 of 0.2. The culture was incubated for 4½ hours at 220 rpm at 

30°C, until OD600 reached 0.6. 
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2.5.4.2   Preparation of Electrocompetent cells 

1.5 ml of cells was centrifuged at 5000 rpm for 5 min at 4°C. Supernatant 

was poured off and the pellet was washed twice with 750 µl of ice-cold 

autoclaved water and spun down at 5000 rpm for 5 minutes at 4°C. Cell 

pellet was re-suspended in 1 ml of ice cold 1 M sorbitol and spun down at 

5000 rpm for 5 minutes at 4°C. Finally the cells were re-suspended in 500 

µl of 1 M sorbitol and kept on ice before use in electroporation. 

2.5.4.3   Electroporation 

40 µl of electrocompetent cells was added to 1 µl (0.5µg) of plasmid DNA 

into a sterile micro-centrifuge tube and gently mixed using a pipette. The 

tube was then incubated on ice for 5 minutes. The above mixture was 

transferred to a 0.1 cm cuvette. The cuvette was then placed in the 

electroporation chamber. Electric voltage of 1.5 kV was applied with a time 

constant of 5 seconds. 1 ml of YPD media was immediately added to the 

cuvette and the mixture transferred to the sterile micro-centrifuge tube 

which was incubated at 30°C for 1 hour. After one hour, the electroporated 

cells were spun down at 5000 rpm and finally the cell pellet was re-

suspended in 100 µl of YPD media and spread on to SD-minimal agar 

plates containing the required amounts of nutrients. The plates were 

incubated at 30°C for 2-3 days and later stored at 4°C in a fridge. 

2.5.5   Yeast transformation: Lithium Acetate method 

The procedure for yeast transformation using lithium acetate was adapted 

from (Giez and Woods 2002).  
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2.5.5.1   Procedure 

Yeast strains were scratched out from frozen glycerol stocks using a sterile 

loop and streaked on to SD agar plates containing the required nutrients.  

The plates were incubated in the inverted position at 30°C for 2-3 days. A 

single colony of yeast cells was taken on a sterile loop and was inoculated 

in a 100ml flask containing 10 ml of YPD broth containing 2 % glucose, 

12.5 ml/litre of L-adenine, 8.3 ml/litre of L-histidine and L-tryptophan. The 

culture was incubated for 16 hours at 220 rpm in an incubator with shaker 

at 30°C. Overnight culture OD was measured at 600 nm after 1:10 dilution. 

A fresh 10 ml culture in YPD broth was inoculated from overnight culture 

with a start OD600 of 0.2. The culture was inoculated for 4½ hours at 220 

rpm at 30°C, until OD600 reached 0.6. 2.5 ml of cells was harvested at 

13,000 rpm for 1 minute. Supernatant was poured off without disturbing 

the pellet. The pellet was re-suspended in 500 µl of autoclaved water and 

spun down at 13,000 rpm for 1 minute. The cell pellet was re-suspended in 

200 µl of 100 mM (1M) of lithium acetate and centrifuged at 13,000 rpm 

for 1 minute. This re-suspension step was repeated twice. 

The following ingredients were added to the cell pellet in the order detailed 

below: 

1) 240 µl of PEG3350 (50% w/v), 

2) 36 µl of 100 mM Lithium Acetate, 

3) 25 µl of carrier salmon sperm DNA (boiled at 99°C prior to use), 

4) 5 µl of plasmid DNA [2 µl of plasmid DNA (~0.5 µg/µl) was 

diluted in10 µl of water from which 5 µl was taken]. 

The cell pellet was thoroughly re-suspended by vortexing and the 

suspension was incubated at 30°C for 30 minutes. After 30 minutes, the 
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cells were subjected to heat shock for 25 minutes in a water bath at 42°C. 

After 25 minutes, the cells were centrifuged at 13,000 rpm for 1 minute. 

The cells were finally re-suspended in 100 µl autoclaved water and the cell 

suspension was spread on to a SD agar plate containing the required 

auxotrophic nutrients. The plates were incubated at 30°C for 2-3 days after 

which they were stored at 4°C in the fridge. 

2.5.6   Glycerol stocks 

All the transformed yeast strains were stored in glycerol for long term use. 

Individual colonies of transformed yeast cells were grown on yeast glycerol 

agar plates and kept in an incubator at 30°C for 2-3 days to deselect petite 

cells. Petites are respiratory deficient mutants of yeast cells which do not 

have the ability to utilize non-fermentable substrates such as glycerol; 

petites lack functional mitochondria (Goldring et al 1971). 

An individual colony of yeast cells was inoculated in YPD broth for 16 

hours at 220 rpm at 30°C. 400 µl of cells from the overnight culture were 

mixed with 600 µl of 50% glycerol in a sterile vial and were stored at -

80°C. 

2.5.6.1   Reagent for above protocol  

1. 50 % Glycerol (100 ml) 

50 ml of glycerol was added to a bottle to which 50 ml of pure water was 

added and the resultant solution was autoclaved at 121°C at 15 kPa 

pressure for 15 minutes.  
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2. Yeast Glycerol Agar Plates (25 ml) 

 5 g of Agar, 

 2.5 g of yeast extract, 

 5 g of Bacto- peptone, 

 15 ml of 50 % autoclaved glycerol. 

All the above contents were mixed and topped up to 250 ml by adding 

sterile ultra water and autoclaved at 121°C at pressure of 15 kPa for 15 

minutes. 

2.6 Recombinant CYP protein expression and  

microsome preparation 

2.6.1   Growth and expression of a yeast strain bearing the  

CYP1A1 gene under the control of the ADH2 promoter 

A yeast strain containing the CYP1A1 gene on the plasmid pSYE271 was 

taken from a frozen glycerol stock and was grown on an SD–minimal agar 

plate with required amounts of auxotrophic nutrients to prepare a small 

liquid culture that would seed larger liquid cultures. Normally yeast growth 

follows 4 phases comprising of lag, exponential, stationary and death 

phases. The cells are inoculated in liquid media for further growth to 

exponential phase. 

2.6.1.1   Procedure for Growth of Cells 

From the frozen glycerol stock of the yeast strain containing the plasmid 

pSYE271 that encodes the CYP1A1 gene, cells were streaked out for 
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growth on SD-minimal medium agar plates that contained the appropriate 

nutrients such as L-adenine, L-leucine, L-tryptophan, L-histamine and 

glucose. The plates were then incubated at 30°C for 3 days. A loop-full of 

cells from one of the many colonies that grew on the SD-minimal medium 

agar plate were taken and inoculated in 20 ml of autoclaved SW6 broth in a 

sterile conical flask. The SW6 broth contained 1.34g/200ml of yeast 

nitrogen base and nutrients such as L-adenine, L-leucine, L-tryptophan, L-

histidine, 2% glucose and 0.02% casein enzymatic hydrolysate (CAS) 

which contains all the twenty essential amino acids. 20 ml of SW6 broth 

culture was incubated in a shaking incubator at 30°C at 220 rpm for 16 to 

18 hours. After 16 hours, the culture was diluted 1:10 and the optical 

density was measured at 600 nm. Once the optical density of SW6 broth 

culture reached between 5 and 6 OD600, 20 ml of SW6 broth culture was 

transferred to a sterile 2-litre conical flask that contained 400 ml of YPD 

broth. YPD broth contained yeast extract, bacto proteose peptone, 2% 

glucose, and 12.5 ml/litre L-adenine, 8.3 ml/litre of L-histidine, L-leucine, 

L-tryptophan as extra supplementary nutrients. 100 ml of YPD cell culture 

was incubated at 30°C at 220 rpm for 16 hours. After 16 hours, optical 

density was again measured at 600 nm after diluting the original culture 

1:10. Once an optical density of the YPD media cell culture reached 

between 14 and 21 OD600, the culture was kept at 4°C. Meanwhile, a 

centrifuge was pre-chilled to 4°C. The YPD broth cell culture was 

transferred into a sterile bucket and was centrifuged at 3622 rpm for 15 

minutes. A pellet formed at the bottom of the bucket and the supernatant 

was poured away. 150 ml of harvest buffer was added; the pellet was 

gently re-suspended and then centrifuged at 3622 rpm for 15 minutes. At 

the final step, supernatant was poured away and the dry pellet was frozen at  

-80°C and the pellet weight was recorded. 
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2.6.1.2  Reagents for Preparation of Microsomes 

1. Sutter’s A (Harvest Buffer): 1 Litre 

 118.2 g of 0.65 M Sorbitol, 

 10 ml of 1 M Tris-HCl, pH 7.5, 

 200 µl of 0.5 M EDTA, pH 8.0. 

Above contents were combined and topped up to 1 litre with ultra pure 

water and autoclaved. 

2.6.2   Preparation of microsomes from harvested cells that 

 bear the CYP1A1 gene 

Microsome preparation is the process where the yeast cells are broken 

down and differentially centrifuged so that the unbroken cells, nuclei, 

mitochondria and other cell debris are sedimented out and the endoplasmic 

reticulum (ER) containing cytochrome P450s are obtained in the 

supernatant. Unwanted soluble matter is later separated from the ER by 

further centrifugation or PEG precipitation. The colour of the supernatant is 

reddish brown due to the presence of haeme, an iron-containing co-factor. 

The following steps in the procedure outline the method by which 

microsomes expressing CYP1A1 enzyme were obtained. 

2.6.2.1    Procedure for Preparation of Microsomes 

The cell pellet that had been prepared from the earlier protocol (Section 

2.6.1) was weighed and the weight of cell pellet had been recorded. The 

pellet was gently re-suspended in Sutter’s A buffer containing 100 mM 

dithiothreitol (DTT) and 100 mM 4-(2-aminoethyl) benzene 

sulphonylflouride HCl (AEBSF). 1 g of cell pellet was re-suspended in 1.4 
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ml of Sutter’s A buffer containing a general protease inhibitor (i.e. 100 ml 

of DMB A buffer + 0.266 ml DTT (100mM) + 2.66 ml AEBSF (100mM)). 

The cell suspension was cooled to 4°C.  Cells were subjected to disruption 

using a cell disruptor, pressure was maintained at 22.5 KPSI with a single 

shot disrupter head. The disrupted cells were centrifuged for 15 minutes at 

4500 rpm at 4°C. The volume of supernatant was multiplied by 3.75 to give 

the volume of DMB TES buffer that were used. This volume was divided 

by 40 to give the volume of NaCl, and NaCl volume was divided by 10 to 

give the volume of PEG solution that were used. A 50% PEG3350 solution 

was added drop-wise to the supernatant and then put through three high-

speed centrifugations and the suspension was mixed gently. The 

concentrated suspension mixture was then left in the cold room on ice for 

20 minutes after which it was centrifuged using the JL10 rotor at 9333 rpm 

for 20 minutes. The microsome pellet was obtained at the bottom of the 

bucket and the pellet was then washed with DMB A buffer twice to remove 

the remaining 50% PEG3350 solution. Then gently with the help of a spatula 

the pellet was removed and transferred to a homogenizer tube and 

approximately 5 ml of DMB B buffer was added. Microsomes were 

homogenised gently and then aliquoted in to eppendorf tubes so that the 

aliquots could be stored at -80°C. 

2.6.2.2   Reagents 

1. DMB TES buffer: (200 ml) 

 10 ml of Tris-HCl (1 M) pH 8.0, 

 400 µl of EDTA 0.5 M pH 8.0, 

 30 ml of 4 M sorbitol. 
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The above reagents were added to a bottle to which 200 ml of distilled 

water was added. 

2. DMB B buffer: (100 ml) 

 1 ml (1 M Tris-HCl pH 7.5), final concentration 10 mM, 

 200 µl (0.5 M EDTA pH 8.0), final concentration 1.0 mM, 

 40 ml 20 % Glycerol (50% Glycerol stock). 

The above were added to a bottle which was topped up to 100 ml with 

distilled water. 

2.7   Determination of protein concentrations 

2.7.1   Protein concentrations measured in microsomal 

 samples using Bradford assay 

Protein concentrations were measured in microsome samples using the Bio-

Rad Bradford protein kit protocol which is based on the Bradford method 

for protein determination (Bradford 1976). It consists of Coomassie 

Brilliant Blue G-250 dye which binds proteins, mainly via the amino acid 

arginine. The Bradford dye when mixed with a protein sample changes 

colour from brown to blue and the colour change is proportional to the 

amount of protein present in the sample. The intensity of the colour is then 

compared to the colour seen in protein solutions obtained through serial 

dilutions of a stock solution of a standard protein, bovine serum albumin 

(BSA). Each dilution of BSA has a defined protein concentration. 

Comparison with the BSA standard curve allows determination of the 

concentration of proteins present in any microsomal sample. For 
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measurements of intensity of the blue colour, absorbance is measured at a 

wavelength of 595 nm using 96-well flat-bottomed microplate and a Bio-

Tek Synergy HT plate reader. 

2.7.1.1   Procedure for the Bradford Assay 

From the stock solution of 1.43 µg µl-1 of BSA the working stock solution 

of 0.1 µg µl-1 of BSA was prepared.  A set of serial dilutions of BSA was 

made in order to obtain a standard curve (see Table 2.1 and Figure 2.1).  

Table 2.1:  BSA standard curve plate using different amounts of BSA (0, 

2.5, 5, 10, 15, 20 and 25 µg).  

Plate 

reader 

STD1 STD2 STD3 STD4 STD5 STD6 STD7 

Protein 

per well 

µg 

0 2.5 5 10 15 20 25 

Amount 

of BSA 

working 

solution 

µl 

0 25 50 100 150 200 250 

Amount 

of water 

µl 

800 775 750 700 650 600 550 
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Figure 2.1: The BSA standard curve, X‐axis  indicates protein concentration while Y‐

axis indicates absorbance at 595nm.   

The test microsomal samples were diluted by a factor of 1:200. From this 

diluted solution two different sets of further dilutions were prepared, 1:5 

and 1:8 depending on the size of the microsome pellet and their probable 

total protein concentrations. 200 µl of Bradford dye was added to each 

sample as well as to the standards and left on the table for 15 minutes. Then 

150 µl of each sample was transferred in to a well of a microplate and the 

endpoint absorbance at 595 nm was then measured. 

2.8 Carbon monoxide (CO) binding spectrum 

2.8.1   CO-binding assay 

The name cytochrome P450 was given to this family of proteins because of 

their ability to bind carbon monoxide (CO). The CO-binding assay is used 

to determine the amount of cytochrome P450 enzyme present in a 

microsomal sample. The haeme moiety of a cytochrome P450 protein is 
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reduced when CO binds to the protein and this exhibits an absorbance 

maximum at 450 nm (Omaro and Sato 1964).  

2.8.1.1   Procedure for the CO-binding assay 

Approximately 800 µl of 100 mM phosphate buffer pH 7.4 containing 20% 

of glycerol and, with the help of micro-spatula, a few grains of sodium 

hydrosulphite (i.e. sodium dithionite) were added to two 1 ml cuvettes and 

were mixed gently by inverting. One cuvette was for testing of microsomal 

sample and the other was used as a reference. Approximately 200 µl of 

microsomes were added to the sample cuvette and a minute was allowed to 

elapse. The sample and reference cuvettes (with 1ml of 100mM phosphate 

buffer) were placed on their respective positions in the dual-beam 

spectrophotometer (Shimadzu, UV2401PC). CO gas was introduced, one 

bubble per second, to the sample cuvette for 60 seconds, and the contents 

were mixed gently by inverting the cuvette. After a minute, spectrum was 

run by pressing the start button of the dual-beam spectrophotometer. 

2.8.1.2   Calculations from the results obtained in the CO-

binding assay             

[Absorbance at 450 nm –Absorbance at 490 nm/extinction coefficient at 

450 nm X dilution factor X 1000]/ 91 = nM of P450 per ml of the diluted 

sample; ‘91’ is the extinction coefficient.  

Specific P450 Concentration (mmole/mg protein) = P450 content / total 

protein.  
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2.9   MTT assay 

This assay is used to measure the activity of cytochrome P450 reductase 

(CPR). CPR is an electron donor protein for cytochrome P450 proteins. 

MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5 diphenlytetrazolium bromide), 

yellow in colour, acts as an artificial electron acceptor for CPR and can be 

used to determine CPR’s contribution to the activity of cytochrome P450 

enzyme (Yim et al 2005). MTT is a tetrazolium salt which is reduced by 

active CPR. On reduction, MTT produces the purple formazan. A dual 

beam UV 2401PC spectrophotometer (Shimadzu), at a wavelength of 610 

nm at 23°C, was used to determine the formation of formazan upon MTT 

reduction (Yim et al 2005). 

2.9.1   Procedure for MTT assay 

Working stock solution of MTT was prepared and stored at  4°C in a dark 

place. Approximately 10 µl of microsomes were added into 1 ml of the 

sample cuvette containing approximately 970 µl of potassium phosphate 

buffer which was followed by addition of 10 µl of MTT Solution B 

(glucose-6-phosphate dehydrogenase) and 10 µl of MTT Solution A 

(Glucose-6-Phosphate and NADP+); the contents were mixed by inverting 

the cuvette three times. The reference cuvette contained 970 µl of 100mM 

of potassium phosphate buffer, 10 µl of MTT Solution A and 10 µl MTT 

Solution B; the contents were mixed by inverting the cuvette three times. 

Reference and sample cuvettes were placed in their respective positions on 

the dual beam UV2401PC spectrophotometer and the spectrum was run. 

The assay was repeated 3 times for each sample. 
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2.9.1.1   Calculations for the MTT assay 

Δ slope per min/ (11.3 * protein concentration in mg) = µM MTT 

reduced/min/mg of protein 

Δ slope = plot graph of Abs-Abs start vs time to get R2 value.  

11.3 mM-1 cm-1 = Extinction coefficient. 

2.9.1.2   Reagents for the above protocol  

1. 10 mM of MTT solution 

 MW 414.3 of MTT; 4.14 mg of MTT was dissolved in 18.11 ml of 

10 mM of potassium phosphate buffer. 

2. 10 mM potassium phosphate buffer 

 0.03 ml of 1 M K2HPO4, 

 0.47 ml of 1 M KH2PO4. 

The above were mixed and were made up to 50 ml with distilled water. 

3. MTT Solution A (Glucose-6-Phosphate and NADP+), stored at -

20°C 

 5.42 mM of magnesium chloride solution, 

 5 mM glucose-6-phospahate, 

 0.5 M NADP+.  
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4. MTT Solution B (Glucose-6-phosphate dehydrogenase), stored at  

-20°C 

 250U G6DPH in 6.25 ml of 5 mM sodium citrate. 

2.10   Western blotting  

Western blotting is a process used to detect proteins by means of protein 

transfer from SDS-polyacrylamide gel to an adsorbent membrane. This 

process is also known as immunoblotting or protein blotting (Kurien and 

Scofield  2006).  

In my experiments, western blotting was used to analyse the presence of 

proteins like CYP1A1, CYP1B1 and CYP1A2 in microsomes and live cells 

in three different sets of yeast strains: 

(1) CYP1A1-yRD, CYP1A1-∆hRDM, CYP1A1-hRD,  

(2) CYP1B1-yRD, CYP1B1-∆hRDM, and  

(3) CYP1A2-yRD and CYP1A2-∆hRDM.  

The proteins were separated on 10% SDS-polyacrylamide gels.  

2.10.1   Procedure for western blotting 

For analysing CYP-specific proteins in microsomes and live cells 3-5µg of 

total protein was used, as was measured by the Bradford assay. BD-Gentest 

microsomes were used as positive control and control microsomes (from 

the yeast strain YW41 which contained no CYP) were used as negative 

control.  The protein samples were mixed with western blot buffer (0.5M 

Tris-HCl, pH6.8, glycerol, SDS, DTT and bromophenol blue) and boiled at 

99°C for 5 minutes prior to use.  Before starting western blot, casting and 
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stacking gels of 1.5mm thickness were prepared with use of glass plates 

and spacers which took an hour to polymerise. The gels were inserted in to 

a small tank that contained 1X Running buffer. 20µl of samples, together 

with positive and negative controls and 10µl of protein ladder (Bio-Rad) 

were mixed with western blot buffer and were loaded on to the wells of a 

stacking gel lane. The gels was subjected to a current of 90 volts for 20 

minutes. After, 20 minutes the samples entered the casting gel where 

separation of proteins occurs. At this stage, the gel was subjected to a 

current of 110 Volts for 2½ hours. During the running of the gel, PVDF 

membrane was cut for protein transfer so as to obtain small rectangular 

pieces with dimensions of 8.2cm X 5.5cm. Six pieces of Whatman filter 

paper was cut with similar dimensions (8.2cm X 5.5cm) and three pieces 

with dimensions 16.4cm X 11cm.  After 2½ hours, gels were recovered 

from tank. The 3 pieces of Whatman filter paper (16.4cm X 11cm) were 

soaked in cathode buffer and transferred to a semi-dry blotter unit. Stacking 

gel was cut and discarded while casting gel was cut and dipped into 

methanol and placed on 16.4cm X 11cm Whatman filter papers which were 

already on the semi-dry blotter unit. Then PVDF-membrane was soaked in 

methanol and placed on the gel. The PVDF-membrane was covered with 

three pieces of Whatman filter paper (8.2cm X 5.5cm) soaked in anode I 

buffer and this was covered by three pieces of Whatman filter paper (8.2cm 

X 5.5cm) dipped in anode II buffer. The lid of the semi-dry blotter unit was 

firmly placed and the unit was run on a current of 0.8 mAmp per cm2 for 

1½ hours. After this time period, PVDF-membrane was recovered with 

help of forceps and dipped into 25ml of 0.2% PBS-Tween for 10 minutes. 

After 10 minutes, the PVDF-membrane was placed in a ceramic dish that 

contained 5% dried milk dissolved in 25ml of 0.2% PBS-Tween.  The plate 

was gently shaken on a plate rotor for an hour. After the hour, the milk 
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solution was discarded and the membrane was cleaned with 0.2% PBS-

Tween three times. Then the membrane was placed in 25ml solution of 1% 

dried milk in 0.2% PBS-Tween and containing CYP-specific primary 

antibody (at a dilution of 1:2000); the membrane was incubated overnight 

(16 hours) at 4°C with gentle shaking. The next day, the primary antibody 

was poured off and the membrane was cleaned with 0.2% PBS-Tween 

three times. Then membrane was placed in 25ml solution of 1% milk and 

0.2% PBS-Tween containing the secondary antibody with the HRP-

conjugate (at a dilution of 1: 2000) and gently shaken for an hour on the 

plate rotor. After the hour, secondary antibody solution was discarded and 

membrane was cleaned with 10ml of 0.2% PBS-Tween, then with 10ml of 

0.1% PBS-Tween and finally with 10ml of PBS. After discarding the final 

wash buffer (i.e. 10 ml PBS), the membrane was placed on cling film and 

mixed with 750µl of horse radish peroxidase (HRP) substrate provided by 

the ECL kit (Santa Cruz Biotechnology, Catalogue number: sc- 2048). The 

protein bands were observed using the Bio-Rad XRS ChemDoc system.  

2.10.2   Reagents for western blotting 

1. Western blot buffer 

 17.5ml of 0.5M Tris-HCL, pH 6.8, 

 7.5ml of glycerol, 

 2.5g of SDS,  

 2.3 of DTT, 

 3mg bromophenol blue.  

All the above was made up to 250ml with ultrapure Milli-Q water.  



Page | 98  
 

2. 5 X running buffer  

 75.5g of Tris, 

 360g glycine,  

 25g SDS.  

All the above were dissolved in 5 litres of ultrapure water.  

3. Anode buffer I (pH 10.4) 

 36.3g Tris, 

 100ml methanol.  

The above were mixed with 900ml of ultra pure water.  

4. Anode buffer II (pH 10.4) 

 3.03g of Tris, 

 100ml methanol.  

The above were mixed with 900ml of ultra pure water. 

5. Cathode buffer (pH 9.4) 

 5.2g of aminocaproic acid,  

 3.03g of Tris-base, 

 100ml of methanol.  

The above were mixed with 900ml of ultra pure water. 
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6. 5% Milk solution (blocking solution) 

 1.25 g of dry milk powered in 25ml of PBS 

7. 10X PBS 

 10 tablets added to 1 litre of ultra pure water.  

8. 0.2% PBS-Tween 

 0.5ml of Tween in 250ml of PBS  

9. 0.1% PBS-Tween 

 0.25ml of Tween in 250ml of PBS  

10. Casting gel  

 5.625 ml of 1.5M Tris pH8.8, 

 7.55 ml of 30% Poly Acrylamide/bis solution (29:1), 

 225µl of 10% SDS (w/v), 

 112.5µl of ammonium per sulphate,  

 11.25µl of TEMED.  

All the above was mixed in 8.75 ml of ultra pure water. 

11. Stacking gel  

 3.15ml of 0.5M Tris pH 6.8, 

 1.875ml of Poly Arcylamide/bis solution (29:1), 

 125 of 10% SDS (w/v), 

 51µl of ammonium per sulphate,  
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 13.5µl of TEMED.  

All the above were mixed in 7.5 ml of ultra pure water. 

2.11   Screening of compounds and determination of  

relative IC50 values with CYP1A1, CYP1B1, CYP1A2,  

CYP2D6 and CYP3A4 enzymes 

2.11.1   Screening of compounds with CYP enzymes 

The assay is simple and allows the rapid screening of a library of 

compounds. It was employed to see if compounds in the 200-compound 

library inhibit specific cytochrome P450 enzymes. The assays were 

performed in the laboratory under yellow light as all the substrates used in 

this assays are light sensitive. All chemical compounds were screened at 5 

µM concentrations and percentage inhibitions of cytochrome P450 

enzymes were determined.  

In this project, microsome-bound CYP1A1, CYP1B1, CYP1A2, CYP3A4 

and CYP2D6 enzymes were prepared from the yeast S. cerevisiae. The 

protocols for preparation of microsomal enzymes had been developed 

earlier in our research group (Section 2.6 and Table 2.2).  In order to find 

the activity of the CYP enzymes, each CYP-specific enzyme reaction was 

performed in triplicate and was carried out in a reaction volume of 100 µl 

in a black flat-bottomed TC treated 96-well plate containing regenerating 

system, phosphate buffer and enzyme/substrate mix. The compounds were 

thawed at 37°C prior to use. Each reaction contained a total of 25 µg of 

protein. P450 content in these assays was between 0.5 to 2.5 pmol and the 
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protein concentration of control microsomes (that contained no CYPs) used 

in the assay was 10 mg/ml.  

Substrates for the CYPs were always diluted in 1% DMSO prior to assay. 

The reaction per well had 50% regenerating system and 50% the enzyme 

component. The regenerating system comprised of solution A, solution B, 

5µM inhibitor diluted in DMSO (to have final concentration of DMSO < 

1%) and potassium phosphate buffer (KPi) while the enzyme component 

comprised of CYP450 microsome, substrate diluted in 1% DMSO, control 

microsomes and potassium phosphate buffer.  

Although the results of these endpoint determinations of inhibition at 5 µM 

assay were crude, they were remarkably efficient in  

(a) Revealing the identity of the compounds with the highest 

percentage of inhibition,  

(b) Finding if there were any compounds that were specific in their 

inhibition towards CYP1A1, CYP1B1 or CYP1A2 enzymes, and 

(c) Providing an idea as to which compounds should be chosen for 

further IC50 evaluation to confirm and compare inhibitory potential 

of compounds 
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Table 2.2: Outline of the parameters used to analyse the activities of 

cytochrome P450 enzymes using the Bio-Tek Synergy HT plate reader. 

Bandwidth of filter 

Enzyme  Substrate  Product  Excitation 

 

Emission

 

Sensitivity 

Final 

Substrate 

Conc. per 
reaction 

Dilution 

Of 

Substrate 

Conc. 
Of 

P450 

Per 
reaction

(µl) 

CYP1A1  7‐Ethoxy 
resorufin 

Resorufin  530 nm  590 nm  55  5 µM  DMSO 
0.5 

pmol 

CYP1B1  7‐Ethoxy 
resorufin 

Resorufin  530 nm  590 nm  60  5 µM  DMSO 
1.7 

pmol 

CYP1A2  CEC  CHC  400 nm  460 nm  80  16 µM  Acetonitrile  2 pmol 

CYP2D6  EOMCC  CHC  400 nm  460 nm  75  10 µM  Acetonitrile  2.5pmol 

CYP3A4  DBF  Fluorescein  485 nm  528 nm  80  2 µM  Acetonitrile 
0.5 

pmol 

 

  2.11.2 Procedure for enzyme assays 

The computer was switched on and the KC4 software was opened to select 

the parameters and plate layout. The plate reader machine was warmed to 

37°C. 100 µM of working stock of the compounds was initially used to 

analyse the percentage inhibition of CYPs. The final concentration of 

compounds in each well was 5 µM.  
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Initially, 45 µl of regenerating system was prepared and pre-warmed at 

37°C (Table 2.3). 

Table 2.3:  Regenerating system used per reaction in each single well for 

different CYPs was as follows. 

Enzyme   Solution A  Solution B  Inhibitor  KPi buffers  Water 

CYP1A1  5 µl  1 µl  5 µl  39 µl 0.2 M  ‐ 

CYP1B1  5 µl  1 µl  5 µl  39 µl 0.2 M  ‐ 

CYP1A2  5 µl  1 µl  5 µl  20 µl 0.5 M  19 µl 

CYP2D6  5 µl  1 µl  5 µl  25 µl 0.2 M  14 µl 

CYP3A4  5 µl  1 µl  5 µl  25 µl 0.2 M  14 µl 

 

Meanwhile, 50 µl of enzyme substrate reaction was prepared and kept in an 

incubator at 37°C for 10 minutes (Table 2.4).  

Table 2.4:  Enzyme-Substrate mixtures per reaction in each well were as 

follows. 

Enzyme  P450 conc.  Control 
microsome 

Substrate  KPi buffer  Water 

CYP1A1  0.5 µl  2 µl 
5µl 0.1mM 

E.R 
42.5µl 0.1 M  ‐ 

CYP1B1  0.5 µl  1.7 µl 
5 µl 0.1 mM 

E.R 
42.8µl 0.1 M  ‐ 

CYP1A2  1 µl  1.6 µl 
5 µl 320 µM 

CEC 
42.4µl 0.1 M  ‐ 

CYP2D6  2.5 µl  0.4 µl 
0.5 µl 2 mM 
EOMCC 

25 µl 0.2 M  21.6 µl 

CYP3A4   1.1 µl  0.102 µl  0.1 µl 2mM  25 µl 0.2 M  23.96 µl 
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In a well of a 96-well flat-bottomed microplate, 45 µl of regenerating 

system, 5 µl of 100 µM potential inhibitor (chemical compounds) and 50 µl 

of enzyme/substrate mixture were added in all the wells except the wells 

which acted as negative controls. Instead of any compound, 5 µl of 10% 

DMSO was added to negative control wells. After preparation of the 

contents of all the wells, the microplate was vortexed for a few seconds so 

that contents were mixed well in each well and incubated at 37°C for 10 

minutes. After 10 minutes, 75 µl of Tris-acetonitrile (stop solution) was 

added to all wells using an 8-channel multi-pipette to stop the reaction. 

After that 50 µl of enzyme/substrate mixture was added into a negative 

well. The plate was left to shake for 10 seconds and endpoint assay was run 

using appropriate setting (Table 2.2). 

2.11.3   Calculation of percentage inhibition 

 Average of each triplicate sample  units in RFU = A 

 A – negative value = B 

 Control value (obtained from control well ) – negative value = C 

 B/C = D 

 D * 100 = percentage inhibition of compound 

2.11.4   Reagents used for enzyme activity assays 

1. 1 mM of 7-Ethoxyresorufin (ER), stored at -20ºC 

 MW 241.2 of ER; 2.412 mg of the 7-ethoxyresorufin in 100% 

DMSO. 

This solution was further diluted to 0.1 mM in 1% DMSO on the day of 

use. 
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2. 10 mM 3-Cyano-7-ethoxycoumarin (CEC), stored at -20ºC 

 MW 215.2 (CEC); 2.152 mg of CEC in 100 % acetonitrile 

This was further diluted to 0.32 µM in 1% DMSO on the day of use. 

3. 2 mM 7-ethylmethyloxy-3-cyanocoumarin (EOMCC), stored at -

20ºC 

 MW 245.2; 0.1 mg of EOMCC in 100% acetonitrile.  

4. 2 mM Dibenzylfluorescein (DBF), stored at -20ºC 

 MW 512.55 of DBF; 2.06 mg of DBF in 100 % acetonitrile.  

5. 100 mM (0.1 M) potassium phosphate buffer (KPi) at pH 7.4 

 0.3 ml of 1.0 M K2HPO4, 

 4.7 ml of 1.0 M KH2PO4.  

The above were mixed and made up to 50 ml with distilled water. 

6. 100 mM (0.2 M) potassium phosphate buffer (KPi) at pH 7.4 

 0.6 ml of 1.0M K2HPO4, 

 9.4 ml of 1.0M KH2PO4.  

The above were mixed and made up to 50 ml with distilled water. 

7. 500 mM (0.5 M) potassium phosphate buffer (KPi) at pH 7.4 

 1.5 ml  of 1.0 M K2HPO4, 

 23.5 ml of 1.0 M KH2PO4. 
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The above were mixed and made up to 50 ml with distilled water. 

8. Solution A stored at -20ºC 

 183 mg of NADP+, 

 183 mg of glucose-6-phosphate, 

 654 µl of 1.0 M Magnesium chloride solution. 

The above were mixed in a sterile tube containing 9.15 ml of distilled water 

and the mixture was aliquoted into 1.5 ml eppendorf tubes for storage at -

20ºC. 

9. Solution B, stored at -20ºC 

 250 Units of glucose-6-phosphate dehydrogenase, 

 6.25 ml of 5 mM sodium citrate. 

The above were mixed in a tube and then made up to 10 ml with distilled 

water. 

10. 10% DMSO 

1 ml of 100% DMSO was diluted in 9 ml of distilled water and stored in a 

dark place at room temperature. 

11. 1% DMSO 

1 ml of 10% DMSO was diluted in 9 ml of distilled water and stored in a 

dark place. 
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12. Tris-acetonitrile (Stop solution) 

 100 ml of 0.5 M Tris-HCl + 400 ml of 80 % acetonitrile. 

2.12   Determination of IC50 values 

This method is used to measure the IC50 values (the concentration at which 

50 % of the enzyme activity is inhibited) of the compounds. The IC50 

values reflect the inhibitory potential of a compound and also give an 

indication of the possible effectiveness of a compound in a biological 

process. 

An IC50 assay includes microsomes which either contain cytochrome P450 

enzymes, a chosen chemical compound in six serial dilutions, DMSO, 96-

well flat-bottomed microplate, substrates such as ER or CEC and Bio-Tek 

Synergy HT plate reader which ultimately determines IC50 values via 

endpoint fluorescence assays. 

2.12.1   Procedure for IC50 determination 

The computer was switched on and the KC4 software was opened to select 

the assay parameters and plate layout. The plate reader machine was 

warmed at 37ºC. Compounds were serially diluted to six different 

concentrations with 10% DMSO always in the Sero-well white microplate. 

Serial dilutions were made with a dilution factor of 1:20.  45 µl of 

regenerating system was prepared and pre-warmed at 37ºC as detailed in 

(Table 2.3). Meanwhile, 50 µl of enzyme substrate mix reaction was 

prepared and kept for incubation at 37°C for 10 minutes (Table 2.4). In 

wells of a 96-well flat-bottomed microplate, 45 µl of regenerating system, 

5 µl serial dilutions of inhibitor were added from the dilution plate and 50 
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µl of enzyme/substrate was added except in control well (positive control); 

for this well, instead of inhibitor 5 µl of 10% DMSO was added. In the 

background well (negative control), 45 µl regenerating system and 5 µl 

10% DMSO were added and then microplate was vortexed for few 

seconds. The microplate was incubated for 10 minutes. After 10 minutes, 

75 µl of Tris-acetonitrile was added to all wells using an 8-channel multi-

pipette to stop the reaction; after that 50 µl of enzyme/substrate reaction 

was added into the background well. The plate was left to shake for 10 

seconds and an endpoint assay was run using appropriate settings (Table 

2.2). 

2.12.2    Calculation for IC50 values 

 Step 1: calculate percentage inhibition of the samples as described in 

section 2.11.3 

 Step 2: Subtract the value below 50% by 50 = A 

 Step 3: Choose the value above 50% and below 50% and subtract the 

values = B 

 Step 4: Divided A by B = C 

 Step 5: Multiply C by ( high concentration obtained - lower 

concentration obtained) = D 

 Step 6: Add lower concentration  and D which will give  IC50 value 

 Step 7: IC50 = (50- low percentage below 50%) x (higher 

concentration - lower concentration) + lower concentration.  



Page | 109  
 

2.13   Cell Biology Methods 

2.13.1   Viable Cell counts using haemocytometer 

This is the most common technique used in cell culture to observe the cell 

density in the cell suspension.  The cells are diluted in trypan blue dye, the 

chromophore which is negatively charged reacts with the damaged cell 

membrane producing a blue coloured cell which are dead cells while cells 

which do not stain are viable cells. 

2.13.1  Procedure for cell counting 

Haemocytometer chamber and cover slip was cleaned with alcohol. Cover 

slip was dried and placed on haemocytometer chamber. 50 µl of cell 

suspension was mixed with 50 µl of 0.4% trypan blue dye using a 

micropipette and the solution incubated for 10 minutes at room 

temperature. After 10 minutes, 20 µl of the cell suspension was transferred 

on to the haemocytometer chamber. The chamber was placed under a 

microscope and observed using the 40X objective focus using bright light. 

Cells were counted in 5 small squares in a 1 mm2 area which was divided 

into 25 squares. Cell touching the boundary lines were not counted. 

2.13.2   Calculation of cell concentration 

(Cell numbers (counted in 25 squares) X 5 X dilution factor) / (1 X 104) = 

number of cells / ml of culture. 

2.14    Cell-based enzyme inhibition assays 

The assays provide a rapid and inexpensive method of determining the 

inhibitory potential of compounds. The assays could also be used to 

determine the expression levels of a particular CYP from different clones. 
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The cells can be grown and expressed at various time points and the 

metabolism of a fluorescence substrate can be analysed to determine the 

relative amounts of a CYP that is produced from different clones. 

The cell-based enzyme inhibition assays were carried out to find if the 

earlier results obtained from the in vitro enzyme assays (using isolated 

microsomes) have any bearing in the cellular context. This can be achieved 

by comparing results from the in vitro assays with those obtained from 

cellular assays. As observed with microsomes, P450 activity is inhibited by 

certain compounds. However, it is important to consider if live cells 

expressing CYP1A1, CYP1B1 and CYP1A2 enzymes have the potential to 

take up the compounds of interest through the yeast cell wall. 

Recombinant yeast cells that harbour the CYP1A1, CYP1B1 and CYP1A2 

genes and are activated by different reductases, hRD, ΔhRDm and yRD, 

were grown.  Assays were carried out using selected compounds which had 

already shown specificity towards microsomal CYP1A1, CYP1B1 and 

CYP1A2 enzymes during in vitro IC50 determinations of these compounds. 

The live cell procedures include the use of 96-well flat-bottomed 

microplates, the substrates and a filter multi-mode plate reader to obtain 

fluorescence outputs that help in determining IC50 values. 

2.14.1   Procedure for live cell assays 

From the frozen glycerol stock the yeast strains were streaked out for 

growth on SD-minimal medium agar plates that contained the required 

amount of nutrients such as L-adenine, L-leucine, L-tryptophan, L-histidine 

and 2% glucose. The plates were then incubated at 30°C for 3 days. A 

loop-full of cells, from one of the many colonies that grew on the SD-
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minimal medium agar plate, were taken and were inoculated in 10 ml of 

autoclaved SW6 broth in a sterile conical flask. The SW6 broth contains 

yeast nitrogen base and nutrients such as 2% glucose, 12.5 ml/litre L-

adenine, 8.3 ml/litre of L-histidine, L-leucine, and L-tryptophan and 0.02% 

casein enzymatic hydrolysate which contains all twenty essential amino 

acids. 10 ml of SW6 broth was incubated in a shaking incubator at 30°C at 

220 rpm for 16 to 18 hours. After 16 hours, the culture was diluted 1:10 

and optical density was measured at 600 nm. Once the optical density of 

SW6 broth culture reached OD600 between 5 and 6, 10 ml of SW6 pre-

culture was transferred to a sterile 10 ml tube and centrifuged at 3000 g for 

10 minutes, the pellet obtained was transferred to a sterile conical flask 

containing 10 ml of SE medium which contained yeast nitrogen base, 2% 

ethanol, 12.5 ml/litre L-adenine, 8.3 ml/litre of L-histidine, L-leucine, and 

L-tryptophan. 10 ml of cell culture was incubated at 30°C at 220 rpm for 4 

hours. After 4 hours, approximately 0.4 X 108 cells per ml were aliquoted 

into sterile eppendorf tubes and centrifuged at 13,000 rpm. The supernatant 

was poured off and cell pellet was washed with TE buffer 3 times. Finally, 

the cell pellet was re-suspended in 450 µl of TE buffer (0.5M Tris-HCl, 

pH7.4 and 0.1M EDTA). Meanwhile, serial dilutions of selected 

compounds were made to yield different concentrations of compound. In 

each well of black microplate, 50 µl of cell suspension (containing a 

specific CYP), 5 µl of potential inhibitor (selected chemical compounds) 

and 50 µl of substrate mixture (containing CYP-specific substrates) were 

added. In the control well, 45µl of cell suspension (contain a specific CYP) 

was mixed with 5 µl 10% DMSO and 50µl of CYP-specific substrate. After 

preparation of all wells, the microplate was vortexed for 10 seconds so that 

contents were mixed well in each well and kinetic assay was carried out for 

30 minutes at 30°C using appropriate settings (see Table 2.5). 
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Table 2.5: Outline of kinetic assay parameters used for analysing 

cytochrome P450 enzymes using live cells and the Bio-Tek Synergy HT 

plate reader. 

Bandwidth of filter 

 

Enzyme 

 

Substrate 

 

Product 

 

Excitation

 

 

Emission

 

 

Sensitivity 

 

Final 

substrate 
Conc. per 
reaction 

 

Dilution 

Of 

substrate

CYP1A1 
7‐Ethoxy 

resorufin  Resorufin 530 nm  590 nm  72  3 µM 
TE 

buffer 

CYP1B1 
7‐Ethoxy 
resorufin  Resorufin 530 nm  590 nm  72  3 µM 

TE 

buffer 

CYP1A2  CEC  CHC  400 nm  460 nm  72  16 µM 
TE 

buffer 

 

2.15    General method of chalcone synthesis  

2.15.1   Synthesized chalcone derivatives 

Chalcones were synthesised using the following solvent free method: The 

benzaldehyde (10.1mmol) and 4-acetylpyridine (1.12ml, 10.1mmol) were 

mixed for 5 minutes using a mortar and pestle. Powdered sodium 

hydroxide (0.81g, 20.2 mmol) was added and the resulting orange mixture 

ground until no further colour change was observed (approx. 25 minutes). 

The resulting mixture was quenched with water (50ml) and extracted with 

ethyl acetate (3x30ml). The combined organic layers were washed with 

saturated brine, dried with anhydrous magnesium sulphate and 

concentrated in vacuo. The crude product was purified by column 
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chromatography using hexane (15%): ethyl acetate (80%): triethylamine 

(5%) as eluent. 

2.15.2   Chemical structure and physical properties of 

synthesised chalcones 

1. DMU SK5 

N

O

MeO

MeO  

Dark yellow powder (194mg, 7%), TLC: Rf 0.56 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5), m.p. (106-108°C); m/z [FAB+] 270 ([M+H]+, 

100%); max (KBr)/cm-1 1658 (C=O), δH (CDCl3): 3.98  (3H, s, OCH3), 3.90 

(3H, s, OCH3), 6.92 (1H, d, ArH), 7.15 (1H, d, ArH), 7.22-7.26 (1H, m , 

ArH), 7.29 (1H, d, C=CH), 7.79 (1H, d, C=CH), 7.76 (2H, d, PyH), 8.82 

(2H, d, PyH), δC (CDCl3): 55.3, 56.6, 109.6, 110.3, 119.9, 122.3, 124.6, 

144.7, 149.7, 151.7, 152.0; HRMS found [M+H]+ 270.1127, C16H16O3N1 

requires [M+H]+ 270. 

2. DMU SK6 

N

OOMe

 

Light brown powder (278mg, 12%), TLC: Rf 0.56 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5), m.p. (112-115°C), m/z [FAB+] 240 ([M+H]+, 

100%); max (KBr)/cm-1 1658 (C=O), δH (CDCl3): 3.98 (3H, s, OCH3), 6.92 
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(1H, dd, ArH), 6.98 (1H, d, ArH), 7.09 (1H, d, ArH),  7.22-7.26 (1H, M , 

ArH), 7.29 (1H, d, C=CH), 7.79 (1H, d, C=CH), 7.78 (2H, d, PyH), 8.82 

(2H, d, PyH), δC (CDCl3): 55.3, 56.6, 109.6, 110.3, 119.9, 122.3, 124.6, 

144.7, 149.7, 151.7; HRMS found [M+H]+ 240.1021, C15H14O2N1 requires 

[M+H]+ 240. 

3. DMU SK7 

N

O

 

Brown powder (24.7mg, 2%), TLC: Rf 0.68 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5); m.p. (85-88°C); m/z [FAB+] 210 ([M+H]+, 100%); 

max (KBr)/cm-1 1663 (C=O), δH (CDCl3): 6.92 (1H, dd, ArH), 6.98 (1H, d, 

ArH), 7.09 (1H, dd, ArH),  7.22-7.16 (2H, m , ArH), 7.29 (1H, d, C=CH), 

7.79 (1H, d, C=CH), 7.78 (2H, d, PyH), 8.82 (2H, d, PyH), δC (CDCl3): 

76.7, 77.0, 77.3,122.3, 127.9, 131.7, 144.3, 149.7, 151.7, HRMS found 

[M+H]+ 210.0914, C14H12O1N1 requires [M+H]+ 210.0913. 

4. DMU SK8 

N

O

MeO

 

Brown powder (159mg, 7%), TLC: Rf 0.56 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5); m.p. (75-78°C); m/z [FAB+] 240 ([M+H]+, 100%); 

max (KBr)/cm-1 1663 (C=O), δH (CDCl3): 3.90 (3H, s, OCH3), 6.98 (1H, dd, 

ArH), 7.15 (1H, d, ArH), 7.22-7.26 (2H, m , ArH), 7.29 (1H, d, C=CH), 
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7.79 (1H, d, C=CH), 7.78 (2H, d, PyH), 8.72-8.92 (2H, d, PyH), δC 

(CDCl3): 55.3, 109.6, 110.3, 112078, 119.9, 122.3, 124.6, 135.63 144.3, 

149.7, 151.7, 160.0 HRMS found [M+H]+ 240.1021, C15H14O2N1 requires 

[M+H]+ 240.1019. 

5. DMU SK9 

N

O

MeO

OMe  

Cream colour powder (214mg, 8%), TLC: Rf 0.70 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5); m.p. (83-85°C); m/z [FAB+] 270.1128 ([M+H]+, 

100%); max (KBr)/cm-1 1664 (C=O), δH (CDCl3): 3.90 (6H, s, OCH3), 6.78 

(1H, d, ArH), 7.35 (2H, d, ArH), 7.29 (1H, d, C=CH), 7.79 (1H, d, C=CH), 

7.78 (2H, d, PyH), 8.89 (2H, d, PyH), δC (CDCl3): 55.3, 109.6, 110.3, 

119.9, 122.3, 124.6, 144.3, 149.7, 151.7, 161.1 HRMS found [M+H]+ 

270.1128, C16H16O3N1 requires [M+H]+ 270.1125. 

6. DMU SK10 

N

O

MeO

MeO

OMe

 

Orange crystals (270mg, 13.5%), TLC: Rf 0.70 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5); m/z [FAB+] 300 ([M+H]+, 100%);  max (KBr)/cm- 

1 1664 (C=O), δH (CDCl3): 3.89 (3H, s, OCH3), 3.94 (3H, s, OCH3), 3.98 

(3H, s, OCH3), 6.71 (1H, d, ArH), 6.78 (1H, d, ArH), 7.29 (1H, d, C=CH), 
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7.79 (1H, d, C=CH),  8.04 (2H, d, PyH), 8.89 (2H, d, PyH), δC (CDCl3): 

55.3, 56.6, 60.2,109.6, 110.3, 119.9, 122.3, 124.6, 144.3, 149.7, 151.7, 

156.4, 162.23 HRMS found [M+H]+ 300.1233, C17H18O4N1 requires 

[M+H]+ 300.1230. 

7. DMU 2157 

 

Orange crystals (280mg, 14%), TLC: Rf 0.70 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5); m.p. (85-88°C); m/z [FAB+] 300 ([M+H]+, 100%);  

max (KBr)/cm- 1 1664 (C=O), δH (CDCl3): 3.89 (3H, s, OCH3), 3.94 (6H, s, 

OCH3), 3.98 (3H, s, OCH3), 6.71 (2H, s, ArH), 7.29 (1H, d, C=CH), 7.79 

(1H, d, C=CH),  8.04 (1H, d, PyH), 8.89 (2H, d, PyH), δC (CDCl3): 56.6, 

60.2,109.6, 110.3, 119.9, 122.3, 124.6, 144.3, 149.7, 151.7, 156.4, 162.23 

HRMS found [M+H]+ 300.1233, C17H18O4N1 requires [M+H]+ 300.1230. 

8. DMU S1 

N

O

OMe

MeO

EtO

 

Brown powder (34mg, 2%), TLC: Rf 0.70 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5);  m/z [FAB+] 314 ([M+H]+, 100%);  max (KBr)/cm-

1 1664 (C=O), δH (CDCl3):  1.49 (3H, t , CH3), 3.90 (6H, s, OCH3), 4.49 
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(3H, q, OCH2), 6.92 (2H, d, ArH), 7.29 (1H, d, C=CH), 7.49 (2H, d, 

C=CH), 7.89 (2H, d, PyH), 8.87 (2H, d, PyH), δC (CDCl3): 18.1, 22.1, 55.3, 

56.6, 109.6, 110.3, 119.9, 122.3, 124.6, 144.3, 149.7, 151.7, 156.4 HRMS 

found [M+H]+ 314.1392, C18H20O4N1 requires [M+H]+ 314.1987. 

9. DMU S2 

N

O

EtO

OEt

EtO

 

Black crystals (20mg, 4%), TLC: Rf 0.70 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5); m.p. (85-88°C); m/z [FAB+] 342 ([M+H]+, 100%); 

max (KBr)/cm-1 1664 (C=O), δH (CDCl3):  1.49 (9H, m , CH3), 4.10-4.21 

(6H, m, OCH2), 6.92 (2H, d, ArH), 7.29 (1H, d, C=CH), 7.69 (1H, d, 

C=CH), 7.81 (2H, d, PyH), 8.87 (2H, d, PyH), δC (CDCl3): 18.1, 22.1, 55.3, 

56.6, 109.6, 110.3, 119.9, 122.3, 124.6, 144.3, 149.7, 151.7, 156.4 HRMS 

found [M+H]+ 342.1705, C20H24O4N1 requires [M+H]+ 342.1700. 

10. DMU S3 

N

O

EtO

OMe

MeO

 

Dark brown powder (32.9mg, 7%), TLC: Rf 0.70 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5); m.p. (85-88°C); m/z [FAB+] 314 ([M+H]+,100%); 

max (KBr)/cm-1 1686 (C=O), δH (CDCl3):  1.49 (3H, t, CH3), 3.90 (2H, q, 
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OCH2), 3.89 (3H, s, OCH3),  3.91 (3H, s, OCH3), 6.92 (2H, s, ArH), 7.29 

(1H, d, C=CH), 7.49 (1H, d, C=CH), 7.89 (2H, d, PyH), 8.87 (2H, d, PyH), 

δC (CDCl3):18.1, 22.1, 55.3, 56.6, 109.6, 110.3, 119.9, 122.3, 124.6, 144.3, 

149.7, 151.7, 156.4 HRMS found [M+H]+ 314.1391, C18H20O4N1 requires 

[M+H]+ 314.1387. 

11. DMU S4 

N

O

OEt

EtO

MeO

 

Dark brown powder (30mg, 9%), TLC: Rf 0.70 (ethyl acetate/hexane/ 

triethylamine 8:1.5:0.5); m.p. (82-85°C), m/z [FAB+] 328 ([M+H]+, 100%); 

max (KBr)/cm-1 1677 (C=O), δH (CDCl3):  1.49 (6H, m, CH3), 3.90 (4H, m, 

OCH2), 3.98 (3H, s, OCH3), 6.92 (2H, s, ArH), 7.29 (1H, d, C=CH), 7.49 

(1H, d, C=CH), 7.89 (2H, d, PyH), 8.87 (2H, d, PyH), δC (CDCl3): 18.1, 

22.1 55.3, 56.6, 109.6, 110.3, 119.9, 122.3, 124.6, 144.3, 149.7, 151.7, 

156.4 HRMS found [M+H]+ 328.1548, C19H22O4N1 requires [M+H]+ 

328.1543. 

2.16    General method of stilbene synthesis 

2.16.1   Synthesised stilbene derivatives  

Lithium hydroxide (21mg, 0.5mmol) was added to solution of 3-

pyridylacetonitrile (0.54ml, 5.09mmol) in ethanol (5ml). The mixture was 

stirred at room temperature for 10 minutes before addition of the 

benzaldehyde (5.09mmol). The reaction was stirred overnight resulting in 
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the formation of a coloured precipitate. The mixture was quenched with 

water (50 ml) and extracted with ethyl acetate (3 x 30ml). The combined 

organic extracts were washed with saturated brine, dried with anhydrous 

magnesium sulphate and the solvent removed in vacuo. The crude product 

was purified by column chromatography using hexane (15%): ethyl acetate 

(80%): triethylamine (5%) as eluent. 

2.16.2   Chemical structure and physical properties of 

 synthesised stilbenes 

1. DMU SB1 

N

MeO

MeO

MeO

CN

 

Brown fluffy powder (889mg, 65%), TLC: Rf 0.65 (ethyl acetate/hexane/ 

triethylamine 6:3.5:0.5); m.p. (83-85°C); m/z [FAB+] 297 ([M+H]+, 100%); 

max (KBr)/cm-1 1574 (C=N), δH (CDCl3): 3.90 (3H, s, OCH3), 3.98 (6H, s, 

OCH3), 4.10 (3H, s, OCH3), 6.89 (2H, s, ArH), 7.98 (1H, s, C=CH), 7.76 

(1H, dd, PyH), 8.10 (1H, t, PyH), 8.78 (1H, d, PyH), 9.10 (1H, d, PyH), δC 

(CDCl3): 56.6, 60.1, 109.6, 110.3, 119.9, 122.3, 124.6, 144.3, 149.7, 151.7, 

156.4 HRMS found [M+H]+ 297.1236, C17H17O3N2 requires [M+H]+ 

297.1239. 
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2. DMU SB2 

N

MeO

MeO

CN

MeO

 

Light brown fluffy powder (890mg, 65%), TLC: Rf 0.65 (ethyl 

acetate/hexane/ triethylamine 6:3.5:0.5); m.p. (83-85°C); m/z [FAB+] 

297.1236 ([M+H]+, 100%); max (KBr)/cm-1 1591 (C=N), δH (CDCl3): 3.90 

(3H, s, OCH3), 3.98 (3H, s, OCH3), 4.10 (3H, s, OCH3), 6.89 (2H, d, ArH), 

7.98 (1H, s, C=CH), 7.76 (1H, dd, PyH), 8.10 (1H, d, PyH), 8.78 (1H, d, 

PyH), 9.10 (1H, d, PyH), δC (CDCl3): 55.3, 56.6, 60.1, 109.6, 110.3, 119.9, 

122.3, 124.6, 144.3, 149.7, 151.7, 156.4 HRMS found [M+H]+ 297.1235, 

C17H17O3N2 requires [M+H]+ 297.1234. 

3. DMU SB3 

N

CN

MeO

 

Cream colour powder (880mg, 73%), TLC: Rf 0.65 (ethyl acetate/hexane/ 

triethylamine 6:3.5:0.5); m.p. (87-89°C); m/z [FAB+] 237 ([M+H]+, 100%); 

max (KBr)/cm-1 1598 (C=N), δH (CDCl3): 3.98 (3H, s, OCH3), 6.92 (1H, d, 

ArH), 6.98 (1H, d, ArH), 7.09 (2H, m, ArH), 7.98 (1H, s, C=CH), 8.10 

(1H, d, PyH), 8.78 (1H, dd, PyH), 8.86 (1H, d, PyH), 9.10 (1H, d, PyH), δC 

(CDCl3): 55.3, 109.6, 110.3, 119.9, 122.3, 124.6, 144.3, 149.7, 151.7, 
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156.4, 160.2 HRMS found [M+H]+ 237.1023, C15H13O2N2 requires [M+H]+ 

237.1022. 

4. DMU SB4 

NMeO

CN
 

Pale yellow colour powder (886mg, 73%), TLC: Rf 0.65 (ethyl 

acetate/hexane/ triethylamine 6:3.5:0.5); m.p. (85-87°C); m/z [FAB+] 237 

([M+H]+, 100%); max (KBr)/cm-1 1604 (C=N), δH (CDCl3): 3.98 (3H, s, 

OCH3), 6.92 (2H, m, ArH), 6.98 (2H, m, ArH), 7.98 (1H, d, C=CH), 8.10 

(1H, dd, PyH), 8.78 (1H, d, PyH), 8.86 (1H, d, PyH), 9.10 (1H, d, PyH), δC 

(CDCl3): 55.3,  109.6, 110.3, 119.9, 122.3, 124.6, 130.2, 144.3, 149.7, 

151.7, 156.4, 160.1 HRMS found [M+H]+ 237.1018, C15H13O1N2 requires 

[M+H]+ 237.1022. 

5. DMU SB5 

N

MeO

MeO

CN
 

Cream colour powder (884mg, 65%), TLC: Rf 0.65 (ethyl acetate/hexane/ 

triethylamine 6:3.5:0.5); m.p. (110-115°C); m/z [FAB+] 267 ([M+H]+, 

100%); max (KBr)/cm-1 1592 (C=N), δH (CDCl3): 3.90 (3H, s, OCH3), 4.10 

(3H, s, OCH3),  6.97 (2H, m, ArH), 7.34 (1H, d, ArH), 7.98 (1H, s, C=CH), 

8.68 (1H, dd, PyH), 8.78 (1H, d, PyH), 8.99 (1H, d, PyH), 9.10 (1H, d, 
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PyH), δC (CDCl3): 55.3, 56.6, 109.6, 110.3, 119.9, 122.3, 124.6, 135.2, 

144.3, 149.7, 151.7, 156.4 HRMS found [M+H]+ 267.1131, C16H15O2N2 

requires [M+H]+ 267.1128. 

6. DMU SB6 

NMeO

CN

MeO

 

White fluffy powder (940mg, 69%), TLC: Rf 0.65 (ethyl acetate/hexane/ 

triethylamine 6:3.5:0.5); m.p. (107-110°C); m/z [FAB+] 267.1125 ([M+H]+, 

100%); max (KBr)/cm-1 1567 (C=N), δH (CDCl3): 3.90 (3H, s, OCH3), 4.10 

(3H, s, OCH3), 7.10 (1H, d, ArH), 7.34-7.44 (2H, m, ArH), 7.98 (1H, s, 

C=CH), 8.68 (1H, d, PyH), 8.78 (1H, dd, PyH), 8.99 (1H, d, PyH), 9.10 

(1H, d, PyH), δC (CDCl3): 55.3, 56.6, 109.6, 110.3, 119.9, 122.3, 124.6, 

135.1, 140.1, 144.3, 149.7, 151.7, 156.4 HRMS found [M+H]+ 267.1125, 

C16H15O2N2 requires [M+H]+ 267.1128. 

7. DMU SB7 

N

CN
 

Pale yellow powder (920mg, 88%), TLC: Rf 0.65 (ethyl acetate/hexane/ 

triethylamine 6:3.5:0.5); m.p. (107-110°C); m/z [FAB+] 206 ([M+H]+, 

100%); max (KBr)/cm-1 1566 (C=N), δH (CDCl3): 7.10 (1H, d, ArH), 7.44 

(3H, m, ArH), 7.76 (1H, d, ArH), 7.98 (1H, d, C=CH), 8.10 (1H, d, PyH), 



Page | 123  
 

8.67 (1H, d, PyH), 8.86 (1H, dd, PyH), 8.98 (1H, d, PyH), δC (CDCl3): 

109.6, 110.3, 119.9, 122.3, 124.6, 130.2, 135.3, 144.3, 149.7, 151.7, 156.4 

HRMS found [M+H]+ 206.1110, C13H10N2 requires [M+H]+ 206.1110. 
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Chapter 3  Screening of a library of compounds 

in an in vitro CYP1A1 

microsomal assay with further 

testing on other CYP isozymes 

 

3.1  Introduction 

Human cytochrome P450 1A1 enzyme is a member of the CYP1 family 

and is encoded by the CYP1A1 gene (Newbert and Gonzalez, 1987). The 

enzyme is known to be involved in the Phase 1 biotransformation process 

(i.e. metabolism) of xenobiotics. It has been widely studied as it is involved 

in the metabolism of pro-carcinogens (i.e. poly-aromatic hydrocarbons; 

PAHs) to carcinogenic substances which specifically affect the lung. In the 

early 1970s it was reported for the first time that there is a correlation 

between high inducibility of CYP enzyme activity and the presence of lung 

cancer (Kellerman et al 1973).  

Human beings are widely exposed to various environmental pollutants. In 

humans CYP1A1 is predominantly found in extra-hepatic tissues and is 

induced in the lung by smoking tobacco and its continuous induction leads 

to pulmonary cancer. Thereby CYP1A1 enzyme is expressed in the lung 

but negligibly in the liver. As mentioned earlier, CYP1A1 gene induction 

occurs at the transcriptional level which, in turn, leads to the induction of 

CYP1A1 enzyme which is also known as aromatic hydrocarbon 

hydroxylase (AHH).  For induction of CYP1A1 gene transcription a 

transcription factor composed of two proteins is required. A ligand-bound 

aromatic (aryl) hydrocarbon receptor (AhR) forms a complex with the aryl 
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hydrocarbon receptor nuclear translocator (Arnt) to form the active 

transcription factor. The transcriptional activation of the CYP1A1 gene is 

mediated by binding of environmental pollutants and inhalation of 

chemicals which are not only substrates of the CYP1A1 enzyme but also 

act as ligands to the cytosolic receptor AhR (Aryl hydrocarbon receptor).  

Upon binding of a ligand to AhR, the ligand-bound receptor dimerises with 

Arnt and translocates to the nucleus. The AhR-Arnt dimeric complex 

interacts with xenobiotic response elements (i.e. enhancers or upstream 

activation sequences) on the promoter of CYP1A1 gene to activate its 

transcription (Hankinson, 1995). 

Studies are being carried out to search for potent inhibitors of the CYP1A1 

enzyme. A few CYP1A family inhibitors have been reported. They inhibit 

all CYP1 family members (CYP1A1, CYP1B1 and CYP1A2). The 

inhibitors are mostly plant natural products and belong to the flavanoid or 

stilbene class of compounds. Amongst these a few stilbenes, like 

resveratrol, rhapontigenin, tetramethoxy-stilbene, have specifically been 

reported to have shown effective inhibition of CYP1A1 enzymes.  As such 

no potent inhibitor of CYP1A1 is known; therefore my research was based 

on finding a potent inhibitor of CYP1A1 with the property of inhibiting 

only the CYP1A1 enzyme but not the other CYP1 family members. 

3.2  Outline of the chapter 

This chapter will include a thorough combinatorial approach that includes 

microsome preparation, development of screening processes and the use of 

natural and synthetic compounds to identify potential CYP1-specific 

inhibitors. In addition, experimental data will be presented for further 
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understanding. This chapter will also reveal a potent inhibitor of CYP1A1 

enzyme which doesn’t inhibit any other members of the CYP1A family. 

3.3   Preparation of CYP1A1 enzyme and optimisation  

of CYP1 enzyme assay 

In our laboratory, we have developed human recombinant yeast CYP1A1 

enzyme microsomes, which harbour a novel ΔhRDM as the endogenous 

reductase which is derived from genetically engineered human reductase 

(hRD) and blended with yeast reductase.   

CYP1A1 recombinant yeast microsomal samples were prepared in house 

according to the protocol described in Chapter 2 (Materials and Methods, 

see section 2.6).  The P450 content and protein concentration in the 

microsome sample were optimised using the standard CO-binding assay 

and the Bradford assay (Chapter 2, see section 2.7 and 2.8) was used to 

determine the microsomal protein content. 

CYP450-carbon monoxide (CO) binding assay was carried out to 

determine the CYP450 content in a microsomal sample. As described in 

Materials and Methods (see section 2.8), CO was introduced into a 

microsomal suspension in phosphate buffer containing 20% glycerol and a 

few grains of sodium dithionite powder were finally added. The CO binds 

to the haeme moiety of CYP450 resulting in an increase of absorbance at 

450 nm due to the reduction of Fe3+ to Fe2+ in haeme. This allows 

measurement of the differences in absorbance at 450 nm of the two forms 

via spectrophotometric analysis and it provides the CYP450 content in the 

microsomes. The spectral analysis at 450 nm determines only the 
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catalytically active CYP. The inactive form shows absorbance at 420 nm. 

According to Omura and Sato, the CO compound of the reduced pigment 

has an intense absorption band at 450 nm and thus can be readily detected 

in dithionite-treated microsomes by difference spectrophotometry (Omura 

and Sato 1964). Figure (3.1) shows a typical difference spectrum of the 

CYP1A1 enzyme present in a yeast microsomal sample. 

 

Figure 3.1: Reduced carbon monoxide spectra of CYP1A1 enzyme co‐expressed with 

ΔhRDM reductase. 

Around 200µl (1.5mg) of microsomal CYP1A1 was mixed with 800µl of 100mM 

phosphate buffer at pH 7.4 containing 20% glycerol in a cuvette. The cuvette was gently 

mixed after adding approximately 4 mg of sodium hydrosulfite (dithionite) with the 

help of a micro-spatula. CO-gas was allowed to pass through the contents of the cuvette 

for 60 seconds. After 60 seconds, cuvette was gently inverted and the P450 spectrum 

was measured using dual beam spectrophotometer UV2401PC.   
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3.3.1  Bradford Assay 

The Bradford assay (as detailed in Chapter 2 section 2.7) was used to 

determine protein concentrations in microsomes that contain CYP1A1. A 

protein concentration of a new microsomal sample was estimated in 

relation to the standard curve generated using different concentrations (i.e. 

serial dilutions) of bovine albumin serum (BSA) bound to Coomassie 

Brilliant Blue G-259 dye (Bradford dye). When microsomal samples were 

mixed with the Bradford dye, a colour change from brown to blue was 

observed similar to what was seen with the serially diluted BSA samples. 

The unknown protein concentration of the microsomal sample was 

calculated from the BSA standard curve.  

3.4  Optimization of CYP1A1 enzyme 

In order to find out the catalytic activity and reaction time of recombinant 

CYP1A1 enzyme co-expressed with novel ΔhRDM (genetically engineered 

human reductase enzyme), a kinetic assay was performed to observe the 

activity of enzyme using the fluorogenic substrate 7-ethoxyresorufin (7-

ER). 0.5pmol of CYP1A1 enzyme was diluted in 0.1M phosphate buffer 

containing 2µl of control protein (10mg/ml), 0.1mM of 7-ethoxyresorufin 

(7-ER) and NADPH as a regenerating system per reaction. The assay 

consisted of 25µg of microsomal protein as standard and was carried out in 

triplicate; the reaction progression was measured over a period of 30 

minutes. The metabolic rates for the reaction were linear up to 20 minutes 

at room temperature. This reaction time was used as a guideline to conduct 

inhibition assays (determination of IC50 value; see Figure 3.2).  
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Figure 3.2: Kinetic analysis of CYP1A1 microsomes using 7‐ER as substrate. The data 

measured  in  triplicates  and  error  bars  represent  standard  deviation    of    three 

repeats. 

The reaction was carried out at 37°C in a Costar 96-well flat-bottomed plate.  50µl of 

NADPH regenerating system (5µl of Solution A + 1µl of Solution B + 39µl of 200mM 

phosphate buffer at pH 7.4 + 5µl of 0.1% DMSO) was first added to a well which was 

followed by addition of 50µl of enzyme substrate mixture [0.5µl (5.25mg/ml) of 

CYP1A1 microsome + 2µl of control protein (10mg/ml) + 5µl of 0.1mM of 7-ER + 

42.5µl of 0.2M phosphate buffer at pH 7.4). The fluorescent values were measured 

using excitation wavelength at 530nm and emission wavelength at 590nm at sensitivity 

75 for 30 minutes using Bio-Tek Synergy HT plate reader.  The X-axis indicates the 

time in minutes and Y-axis indicates the relative fluorescence units 
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3.5  Comparison of “in-house” CYP1A1 and BD- 

Gentest CYP1A1 

In order to find the activity of recombinant CYP1A1 microsomes 

developed in our laboratory and to identify and observe its difference as 

compared to the microsomes produced by other commercial companies, we 

compared our CYP1A1 enzyme with commercially CYP1A1 microsomes 

which were purchased from BD-Gentest (Catalogue Number: 456211); this 

was carried out using the kinetic assay. The kinetic assay was performed 

using 7- ethoxyresorufin (7-ER) as a substrate which fluoresces during 

formation of its metabolite, resorufin, by CYP1A1.  The reaction was 

carried out in Costar 96-well flat-bottomed plates. The reaction mixture 

was performed at room temperature and fluorescent values were measured 

at an excitation wavelength of 530nm and emission wavelength of 590nm 

using the Bio-Tek Synergy HT plate reader and the change in fluorescent 

values were measured as relative fluorescent units. The results showed that 

the activity of the “in-house” CYP1A1 enzyme was significantly superior 

than the commercial microsomes (see Figure 3.3). 

3.5.1   Outline of the CYP1A1-mediated reaction 

The reaction mixture was carried out in a 50:50 mixture (microsome 

preparation: regenerating system) a 1.5 pmol of our “in- house” CYP1A1 

enzyme was diluted in 0.1M of potassium phosphate buffer pH 8.0 that 

contained 0.1mM of 7-ethoxyresorufin (7-ER) and NADPH regenerating 

system (1.3mM NADPH, 3.3mM glucose-6-phosphate, 3.3mM magnesium 

chloride, 0.4 U/ml glucose-6-phosphate dehydrogenase).  While, 1.5 pmole 

of BD-gentest microsomes were diluted in 0.1M of potassium phosphate 
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buffer pH 8.0 and NADPH regenerating system was used. The reaction 

mixture was carried out in 100µl per well at 37°C and the fluorescent 

values were measured using excitation wavelength at 530nm and emission 

wavelength at 590nm at sensitivity 75 for 30 minutes using Bio-Tek 

Synergy HT plate reader; see Figure 3.3).  

 

 

Figure  3.3:  Comparative  analysis  of  in‐house  CYP1A1 microsomes  and  commercial 

CYP1A1 microsomes  (BD‐Gentest)  using  7‐ER  as  substrate.  The  data measured  in 

triplicates and error bars represent standard deviation of three repeats. 

The X-axis indicates the time in minutes and Y-axis indicates the relative fluorescence 

units 
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3.6   Western blotting 

3.6.1   Western blotting on CYP1A1, CYP1B1 and  

CYP1A2 bearing microsomes  

Western blotting was performed using "in-house" microsomes in order to 

confirm the presence of CYP1A1, CYP1B1 and CYP1A2 isozymes in 

different microsomal samples.  The protein concentration in microsomes 

was measured using Bradford assay (see Chapter 2 Section 2.8.1). Western 

blotting was carried out using 3µg of total microsomal protein. The 

microsomes which were thought to contain CYP1A1, CYP1B1 and 

CYP1A2 proteins were electrophoresed on 10% SDS-PAGE gel and 

proteins were transferred on to PVDF-membrane and probed using 

CYP1A1, CYP1B1 and CYP1A2 specific antibodies. Each microsomal 

sample was electrophoresed on a separate gel. The PVDF-membrane blot 

was probed overnight for 16 hours with primary antibodies at 1:2000 

dilution; the primary antibodies used were (a)  rabbit polyclonal antibody to 

human CYP1A1, (b) rabbit polyclonal antibody to human CYP1B1 and (c) 

rabbit polyclonal antibody to human CYP1A2.  After 16 hours, primary 

antibody was poured off and then the membrane was probed for 1 hour 

with secondary antibody which was goat polyclonal antibody to rabbit IgG 

(HRP), common to all the three protein samples and used at a dilution of 

1:2000. The protein bands were observed using ECL kit HRP substrate 

with the help of Bio-Rad ChemDoc system under the chemiluminescence 

setting (see Figures 3.4, 3.5, 3.6).  
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Figure 3.4: Western blot assay for CYP1A1.   

3µg of total microsomal protein was electrophoresed on 10% SDS-PAGE gel and 

transferred onto PVDF-membrane; CYP1A1 was detected using rabbit polyclonal 

antibody to human CYP1A1 (Abcam,Catalogue Number: ab3569). BD-Gentest 

CYP1A1 (Catalogue Number: 456211) was used as positive control. 

 

 

Figure 3.5: Western blot assay for CYP1B1.  

3µg of total microsomal protein was electrophoresed on 10% SDS-PAGE gel and 

transferred onto PVDF-membrane; CYP1B1 was detected using rabbit polyclonal 

antibody to human CYP1B1 (Abcam, Catalogue Number: ab32649). BD-gentest 

CYP1B1 (Catalogue Number: 456220) was used as positive control. 
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Figure 3.6: Western blot assay for CYP1A2.  

3µg of total microsomal protein was electrophoresed on 10% SDS-PAGE gel and 

transferred onto PVDF-membrane; CYP1A2 was detected using rabbit polyclonal 

antibody to human CYP1A2 (Abcam, Catalogue Number: ab3568). BD-Gentest 

CYP1A2 (Catalogue Number: 459500) was used as positive control. 

 3.7    Screening a library of compounds with the  

CYP1A1 enzyme  

Substrate specificity is one of the most important parameters in 

understanding enzyme function and mechanism both of which can provide 

avenues towards rational design of drugs that modulate enzymatic function. 

A potent inhibitor of CYP1A1 can be identified by seeking compounds that 

specifically can modulate the activity of CYP1A1 by inhibiting the 

enzyme. An inhibiting molecule may not only reveal the possible 

relationship between CYP1A1 and the onset of lung cancer but may also 

help in the further development of novel therapeutics for the treatment of 

lung cancer. Inhibition of CYP1A1 may also play an important role in 

cancer prevention.  
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A CYP1A1 inhibition assay was used to screen around 200 compounds 

which were provided by Dr. Ken Beresford’s group at the Leicester School 

of Pharmacy. The library of compounds was screened with our CYP1A1 

enzyme to determine which compounds would be potent CYP1A1 

inhibitors.  These compounds belong to three different classes: (1) 

Chalcones, (2) Flavonoids and (3) Stilbenes.  

The reason for using these three classes of compounds is their anticancer, 

anti-inflammatory and antioxidant properties. Chalcones are naturally 

occurring plant constituents and are abundantly found in green tea and soya 

beans. Chalcones are also known to have anti-tumour properties (Kim et al 

2010). Flavonoids are renowned for their anti-bacterial, anti-angiogenic, 

hepato-protective, apoptotic and other properties (Hodek et al 2001). 

Flavonoids are present in fruits and vegetables and are consumed by 

humans every day. Flavonoids have traditionally been described as CYP1 

inhibitors due to the inhibition of carcinogenic product formation and 

consequent blockage of initiation stage of carcinogenesis (Androutsopoulos 

et al  2010). Stilbenes have been seen to display various activities of 

interest in preventing cancer, their anti-cancer properties have been proven 

in various animal models (Szekeres et al 2010). Resveratrol is a commonly 

known natural product belonging to the stilbene class; it is found in grapes 

and red wine and is widely consumed (Simone Fulda Drug Discovery 

Today 2010). The classes of compounds in the experiments are an existing 

part and parcel of the human diet and play a vital role in the metabolism of 

human CYP1 enzymes.  

To facilitate rapid screening, initially all compounds were screened at one 

concentration of 5µM using 7-ethoxyresorufin (7-ER) as a substrate as this 
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substrate is used widely as an activity marker for CYP1A1. The reason for 

choosing one concentration to screen the library of compounds is that it 

identifies the inhibition percentage of the compounds. This helps in 

narrowing down the list of compounds for determination of exact IC50 

values. It also leads to cost effective rapid screening.  

The compounds were dissolved in DMSO to produce stock solutions which 

were stored at -20°C; solutions were prepared at 50mM and 100µM as the 

main working stocks. Percentage inhibitions were calculated in RFU units 

as described earlier in the Materials and Methods Chapter 2, Section 2.13. 

This enabled the identification of the more potent inhibitors of CYP1A1 

enzyme with a degree of certainty.  

A wide range of inhibition was observed but only those compounds which 

showed a percentage inhibition range of 80% to 100% were chosen for 

further IC50 determination.  

From the flavonoid group only two compounds, DMU 114 and DMU 110 

showed 88% and 96% inhibition (Figure 3.8). A few compounds from the 

stilbene group showed inhibition between 85% and 93%, these being DMU 

201, DMU 202, DMU 220 and DMU 571 (Figure 3.7). A wide range of 

inhibition was observed with compounds from the Chalcone group. The 

compounds identified were DMU 710, DMU 717, DMU 745, DMU 755, 

DMU 780, DMU 2106, DMU 2114, DMU 2117, DMU 2120, DMU 2137, 

DMU 2139, DMU 2140, DMU 2144 and DMU 2157 (Figure 3.7).   
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Figure  3.7:  Percentage  inhibition  of  the  compounds  (stilbene  and  chalcone  class) 

screened on CYP1A1 enzyme at 5µM. The data measured in triplicates and error bars 

represent standard deviation of three repeats. 

X-axis indicates the compounds with DMU No. and Y-axis indicates the percentage 

inhibition of the compounds at 5µM concentration.  

 

Figure  3.8:  Percentage  inhibition  of  CYP1A1  enzyme  by  two  flavonoids  at  5µM 

concentration. The data measured  in  triplicates and error bars  represent  standard 

deviation of three repeats. 

X-axis indicates the compounds DMU No. and Y-axis indicates the percentage 

inhibition of the compounds at 5µM concentration.  
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3.8   Screening of the best CYP1A1 inhibitors with the 

 CYP1B1 and CYP1A2 enzymes 

The CYP1B1 and CYP1A2 enzyme belong to the same family as CYP1A1 

enzyme (CYP1 family). Human CYP1A1 and CYP1A2 enzymes share 

71% identical amino acids and are 36-37% identical to the CYP1B1 protein 

sequence (Guengerich 1995). These three enzymes have overlapping 

substrate specificity but show different tissue distribution, substrate 

preference and stereo-specific oxidation (Murray et al 2001).   

The compounds which showed best CYP1A1 inhibition were screened 

using recombinant CYP1B1 and CYP1A2 enzymes to determine if any of 

the compounds were specific CYP1A1 inhibitors. The compounds were 

initially screened at 5 µM concentration in order to observe their CYP1B1 

and CYP1A2 inhibitory potential. The substrate used for CYP1A2 enzyme 

was 3-cyano 7-ethoxycoumarin (CEC) and for CYP1B1 was 7-

ethoxyresorufin (7-ER). The assays were performed using endpoint studies. 

The reaction mixture was carried out at 37 °C using Costar 96-well flat-

bottomed plates with a reaction volume of 100 µl per well. The 

fluorescence values were measured as a change in relative fluorescence 

unit (RFU) using Biotek Synergy HT plate reader with an excitation 

wavelength at 400 nm and 530 nm and emission wavelength at 460nm and 

590nm for CYP1A2 and CYP1B1 enzymes, respectively. Some of the 

compounds showed 100% inhibitions for CYP1B1 at 5µM. (Figures 3.9, 

3.10, 3.11 and 3.12). 
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Figure  3.9:  Percentage  inhibition  of  the  CYP1A2  enzyme  by  stilbene  and  chalcone  

classes of  the compounds    screened   at 5µM concentration. The data measured  in 

triplicates and the error bars represents standard deviation of three repeats. 

X‐axis  indicates  the  compunds  with  DMU  No.  and  Y‐axis  indicates  the  percentage 

inhibition of the compounds at 5µM concentration.  

 

Figure 3.10: Percentage  inhibition of the CYP1A2 enzyme by two flavonoid   class of 

the compounds   screened   at 5µM. The data measured  in triplicates and error bars 

represents standard deviation of three repeats. 

X-axis indicates the compounds with DMU No. and Y-axis indicates the percentage 

inhibition of the compounds at 5µM concentration.  
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Figure 3.11: Percentage  inhibition of the   CYP1B1 enzyme by stilbene and chalcone 

classes of  the  compounds at 5µM concentration. The data measured  in  triplicates 

and error bars represents standard deviation of three repeats.  

X-axis indicates the compounds with DMU No. and Y-axis indicates the percentage 

inhibition of the compounds at 5µM concentration.  

 

Figure 3.12: Percentage  inhibition of  the   CYP1B1 enzyme  two  flavonoid classes of 

the  compounds  at  5µM  concentration.  The data measured  in  triplicates  and  error 

bars represents standard deviation of three repeats. 

X-axis indicates the compounds with DMU No. and Y-axis indicates the percentage 

inhibition of the compounds at 5µM concentration.  
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3.9    Validation of CYP1A1 enzyme prepared “in- 

house” using a known inhibitor 

To identify if the active site of our “in-house” CYP1A1 enzyme is similar 

to  CYP1A1 enzyme prepared by another method, α-naphthoflavone 

(ANF), a known CYP1A1 inhibitor was used. IC50 value was determined 

using our enzyme and was compared with the IC50 value reported by 

Shimada et al (1998). Shimada et al reported the IC50 value for CYP1A1 to 

be 60nM and the IC50 value obtained from our “in-house” CYP1A1 was 

measured to be 90nM (Figure 3.13).  

 

Figure 3.13: IC50 value of α‐ naphthoflavone using our in‐house CYP1A1 enzyme. The 

data measured  in  triplicates  and  error  bars  represents  standard  deviation  of  the 

three repeats. 

The assay was performed as mentioned Chapter 2 Section 2.14. The reaction was 

carried out using endpoint assay at 37°C. 50µl of regenerating system (5µl of Solution 

A + 1µl of Solution B + 39µl of 200mM phosphate buffer at pH 7.4 + 5µl of six 

different concentrations of α- naphthoflavone inhibitor in 10% DMSO (1µM, 0.25 µM, 

0.0625 µM, 0.0156 µM, 0.0039 µM, 0.0009 µM) were prepared in a Costar 96-well 

flat-bottomed plate; to that enzyme-substrate mixture was added (0.5µl of CYP1A1 

(5.25mg/ml) + 2µl of control protein (10mg/ml) + 5µl of 0.1mM of 7-ER + 42.5µl of 
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0.1M phosphate buffer at pH 7.4). The reaction mixture was carried out in 100µl per 

well in triplicate and the fluorescent values were measured using excitation wavelength 

at 530nm and emission wavelength at 590nm and sensitivity at 75  using Bio-Tek 

Synergy HT plate reader. The X-axis indicates the inhibitor cocentration in nM and Y-

axis indicates the relative fluorescence units. 

3.10   Determination of IC50 values 

IC50 is the concentration at which 50% of an enzyme activity is inhibited. 

The methodology to determine IC50 value was obtained from BD 

bioscience, UK, and was modified with respect to our enzymes. The most 

potent inhibitors obtained from the CYP1A1 enzyme inhibition assay at 

5µM were used to determine the IC50 values for CYP1A1, CYP1B1 and 

CYP1A2 enzymes. Crude inhibition studies carried out at 5µM helped in 

identifying the potent CYP1A1 inhibitors and enabled a narrow range of 

concentrations to be assessed. 

This assay was performed using a 96-well flat-bottomed microplate and all 

inhibitors were dissolved in 100% DMSO; at the beginning of an assay the 

inhibitors were serially diluted in 10% DMSO. The final concentration of 

the DMSO in each reaction was maintained at 0.1%. The NADPH-

regenerating system was pre-incubated for 10 minutes at 37°C with 6 

different concentrations of test compound prior to dispensing the 

microsomes-substrate mixture. Microsomes-substrate mixtures were also 

incubated for 10 minutes at 37°C. Each reaction was carried out in a 100µl 

reaction per well.  50µl of regenerating system containing test compound 

was mixed with 50 µl of the microsome-substrate mixture. The reaction 

was then stopped by adding 75µl stop solution (80% acetonitrile and 0.5 M 

of Tris-HCL). Reaction was measured using the endpoint assay (see 
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Section 2.14 in Chapter 2) via the Biotek Synergy HT plate reader. A 

consistent protein concentration of 25µg was maintained in all wells. 

Each reaction, per well, was carried out as detailed below: 

For CYP1A1: Regenerating system: 39 µl of 0.2 M phosphate buffer pH 

7.4 + 1µl of solution B + 5 µl solution A+ 5 µl of inhibitor. 

For CYP1A1 Microsome-substrate mix: 0.5 pmol (5.25mg/ml) of 

CYP1A1 microsome + 2 µl of control protein (10mg/ml) + 5 µl of 0.1 mM 

7-ER + 42.5 µl 0.1M phosphate buffer pH 7.4.  

For CYP1B1: Regenerating system:  39 µl of 0.2 M phosphate buffer pH 

7.4 + 1 µl of solution B + 5 µl solution A + 5 µl of inhibitor. 

For CYP1B1 Microsome-substrate mix: 0.5 µl of CYP1B1 (7.6mg/ml) 

microsome + 1.7 µl of control protein (10mg/ml) + 5 µl of 0.1 mM 7-ER + 

42.8 µl 0.1 M phosphate buffer pH 7.4. 

For CYP1A2: Regenerating system: 20 µl of 0.5 M phosphate buffer pH 

7.4 + 1µl of solution B + 5 µl solution + 19 µl of water + 5 µl of inhibitor.   

For CYP1A2 Microsome-substrate mix:  1µl of CYP1A2 (8.62mg/ml) 

microsome + 1.6 µl of control protein (10mg/ml) + 5 µl of (320 µM of 

CEC) + 42.4 µl 0.1 M phosphate buffer pH 7.4.  
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3.11 The IC50 values of 3-pyridyl chalcones with a  

polyaromatic A-ring using CYP1A1, CYP1B1 and  

CYP1A2 enzymes  

The compounds such as DMU 745, DMU 746, DMU 2106, DMU 2136, 

DMU 2137 and DMU 2140 are heterocyclic chalcones consisting of a 

similar chemical structure scaffolds with pyrido nitrogen (<N) at position 3 

in ring B but with differences in the attachment in the polyaromatic ring A. 

Earlier all these compounds were thought to be potent CYP1A1 inhibitors 

when screened at 5µM but when the IC50 values were determined using 

CYP1B1 and CYP1A2 enzymes, all these compounds appeared to be 

potent CYP1B1 inhibitors. Of the compounds analysed, DMU 2137 was 

found to be more or less a equipotent inhibitor of CYP1A1 and CYP1B1 

enzymes with an IC50 value of 74 and 25 nM. DMU 745 and DMU 2136 

were found to be potent inhibitors of CYP1B1 with IC50 values of 6.9 nM 

and 5.6 nM of respectively (see Table 3.1). 
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Table 3.1: IC50 values obtained by screening 3-pyridyl chalcones with a 

polyaromatic A-ring on CYP1A1, CYP1B1 and CYP1A2 bearing microsomes. 

DMU 

No. 
Chemical structure 

CYP1A1 

IC50 

value  

CYP1B1 

IC50 

value 

CYP1A2 

IC50 

value 

 745 

 

200 nM 6.9 nM 672 nM 

 746 

N

O

 

531nM 65nM 123nM 

2136 240nM 5.6nM 1000nM 

DMU 

2137 

 

74nM 25nM 631nM 
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 2140 857nM 59nM 317nM 

 

3.12   IC50 values 4-pyridyl chalcones with a  

polyaromatic A-ring using CYP1A1, CYP1B1 and  

CYP1A2 enzymes  

The compounds DMU 755 and DMU 2106 are heterocyclic compounds 

with pyrido <N at position 4 in ring A and harbouring a different 

attachment in the polyaromatic ring B. While DMU 780 has a similar 

structure to DMU 755 and DMU 2106 the structure is reverse with a pyrido 

<N at position 4 in the ring A and a polyaromatic ring B. From the IC50 

values obtained, it was observed that DMU 755 and DMU 780 were 

equipotent inhibitors of CYP1A1, CYP1B1 and CYP1A2 enzymes. DMU 

2106 was an equipotent inhibitor of CYP1A1 and CYP1A2 enzymes but 

showed more inhibition for CYP1B1 enzyme (see Table 3.2). 
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Table 3.2: IC50 values  obtained by screening 4-pyridyl chalcones with a 

polyaromatic A-ring on CYP1A1, CYP1B1 and CYP1A2 bearing microsomes. 

DMU 

No. 
Chemical structure 

CYP1A1 

IC50 value 

CYP1B1 

IC50 value 

CYP1A2 

IC50 value 

 755 

 

508nM 652nM 411nM 

 2106 1000nM 536nM 1400nM 

 780 

 

612nM 141nM 178nM 

 

 



Page | 148  
 

3.13   Comparing the IC50 values of CYP1A1, CYP1B1 

 and CYP1A2 enzymes obtained from 3 and 4-pyridyl  

chalcones with methoxy groups 

These compounds are heterocyclic chalcones with methoxy group 

substitutions. The DMU 710 structure consists of a 4 pyrido <N position in 

ring A and 3, 4, 5 –trimethoxy group (-OCH3) in ring B.  It was found to be 

a CYP1A2 inhibitor but was also found to be an equipotent inhibitor of 

CYP1A1 and CYP1B1 enzyme with similar IC50 values. The DMU 717 has 

a similar structure to DMU 710 but has a 3 pyrido <N position in ring A 

with a 3, 4 – dimethoxy group in ring B. DMU710 was an equipotent 

inhibitor of CYP1A1 and CYP1B1 enzyme but was shown to inhibit the 

CYP1A2 enzyme more strongly with an IC50 value of 179 nM. A number 

of novel compounds exhibited structures with a reverse pyrido structure 

such as DMU 2114, DMU 2117 and DMU 2157. These three compounds 

have similar structural scaffolds. The DMU 2114 and DMU 2117 have a 3 

pyrido <N position in ring B with 3, 4, 5 – trimethoxy and 2, 3, 4 – 

trimethoxy groups on ring A respectively. By comparing their structures 

one sees that they differ only in the substitution of the methoxy group at 

different positions. DMU 2114 inhibited all three enzymes with similar 

IC50 values (CYP1A1 282nM, CYP1B1 746nM and CYP1A2 700nM) 

while DMU 2117 inhibited CYP1B1 very strongly with an IC50 value of 30 

nM. Comparing the structure of DMU 2114 with that of DMU 2157, both 

of them have the same structure with identical 3, 4, 5 – trimethoxy group 

on ring A but DMU2157 has a 4 pyrido <N in ring B making it a potent 

inhibitor of CYP1A1(based on my work) with an IC50 value of 72 nM, 
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showing a 10-fold difference in IC50 values when compared with the 

CYP1B1 and CYP1A2 enzyme (see Table3.3).  

Table 3.3: IC50 values obtained by screening 3 and 4-pyridyl chalcones with 

methoxy groups on CYP1A1, CYP1B1 and CYP1A2 bearing microsomes 

DMU 

No. 
Chemical structure 

CYP1A1 

IC50 value

CYP1B1 

IC50 value 

CYP1A2 

IC50value 

 710 

 

910 nM  1368 nM  179 nM 

 717 
820 nM  133 nM  390 nM 

 

2114 282 nM  746 nM  700 nM 

 

2117 520 nM  30 nM  215 nM 
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2157 
72nM  5200 nM  1100 nM 

 

3.14   Imidazolo and methylene glycolate pyrido 

 chalcones 

The compound DMU 2120 has a imidazolo pyrido <N on ring B with 

polyaromatic ring A, which was initially thought to be a potent inhibitor of 

CYP1A1 enzyme when screened at 5µM but after screening with CYP1B1 

and CYP1A2 enzymes it was found to be a strong inhibitor of the CYP1B1 

enzyme with an IC50 value of 66.9 nM. DMU 2139 was also found to be an 

inhibitor of the CYP1B1 enzyme with an IC50 value of 32 nM; its chemical 

structure consists of a 3 pyrido <N on ring B with a 6-methoxy group in the 

polyaromatic ring A. DMU 2144 was found to be an equipotent inhibitor of 

all three CYPs with ring B containing a methylene glycolate group and a 4 

pyrido <N in ring A (See Table 3.4). 
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Table 3.4: IC50 value obtained by screening imidazolo and methylene 

glycolate pyrido chalocones on CYP1A1, CYP1B1 and CYP1A2 bearing 

microsomes 

DMU 

No. 
Chemical structure 

CYP1A1 

IC50 value 

CYP1B1 

IC50 value 

CYP1A2 

IC50 value 

 

2120 

N
H

N

O

 

922nM  66.9nM  800nM 

 

2139 

 

955nM  32nM  317nM 

2144 

 

1000nM  2100nM  1000nM 

 

3.15    Comparing the IC50 value of stilbenes 

The stilbenes which were initially thought to be CYP1A1 inhibitors with 

the exception of two were found to be equipotent inhibitors of all three 

CYPs. When the compounds were screened using CYP1B1 and CYP1A2 

enzymes, it was revealed that DMU 201 and DMU 202 which contained a 

3 pyrido<N and 4- methoxy group and hydroxyl group substitutions on ring 

B were potent inhibitors of the CYP1B1 enzyme with an IC50 value of 25.2 

and 37.8 nM respectively while, DMU 220 and DMU 571 were found to be 

equipotent inhibitors of all the three CYPs (SeeTable 3.5) 
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Table 3.5: IC50 values obtained by screening stilbene class of compounds 

on CYP1A1, CYP1B1 and CYP1A2 bearing microsomes 

DMU 

No. 
Chemical structure 

CYP1A1 

IC50 value 

 

CYP1B1 

IC50 value 

 

CYP1A2

IC50 value 

 

201 
N

CN
MeO  

715nM  25.2nM  152nM 

202 

N

CN
MeO

OH  

967.5nM  37.8nM  322nM 

220  806 nM  1300 nM  2000nM 

571 
OMe

OMe

MeO

OMe

 

1000nM  352nM  1600nM 
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3.16    Comparing the IC50 values of flavonoids with  

CYP1A1, CYP1B1 and CYP1A2 enzymes  

In the library of compounds a number fell into the flavonoid class of 

compounds; only two compounds were found to be inhibiting CYP1A1 

potently when compared with CYP1B1 and CYP1A2 enzymes. These 

compounds were DMU 114 and DMU 110 which were shown to have an 

IC50 value of 2 µM and 356 nM as shown in Table 3.6. These flavonoids 

were previously made by Dr. Ken Beresford's group at the Leicester School 

of Pharmacy. 

Table 3.6: IC50 values obtained by screening flavonoids on CYP1A1, CYP1B1 

and CYP1A2 bearing microsomes 

DMU 

No. 
Chemical structure 

CYP1A1 

IC50 value 

CYP1B1 

IC50 value 

CYP1A2

 IC50 value 

114 

(Eupatorin 5‐methyl ether) 

2000 nM  17006 nM  15098 nM 

110 

(Tetramethyl luteolin ether) 

 356 nM   16000 nM   20000 nM
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3.17    Optimization of CYP2D6 assay 

Human cytochrome P450 2D6 enzyme (CYP2D6) is an important drug-

metabolizing CYP enzyme and is responsible for the  metabolism of many 

common clinically prescribed medicines (Narimastu et al 2006).  From the 

library of compounds the chalcone DMU 2157 and the flavonoid DMU 110 

were found to be specific CYP1A1 inhibitors so were further screened on 

CYP2D6 enzyme. The “in-house” CYP2D6 microsomes were co-expressed 

with ΔhRDM reductase and were subjected to kinetic studies to measure 

enzymatic activity. For the analysis of enzymatic activity the fluorogenic 

substrate 3-cyano-7-(ethoxymethoxy) coumarin was used to perform the 

assay.  The reaction was carried out in a reaction volume of 100µl per well 

with a 50:50 mix ratio (50% of regenerating system mix and 50% of 

microsome-substrate mix).  2.5 pmol (8.4mg/ml) solution of CYP2D6 

microsomes plus 0.4 µl of control protein (10 mg/ml) were diluted 

containing 0.5 µl of 2 mM EOMCC (the CYP2D6 substrate), 25 µl of 0.1 

M phosphate and 21.6 µl of water.  The reaction was initiated by adding 5 

µl of NADPH regenerating solution (A), 1 µl of NADPH regenerating 

solution (B) and 25 µl 0.2 M phosphate buffer per reaction. The reaction 

was carried out at 37°C in a 96-well flat-bottomed microtitre plate. 

Metabolic rates were measured for 30 minutes using an excitation at 400 

nm and emission at 460 nm wavelength using the Biotek Synergy HT plate 

reader. The reaction rate was linear for 30 minutes. This reaction time was 

used as a guideline to conduct the inhibition assay (figure 3.14). 
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Figure 3.14: Kinetic analyses of the “in house” CYP2D6 microsomes using EOMCC as a 

fluorogenic  substrate.  The  data measured  in  triplicates  and  error  bars  represents 

standard deviation of three repeats. 

The X-axis indicates the time in minutes and Y-axis indicates the relative fluorescence 

units 

3.17.1   CYP2D6 inhibition assay 

CYP2D6 inhibition assays were carried out using an endpoint assay 

(Chapter 2 Section 2.14). DMU 110 and DMU 2157 were screened using 

CYP2D6 microsomes at a 5 µM single concentration. The reaction was 

carried out at 37°C in a reaction volume of 100 µl per reaction. 5 µl of 

NADPH regenerating solution A, 1 µl of NADPH regenerating solution B, 

25 µl of 0.2 M phosphate buffer, 5 µl of 100 µM (DMU 110 and DMU 

2157) and 14 µl of water were incubated at 37°C for 10 minutes.  2.5 pmol 

CYP2D6 was diluted in a buffer containing 0.4 µl of control protein 

(10mg/ml), 0.5 µl of 2 mM EOMCC, 25 µl 0.1 M phosphate and 21.6 µl of 

water per reaction. The relative fluorescence units were measured using the 

Biotek Synergy HT plate reader. At 5 µM concentration, DMU 2157 and 
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DMU 110 were found to be weak inhibitors, inhibiting CYP2D6 at 40 % 

and 49 % (see Figure 3.15).  

 

Figure  3.15:    DMU  110  and  DMU  2157  screened  with  CYP2D6  enzyme  at  5µM 

concentrations. The data measured in triplicates and error bars represents standard 

deviation of three repeats. 

X-axis indicates the DMU No. and Y-axis indicates the percentage inhibition of the 

compounds at 5µM concentration.  

3.18    Optimization of CYP3A4 assay 

Human cytochrome P450 3A4 enzyme (CYP3A4) is a major drug 

metabolising enzyme known to metabolise large variety of endogenous and 

xenobiotic chemicals in the human liver (Li et al 1995). DMU 2157 and 

DMU 110 were screened using the CYP3A4 enzyme. “In-house” CYP3A4 

enzymes were co-expressed with ΔhRDM reductase. Kinetic assays were 

carried out in order to analyse the enzymatic activity of CYP3A4 

microsomes. Di-benzylfluoride (DBF) was used as a fluorogenic substrate 

in this assay. The reaction was carried out in a reaction volume of 100 µl 

per well and with 50:50 mix ratio. A 1.1 (21.8mg/ml) pmol of CYP3A4 
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microsomes plus 0.102 µl of control protein 10mg/ml were diluted in a 

buffer containing 0.1 µl of DBF, 25 µl of 0.1 M phosphate and 23.69 µl of 

water. Reaction was initiated by adding 5 µl of NADPH regenerating 

solution (A), 1 µl of NADPH regenerating solution B and 25 µl 0.2 M 

phosphate buffer per reaction. Reaction was carried out at 37°C in a 96-

well flat-bottomed microtitre plate. Metabolic rates were measured for 30 

minutes using excitation at 485 nm and emission at 528 nm wavelength on 

Biotek Synergy HT plate reader. The reaction rate was linear for 20 

minutes. This reaction time was used as a guideline to conduct the 

inhibition assays (Figure 3.16). 

 

Figure  3.16:  Kinetic  analysis  of  "in  house"  CYP3A4  microsomes  using  DBF  as  a 

fluorogenic  substrate.  The  data measured  in  triplicates  and  error  bars  represents 

standard deviation of three repeats. 

The X-axis indicates the time in minutes and Y-axis indicates the relative fluorescence 

units 
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3.18.1    CYP3A4 inhibition assay 

CYP3A4 inhibition assay was carried out using an endpoint assay. DMU 

110 and DMU 2157 were screened using CYP3A4 microsomes at 5 µM 

single concentration. The reaction was carried out at 37°C in a reaction 

volume of 100 µl per reaction. 5 µl of NADPH regenerating solution A, 1 

µl of NADPH regenerating solution B, 25 µl of 0.2 M phosphate buffer, 5 

µl of 100 µM (DMU 110 and DMU 2157) and 14 µl of water were 

incubated at 37°C for 10 minutes.  1.1(21.8mg/ml) pmol CYP2D6 was 

diluted in buffer containing 0.102 µl of control protein (10mg/ml), 0.1 µl of 

2 mM DBF, 25 µl 0.1 M phosphate and 23.69 µl of water per reaction. The 

relative fluorescence units were measured using a Biotek Synergy HT plate 

reader. At 5 µM concentration DMU 2157 and DMU 110 were found to be 

weak inhibitors, inhibiting CYP3A4 at 45 % and 26 % (Figure 3.17). 

 

Figure  3.17:  DMU  110  and  DMU  2157  screened  on  CYP3A4  enzyme  at  5µM 

concentrations. The data measured in triplicates and error bars represents standard 

deviation of three repeats. 

X-axis indicates the DMU No. and Y-axis indicates the percentage inhibition of the 

compounds at 5µM concentration.  
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3.19 Conclusion 

This Chapter has discussed the use of natural and synthetic compounds 

(derived from natural products) in identifying potential inhibitors of human 

cytochrome P4501A1(CYP1A1).  

Microsomes containing human recombinant CYP1A1 enzyme were 

successfully prepared "in house" from a yeast S.cerevisiae strain that 

contained  

(1) The CYP1A1gene expression cassette on a 2µ-based plasmid 

driven by the ethanol-inducible ADH2 promoter that would allow 

extra-chromosomal expression of the CYP1A1gene, and  

(2) A copy of a gene expression cassette that allows expression of the 

modified human P450 reductase gene ∆hRDM gene (also driven 

by the ethanol-inducible ADH2 promoter), from one of yeast’s 

chromosomes. The reductase gene expression cassette was 

integrated into the chromosome to allow stable expression of an 

enzyme which is inherently toxic to yeast (and also other 

eukaryotic cells) because of its natural ability to produce reactive 

oxygen species (ROS). This unusual property allows CYPs to 

utilise ROS for oxygenating non-reactive carbon atoms, a process 

very difficult to perform via classical organic chemical reactions.  

Co-expression of the two genes CYP1A1 and ∆hRDM allowed for the 

production of the active CYP1A1 enzyme within the yeast cell. The active 

CYP1A1 enzyme, naturally bound to the endoplasmic reticular membrane, 

was then isolated from whole yeast cells. The endoplasmic reticular 
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membranes which are intracellular membranes of a eukaryotic cell are 

often referred to as microsomal membranes or microsomes.   

Concentration of total protein in the microsomal samples was measured by 

conducting the Bradford assay (Bradford 1976). In microsomal samples, 

where both CYP1A1 and ΔhRDM proteins are bound to the intracellular 

endoplasmic reticular membranes, the amount of catalytically (i.e. 

enzymatically) active P450 was determined by performing the carbon 

monoxide (CO)-binding assay (Omura and Sato 1964). This is shown in 

Figure 3.1.  

The catalytic activity of the recombinant human CYP1A1 microsomal 

enzyme was determined via a kinetic assay that uses a fluorogenic substrate 

(7-ethoxyresorufin) that is specific for CYP1A1 (Shimada et al 2002). The 

metabolic rate for the conversion of 7-ethoxyresorufin to resorufin, 

mediated by the CYP1A1 enzyme, was linear for up to 20 minutes and this 

particular reaction time was considered as an optimal time period for 

experiments related to determining of IC50s of potential inhibitors of 

CYP1A1.  

A comparison of the activities of the recombinant CYP1A1 microsomal 

enzyme prepared "in house" (from yeast cells) and the CYP1A1 

microsomal enzyme commercially available from BD-Gentest (prepared 

from insect cells) was carried out via the same kinetic assay using 7-

ethoxyresorufin as CYP1A1 substrate. This experiment was performed 

primarily to assess if there is any difference between the activities of 

CYP1A1 enzyme produced from two different eukaryotic cell systems, 

yeast and insect cells.  Surprisingly, the enzyme prepared from yeast ("in 

house") had significantly higher activity compared to the commercial one 
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prepared from insect cells. The CYP1A1 enzyme obtained from BD-

Gentest is currently considered to be the best in the world and is used as a 

benchmark for other CYP1A1 enzymes that are available commercially 

(i.e. from Cypex, which produces CYP enzymes in bacterial cells, and 

Invitrogen which, like Gentest, produces CYP enzymes in insect cells). Our 

results would indicate that the CYP1A1 enzyme made in yeast is probably 

the best that is available anywhere.  

A library of around 200-compounds,which belong to stilbene, flavonoid 

and chalcone classes of compounds, were then screened using the yeast 

microsomal membrane-bound CYP1A1 enzyme, at a single compound 

concentration of 5µM. Enzyme inhibition assays were performed at a single 

concentration because it allowed us to rapidly as certain in a cost effective 

manner the potential ‘hits’, thereby allowing us to select the most potent 

compounds for further IC50 determinations which involve a procedure that 

is quite protracted and expensive.  

Around 22 compounds showed >70% inhibition at 5µM concentration in 

the CYP1A1 enzyme assay. These compounds were studied further for 

determination of their IC50 values all of which were found to be less than 

1000nM (i.e. <1µM) which, in the context of enzyme inhibition, is 

considered to be relatively potent. 

Since CYP1A1 is a member of the CYP1 sub-family of CYP isozymes, it 

was of great interest to find out if the identified CYP1A1 inhibitors also 

inhibited the other CYP1 family members, namely, the CYP1B1 and 

CYP1A2 enzymes. The 3 enzymes, CYP1A1, CYP1B1 and CYP1A2, have 

been reported to have overlapping substrate specificity (Murray et al 2001). 
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Hence, we decided to screen the above 22 CYP1A1 inhibitors in both the 

CYP1B1 and CYP1A2 enzyme assays.  

The three enzymatic screens based on CYP1A1, CYP1B1 and CYP1A2 

revealed that the two compounds  

(1) DMU 2157, a 4-pyridyl chalcone with methoxy group substitutions 

on ring A of the chalcone, and  

(2) DMU 110,the flavonoid tetramethyluteolin ether,  

were the most potent inhibitors for CYP1A1 enzyme, with IC50 values of 

72nM and 356nM respectively, in the 200-compound library used for 

screening. Both these compounds exhibited 40 times higher IC50s in the 

CYP1B1 and CYP1A2 enzyme assays. Usually, a 10-fold difference is 

considered to be sufficient for a compound to be termed as a ‘selective 

inhibitor’; a 20-fold difference is considered to be highly selective (Knight 

and Shokat 2005). Hence, both DMU 2157 and DMU 110 can be 

considered as highly selective inhibitors of CYP1A1 with respect to the 

other two members of the CYP1 family.   

DMU 2157 and DMU 110 were then tested at 5µM concentrations for their 

ability to inhibit CYP2D6 and CYP3A4, the two most prominent drug 

metabolizing enzymes found in the human liver. The reason for doing so 

was that if the two compounds also potently inhibited CYP2D6 and/or 

CYP3A4 enzymes, then they would not be appropriate for therapeutic use. 

This is because both CYP2D6 and CYP3A4 enzymes are involved in the 

metabolism of a vast array of endogenous and exogenous substances and 

clinically prescribed drugs (Narimastu et al 2006). They also have crucial 

intracellular roles which are essential for normal health (Zanger and 
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Schwab 2013).  Therefore, avoiding potent inhibitory interactions with both 

these enzymes is highly desirable in the early stages of drug discovery. 

Strong inhibitors of these two enzymes are usually eliminated quite early, if 

possible, from the drug discovery pipeline. Interestingly, DMU 2157 and 

DMU 110 were found to be weak inhibitors of CYP2D6 and CYP3A4 

enzymes, as shown in Table 3.7.  

In conclusion, DMU 2157 and DMU 110 are potent inhibitors of CYP1A1 

enzyme and their inhibition seems to be quite specific (i.e. selective) in 

relation to inhibition of the CYP1B1, CYP1A2, CYP2D6 and CYP3A4 

enzymes.  

Table: 3.7: IC50 values obtained by screening DMU 2157 and DMU 110 on 

CYP1A1, CYP1B1, CYP1A2, CYP2D6 and CYP3A4 enzymes bearing 

microsomes. 

DMU No.  CYP1A1  CYP1B1  CYP1A2  CYP2D6  CYP3A4 

DMU 2157  72nM  5000 nM 

(5.2µM) 

1100 nM 

(1.1µM) 

> 5000nM 

(5µM) 

>5000nM 

(5µM) 

DMU110  356nM  16000nM 

(16µM) 

20000nM 

(20µM) 

> 5000nM 

(5µM) 

>5000nM 

(5µM) 
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3.20  IC50 graphs 

Experiments were done in triplicates (n=3) and error bars indicate standard 

deviation of the three repeats. 

Table 3.8: The IC50 values of 3-pyridyl chalcones with a polyaromatic A-

ring using CYP1A1, CYP1B1 and CYP1A2 enzymes. 

DMU 
No. 

CYP1A1  CYP1B1  CYP1A2 

745 

 

746 

 

2136 

 

2137 
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2140 

 

Table 3.9: The IC50 values of 4-pyridyl chalcones with a polyaromatic A-

ring using CYP1A1, CYP1B1 and CYP1A2 enzymes. 

DMU 

No. 

CYP1A1  CYP1B1  CYP1A2 

755 

 

2106 

 

   

780 

 

 

 

 

Table 3.10:  Comparing the IC50 values of CYP1A1, CYP1B1 and CYP1A2 

enzymes obtained from 3 and 4-pyridyl chalcones with methoxy groups 
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DMU 
No. 

CYP1A1  CYP1B1  CYP1A2 

710 

 

717 

   

2114 

  

2117 

   

2157 
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Table 3.11:  Imidazolo and methylene glycolate pyrido chalocones 

DMU 
No. 

CYP1A1  CYP1B1  CYP1A2 

2120 

 

2139 

 

2144 
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Table 3.12:  Comparing the IC50 value of stilbenes 

DMU 

No. 

CYP1A1  CYP1B1  CYP1A2 

201 

 
  

202 

  

220 

 

  

571 
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Table 3.13: Comparing the IC50 values of flavonoids with CYP1A1, CYP1B1 

and CYP1A2 enzymes. 

DMU 

No. 

CYP1A1  CYP1B1  CYP1A2 

114 

     

110 
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Chapter 4 Assessing the CYP1A1 inhibitory    

   potential of compounds in live cells 

   assays 

4.1 Introduction 

Cytochrome P450 (CYP) enzymes are of huge interest to the 

pharmaceutical industry with their involvement in drug-drug interactions. 

The alterations in the metabolic enzymes present in the hepatic tissues by 

drugs are the basic causes of drug-drug interactions. The enzymes are 

affected some way or the other by all drugs; some drugs induce CYP 

enzymes while others inhibit them. For example, a drug which inhibits the 

activity of a CYP responsible for drug metabolism of another drug would 

lead to an accumulation of that drug to a higher level resulting in toxicity of 

that drug in the body.  It is extremely crucial to understand induction and 

inhibition of an enzyme in order to be able to introduce successful new 

drug therapies (Bibi 2008). The use of CYPs in the early stages of drug 

discovery can save considerable amounts of time as well as the monetary 

costs associated with it. 

4.2  Induction of CYP genes 

The synthesis of new enzymes in our body occurs through induction of 

mRNA at the gene transcriptional level and is generally termed as 

‘induction of genes’. CYP genes also undergo induction at the transcription 

level, resulting in the increase of CYP content (mRNA and protein) in 

hepatic tissues. Inappropriate induction of specific CYPs can lead to cancer 

or some other diseases (Poland et al 1976). The phenomenon of induction 
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of CYP genes by polyaromatic hydrocarbons (PAHs) was described by 

Conney et al in 1960. Increasing expression of certain CYPs leads to 

conversion of PAHs to carcinogenic metabolites in the body. In the area of 

medicine, one of the most common triggers to CYP gene induction are 

approved drugs. 

4.3  Inhibition of CYP enzymes 

Several chemicals and drugs inhibit activity of a CYP. This happens 

because of the broad substrate specificity of CYPs. Inhibition of a 

particular CYP is quite common in multiple drug therapies. Substrate 

specificity of a CYP is determined by its active site which resides within 

the polypeptide chain that constitutes the CYP protein. CYPs possess a 

haeme prosthetic group, a ‘IX ferroprotoporphyrin’ which activates 

substrate for substrate metabolism (Hasler et al 1999). Inhibition of a CYP 

can occur in two different ways, reversible and irreversible.  

Reversible inhibition is the most common type that occurs during the 

process of drug-drug interactions. As an example a drug or stable 

metabolite inhibits a CYP at an early step of the CYP-catalytic cycle 

resulting in the decrease in its substrate turn over number.  

Irreversible inhibition can occur in two ways: (a) binding of a drug to a 

CYP causing an irreversible change in its structural activity or which could 

lead to CYP destruction, known as autocatalytic inactivation and (b) when 

drug metabolites, known as metabolite intermediate, are bound tightly to 

the CYP haeme thereby irreversibly inactivates a CYP. 
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4.4 Relations of drugs with CYPs and CYP450  

reductase  

In order to metabolise drugs, CYPs require NADPH cytochrome P450 

reductase (CPR) to donate electrons for oxidation. Multiple CYPs surround 

one CPR molecule in a circle, CPR then touches one CYP after another in 

order to transfer electrons (Murataliev et al 2004). The drug binds to CYP 

in the ferric form and accepts electrons from CPR to form CYP-drug 

complex and is reduced to ferrous form. Molecular oxygen binds to the 

ferrous form complex resulting in CYP-drug di-oxygen complex. One 

molecule of oxygen combines with two hydrogen atoms and forms water 

while another molecule of oxygen remains attached to CYP-drug complex. 

The oxygen molecule is then transferred from CYP to the drug molecule to 

make the drug more hydrophilic resulting in release of the drug molecule 

from the complex. CYP becomes free and ready for another oxidation 

cycle. CYP and CPR play an important role in the human body to make 

drugs more water soluble so that the drugs can easily be excreted without 

any adverse effect in the body (Rhoades and Bell 2009). Thus, CYPs would 

not be able to metabolise a drug without the help of CPR as it requires 

electron transfer at its active site to activate the molecular oxygen for 

oxidation of substrate such as drugs.  

4.5 Drug Discovery 

Drug discovery involves several phases which could take 8 to 12 years to 

complete. There are a number of challenges faced by pharmaceutical 

companies while trying to identify a compound and to be able to get a new 

drug in to the market. It involves millions of pounds and the estimated cost 
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of developing a new drug is more than £500 million (converted at the 

current rate of $) (Guengerich 2005).  Science and technology plays a vital 

role by providing sophisticated computational tools, state of the art 

equipments, advanced tools of molecular biology, cell biology, 

biochemistry and chemistry which are all utilised in drug discovery. 

 

Figure 4.1: Stages of Drug Discovery. 

The first stage of drug discovery involves the understanding of a disease, 

its chemistry and pharmacology. Scientists need to find a focal point in 

order to choose a specific target which plays a major role in a particular 

disease. Then the compounds are accordingly developed as per the 

structural and chemical existence of the target. Teams of biologists, 

chemists and pharmacologists screen hundreds of compounds in order to 

find a lead compound. The compounds which have the desirable properties 

are then subjected to a modification which then results in a compound 

having less side effects and better efficacy.   

Second stage of drug development examines the compounds’ effectiveness 

on the drug metabolising enzymes. Thousands of compounds are tested and 

their efficacy is measured by high through-put screening which involves 

assays like LC/MS spectrometry, fluorescence based inhibition etc. CYPs 
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play an important role in human body to metabolise the drugs, the five 

enzymes which are responsible for metabolism of 80% of the drugs are 

CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4. Due to the broad 

substrate specificity of the CYP family, it is prone to inhibition, so it is 

very crucial for a drug to be tested at the pre-clinical stage to avoid such 

complexity, which could lead to drug toxicity. For, example quinidine is 

metabolized mainly by CYP3A4, but strongly inhibits CYP2D6 (Wienkers 

and Health 2005).  

Pharmaceutical companies use biotechnological methods to extract P450 

enzymes from human liver samples and  hetrologous expression systems 

using E. coli, yeast, mammalian cell lines etc. The compounds are initially 

put through an in vitro screening and if the results are satisfactory then only 

are subjected to in vivo testing. Patients’ health and safety is very 

important, while addressing the same fact FDA published the guidelines 

suggesting that in vitro screening should be performed in order to 

determine the properties of the drug and its behaviour towards CYPs 

(Lipsky and Sharp 2001). 

The final stage of drug development, before a drug is presented for an FDA 

(Food and Drug Administration) and EMA (European Medicines Agency) 

approval the researchers have to verify the findings in larger groups of 

patients. This phase takes 2 to 10 years and involves thousands of patients 

at different sites. The studies carried out in this stage reveal the safety and 

efficacy and help in establishing the perfect dosage of a drug. Inspite of all 

the compounds being highly scrutinized less than 10% of the possible 

medications pass this stage. After surviving the trials the data is forwarded 

to FDA, the information consists of the chemical structure of a drug, its 
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pharmacology, toxicity and manufacturing process. As soon as FDA 

receives the information, it sets up an independent review and presents its 

suggestions. After completing the review, the drug could be endorsed or 

declined its entry into the market.  

The whole process of drug discovery is protracted, often taking 8-10 years.  

During this time period, CYPs play a very important role. Unfortunately 

however, there are no reliable means for testing modulation of CYP 

activity.  This historical perspective which I have provided can serve as a 

guide to what I have attempted to do during the work related to my thesis.   

4.6 Expression system used in pharmaceutical 

 industries 

Pharmaceutical industries use microsomes (endoplasmic reticular, ER, 

membranes) to carry out CYP related studies. Microsomes are extracted 

from live cells by a process involving very careful cell lysis. Although 

microsomes have been used in research for past many decades, the process 

of extraction of microsomes is very expensive and time consuming.  

Live cell assays where a cohort of cells contains a specific CYP can be 

considered as an attractive alternative to the use of microsomes. As such 

until now, no such alternative have been thought of in relation to creation 

of new CYP assay systems. Availability of such assays could be rapid, 

reliable and of low cost because the hugely expensive NADPH (a cofactor 

used in CYP microsome assays as it is the source of donating electrons for 

CYP activation) would not be required in live cells as NADPH is an 
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essential component of all live cells.  Live cell assays would be amenable 

to high-throughput screening of large libraries of compounds.   

Live cell assays have been developed for expression of various CYPs as a 

relatively inexpensive technique compared to the preparation of 

microsomes followed by analyses. We have developed a heterologous 

system in yeast where cell lines (i.e. yeast strains) have been created that 

harbour a CYP together with a genetically engineered human NADPH-

cytochrome P450reductase.  

The live cell assay technique was newly developed by me. This technique 

has shown great potential and effectiveness in the assays together with 

impressive results.  

In these assays intact yeast cells are grown in culture medium and 

expressed during a particular time frame. The compounds are then screened 

using these intact yeast cells which are also termed as live cells. The 

cellular activity of the CYP is determined by the use of CYP specific 

substrates via performing kinetic live cell based assay (Chapter 2, Section 

2.14) with run time of 30 minutes. The simplicity of this technique would 

allow the assays to be used by chemists as well. Since it is so simple, cost 

effective and amenable for use in high-throughput formats, it could 

revolutionise CYP-related screening of compounds on a very large scale. 

Yeast being a eukaryotic micro-organism consists of biochemical pathways 

that closely mimic pathways in human cells. It can produce and secrete 

perfectly processed and correctly folded proteins when it is used as a 

heterologous system for the production of mammalian proteins. In 

comparison to mammalian cells, yeast grows faster in a simple growth 
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culture medium which can provide all the nutrients for expression of 

heterologous proteins. Due to these qualities yeast has been widely used by 

the pharmaceutical industry for a variety of purposes.  

There are two types of vectors used in expressing clones genes in yeast; 

they are known as episomal and integrated vectors. The former propagates 

extra chromosomally and later integrates into the chromosomes by 

homologous recombination. We have constructed an ADH2 promoter 

driven yeast expression system that consists of a genetically engineered 

human reductase gene that is co-expressed with the human CYP gene, both 

genes being under the control of the ADH2 promoter.  

4.7   Aim of the chapter  

The primary aim of conducting the live cell experiments was to observe the 

inhibitory potency of the compounds in intact yeast cells as it has its own 

electron transferring system, NADPH-cytochrome P450 reductase for 

activation of the CYP, thereby allowing a CYP to perform its normal 

mechanism of action as it probably would in human cells.  

The ultimate goal was to compare the CYP1A1 microsome-based IC50 

values of compounds with those obtained from live cells that harboured an 

active CYP1A1. The cell-based enzyme inhibition assays were carried out 

to find if earlier results obtained from the  in vitro  enzyme assays (using 

isolated microsomal membranes) have any correlation to results obtained in 

the cellular context. This was achieved by directly comparing results from 

in vitro assays with those obtained from cellular assays. It was observed in 

the in vitro  assays that the microsomal P450 activities were inhibited by 

certain compounds. However it is important to consider if live cells that 
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contain a CYP1A1 enzyme would have the same potential to take up the 

compounds of interest through the yeast cell walls. 

Our intent was to develop a unique technique which involves the use of 

intact yeast cells to study CYP inhibition which anyone interested in CYP 

inhibition could use with the minimal expertise. A number of attempts, as 

presented below, were made to develop a functional live cell assay. At first, 

CYP expression was optimized so as to obtain the best CYP activity with 

high yield by keeping in mind different growth control parameters and 

times of incubation for pre- and main cultures. The best protocol from the 

different attempts was chosen to determine CYP inhibition in my 

experiments.   

4.7.1   Tube culture CYP expression 

Initially we performed tube based assays for live cell experiments. In these 

experiments, a loop full of frozen (-80°C) yeast strain that bears the 

CYP1A1 gene was inoculated into 10 ml of SW6 medium (consisting of 

yeast nitrogen base, 0.01% casamino acids, 2% of glucose and auxotrophic 

nutrients such as adenine, histidine and tryptophan which are either non-

existent or occur in very low amounts in casamino acids) contained in a 50 

ml sterile plastic Corning tube. The tube was then kept in an incubator for 

16 hours with shaking at 30°C at 220rpm. After 16 hours, the cells were 

grown and cell density was measured at 600nm. Approximately 150-200 µl 

of cells (0.4 X 108 cells/ml) was aliquoted into a 1.5 ml sterile eppendorf 

tube to carry out the assay for CYP1A1 expression. The aliquoted cells 

were washed with TE buffer (0.5 M Tris-HCl pH 7.4, 1mM  EDTA) three 

times and finally the cells were re-suspended in 500 µl of TE buffer. A 50 

µl aliquot of washed cells (0.4 X 108 cells/ml) were mixed with 50 µl of 7-
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ER 0.1mM (the CYP1A1 substrate) that would produce the fluorescent 

metabolite resorufin that would allow determination of activity of the 

CYP1A1 enzyme. The reaction was carried out in 100µl per well at 37°C 

and the fluorescent values were measured using excitation wavelength at 

530nm and emission wavelength at 590nm at sensitivity 75 for 30 minutes 

using Bio-Tek Synergy HT plate reader. The cells containing CYP1A1 

enzyme were compared with the empty yeast strain which contained no 

CYP gene (see Figure 4.2).  This method didn't yield any CYP activity. 

 

Figure 4.2: Frozen yeast strain containing CYP1A1 enzyme expressed  in SW6 culture 

medium.  The  data  measured  in  triplicates  and  error  bars  represents  standard 

deviation of three repeats. 

Cells were inoculated for 16 hours and compared with an empty strain which contains 

no CYP. X-axis shows time in minutes and Y-axis shows relative fluorescence unit 

(RFU value).  

4.7.2   CYP1A1 enzyme expression using YPG medium 

The CYP1A1 yeast strain from the frozen stock (-80°C) was streaked onto 

an SD-agar plate containing auxotrophic nutrients. This protocol followed 

three days of CYP expression.  A single colony from the SD-agar plate was 
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inoculated into 10 ml of SW6 medium contained in a 50 ml conical glass 

flask. The SW6 medium consisted of yeast nitrogen base, 2% glucose, 

0.01% cas-amino acid and auxotrophic nutrients. The flask was kept in an 

incubator at 30°C for 16 hours. On the next day the optical density was 

measured at 600 nm. The cell inoculums from SW6 pre-culture medium for 

inoculation into YPG medium were standardised. The inoculums were 

based on the optical density ranges of the SW6 pre-cultures (see Table 4.1). 

Around 800 µl of cells were transferred into a flask containing 10 ml of 

YPG medium which consisted of yeast extract, protease peptone, 1% 

glucose and nutrients. The flask was kept in the incubator with shaker for 

16 hours and the next day optical density was again measured at 600nm. 

The cells in YPG medium were spun down at 13,000 rpm and washed with 

TE buffer three times before the cells were finally resuspended in 500 µl of 

TE buffer to carry out the assay for determination of CYP activity in live 

cells using 7-ER (3 µM) as a substrate. 50 µl of cells were mixed with 50 

µl of 7-ER and a kinetic assay was allowed to run for 30 minutes which 

was monitored using the Bio-Tek Synergy HT plate reader at 30°C (see 

Figure 4.3).  

Table 4.1: Inoculation volumes of various optical density ranges measured 

at 600nm. 

SW6 culture medium optical density 
YPG medium inoculation volume per 

10ml 

4-6 1 – 1.5ml 

6-8 800 - 900µl 
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Figure  4.3:  CYP1A1  enzyme  expression  in  YPG medium  after  16  hours.  The  data 

measured  in  triplicates  and  error  bars  represents  standard  deviation  of  three 

repeats. 

To confirm the activity of CYP1A1 in a strain that bears the CYP1A1 gene, the results 

obtained was compared with an empty strain (that contains no CYP). X-axis shows time 

in minutes and Y-axis shows relative fluorescence unit(RFU values). 

4.7.3   Truncated protocol for CYP expression 

This protocol is quite similar to the YPG protocol but the time period of the 

protocol has been truncated from 3 days to 2 days. The yeast strains were 

streaked out from -80ºC frozen stocks on to minimal medium SD-agar 

plates that contained appropriate amount of nutrients. The plates were 

incubated for 2-3 days and then a single colony of cells was inoculated on 

the first day morning into 10 ml of SW6 broth which contained yeast 

nitrogen base, 2 % glucose, cas-amino acid and nutrients. The flask was 

kept shaking in an incubator for 8 hours at 30 °C. At the end of the day the 

optical density of the SW6 culture medium was measured at 600 nm. On 

the basis of optical density calculation around 800 µl to 1000 µl of SW6 
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pre-cultured cells were inoculated into 10ml of YPG expression medium 

and incubated for 16 hours at 30 °C. The following day the optical density 

of the cells was measured at 600 nm. Around 150-200 µl of the 0.4 X 108 

cells per ml was transferred into a sterile eppendorf tube to carry out the 

kinetic live cell assay using 7-ER (3 µM) as a substrate. The cells were 

washed with TE buffer three times and finally suspended into 500 µl of TE 

buffer. 50 µl of cells were mixed with 50µl of 7-ER in wells of a 96-well 

microplate and incubated for 30 minutes at 30 °C using the Bio-Tek 

Synergy HT plate reader (see Figure 4.4).  

 

Figure  4.4:  Truncated  protocol:  CYP1A1  expression  from  a  strain  bearing  CYP1A1 

gene  compared with expression  from  the empty  strain  in YPG medium.   The data 

measured in triplicates error bars represents standard deviation of three repeats. 

A yeast colony containing CYP1A1 gene was picked from SD-agar solid medium plates 

and inoculated into 10ml of SW6 medium (1.34g/200ml of yeast nitrogen base, 2% 

glucose , 0.02% casamino acids, 12.5ml/200ml of adenine, 1.66ml/200ml of  histidine 

and tryptophan). The culture was incubated at 30°C in a orbital shaker at 220 rpm for 16 

hours. After 16 hours, the optical density of the SW6 culture was measure at 600nm. 

Approximate 800µl of the SW6 culture was transferred into YPD medium (2g/200ml of 

yeast extract, 4g/200ml of peptone, 1% glucose, 2.5ml/200ml of adenine, 1.66ml/200ml 
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of histidine and tryptophan). The culture was incubated at 30°C in an orbital shaker at 

220rpm for 16 hours. Live cell assay was carried out to observe CYP expression in the 

transformed yeast strain. Approximately 0.4 x 108 cells/ml were aliquoted from YPD 

culture medium and washed three times with TE buffer (10mM Tris-HCL pH 7.5, 1mM 

EDTA) at 13,000 rpm for 1.5 minutes. Finally, the cells were suspended in 500µl of TE 

buffer. 50µl of cells were aliquoted and transferred on to wells of a black 96-well 

microplate and mixed with 50µl of 7-ethoxy resorufin (6µM). The fluorescence values 

were measured using Bio-Tek synergy HT plate reader at 530/590 nm, sensitivity at 72 

for 30 minutes.  The X-axis indicates the time in minutes and Y-axis indicates the 

relative fluorescence units. 

4.7.4   CYP expression using SE medium 

The protocol employs pure biological ethanol and takes 1.5 days for 

expression of a CYP.  The yeast strains containing CYP1A1 gene were 

streaked onto an SD-agar plate containing nutrients. After 2-3 days the 

colonies grew on the plate. A single colony was inoculated into 10 ml of 

SW6 medium containing yeast nitrogen base, 2 % glucose, and auxotrophic 

nutrients. The flask was kept in an incubator with shaker for 16 hours at 30 

°C. The optical density of the SW6 pre-culture was measured at 600 nm. 

The whole 10 ml of SW6 culture medium was spun down at 13,000 rpm 

and the cell pellet obtained was transferred into a 10 ml flask containing SE 

medium which contained yeast nitrogen base, casamino acids, auxotrophic 

nutrient and 2 % of pure biological grade ethanol. The SE culture medium 

was incubated for 4 hours and around 200 µl of 0.4 X 108 cells per ml were 

transferred into a sterile eppendorf tube to carry out the kinetic live cell 

assay for CYP expression using 7-ER (6 µM) as substrate. 50 µl of the cells 

were mixed with 50 µl of 7-ER in wells of a 96-well microplate and 

incubated to carry out the kinetic assay for 30 minutes at 30°C using the 

Synergy Bio-Tek plate reader (see Figure 4.5).  
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Figure 4.5: Comparison between CYP1A1 expression in SW6 and SE culture medium. 

The  data  measured  in  average  of  triplicates  and  error  bars  represents  standard 

deviation of three repeats. 

The blue line indicates expression of CYP1A1 in SE medium for 4 hours and the red 

line indicates the expression of CY1A1 in SW6 medium for 16 hours, which is 

compared with the empty strain with no CYP in it which is indicated by the green line. 

The X-axis shows time in minutes and Y-axis shows relative fluorescence unit(RFU 

values). 

4.7.5   Testing of already identified CYP1A1 inhibitors in 

 live cell assays using SE expression medium  

The CYP1A1 inhibitory potential of compounds was assessed in intact 

yeast cells that express CYP1A1 enzyme. Experiments were conducted in 

SE medium as I found that SE medium gave the highest CYP1A1 

expression in a small time frame.  

Certain compounds, which were identified as specific CYP1A1 inhibitors 

from the in vitro assays, were chosen to attain head to head comparison 
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between the IC50 values already obtained in microsome enzymatic assays to 

that observed in live cells. The cells were grown overnight in 10 ml of SW6 

medium containing appropriate nutrients. On the next day all cells were 

spun down at 13,000 rpm and the whole cell pellet was transferred into SE 

medium that contained 2% ethanol. The cells were allowed to incubate for 

4 hours at 220 rpm at 30 °C.   45 µl of 0.4 X 108 cells were aliquoted into 

wells of a microplate and mixed with 5 µl of inhibitors which had been 

diluted in 10% DMSO at various concentrations. 50 µl of 3 µM 7-ER was 

added and the contents of the wells were mixed. The assay was allowed to 

run for 30 minutes at 30°C using the Synergy Bio-Tek plate reader. The 

compounds which were used in the screening of the CYP1A1 enzyme 

using the live cell assay were of chalcone, stilbene and flavonoid classes. 

DMU 2157, DMU 2137, DMU 746 are of the chalcone class, SB4 and SB6 

are from the stilbene class and DMU 107, DMU 114 and DMU 110 are 

from the flavonoid class of compounds (see Table 4.2).  
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Table 4.2: Compounds screened with yeast strain that expresses the 

CYP1A1 enzyme via live cell based inhibition assays. Comparison of 

CYP1A1 IC50 values of selected compounds obtained from microsomal and 

live cell assays. 

Compounds screened on live cell assay 
for CYP1A1 enzyme 

CYP1A1 
In vitro assay  
results  
(IC50 values) 

CYP1A1 
Live cell assay  
results 
(IC50 values) 

 
               DMU 2157 

72 nM  50 nM 

 
                DMU 2137 

74 nM  50 nM 

N

O

  
               DMU 746 

 

531 nM  1000nM 
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NMeO

CN
 

                     SB4 

765.8 nM  1000nM 

NMeO

CN

MeO

 
                     SB6 

462.8 nM  900 nM 

N

O

MeO

MeO

OMe

 
              DMU SK10 

1400 nM  3000 nM 

  
                 DMU 745 

202 nM  400 nM 

 
               DMU 2117 

520 nM  1000 nM 

 
                 DMU 107 

368 nM  600 nM 
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                   DMU 114 

2000 nM  4000 nM 

                 DMU 110 

356 nM  1000 nM 

 

4.8 Conclusion  

In this chapter, the goal was to develop a new cell-based technique which 

would be able to bypass the intricate procedure that allows isolation of 

microsomal membrane-bound enzymes so that large libraries of 

compounds could be screened for identification of CYP inhibitors in a 

more cost effective and less time consuming manner compared to the assay 

that involves the use of microsomes. The new technique that was 

successfully developed is referred to as the “live cell” inhibition assay.  

Different cell culture media were used for optimisation of the co-

expression of CYP1A1 and ∆hRDM (the genetically engineered modified 

human P450 reductase) genes with the aim of obtaining a relatively high 

level of CYP1A1 enzyme activity within live cells.  The objective was to 

find out if “live” cells expressing CYP1A1 would be amenable to screening 

of potential CYP1A1 inhibitors, without the isolation of the microsomal 
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enzyme which involves quite a protracted process in terms of both time and 

money.  As described earlier in this Chapter, the SE medium provided the 

highest activity in a short time frame compared to the other expression 

media used.   

It was decided that the compounds DMU 2157, DMU 2137, DMU 746, 

DMU SK10, DMU 2117, DMU 745, DMU SB4, DMU SB6, DMU 110, 

DMU 114 and DMU107, which showed some of the best inhibitory 

potential towards CYP1A1 enzyme in the in vitro microsomal assay, would 

be screened in intact yeast cells that are able to produce active CYP1A1 

enzyme. These compounds were chosen to see if they could inhibit 

CYP1A1 enzyme activity within a cellular environment as profoundly as 

they did using isolated microsomal enzyme in vitro.  Hence, determination 

of IC50 values of the above compounds were attempted by performing 

CYP1A1 inhibition assays on live cells. 

Quite surprisingly, the results obtained showed that IC50 values of the 

compounds were usually lower in the live cell based environment 

compared to the IC50s obtained in the in vitro microsomal assays. In 

cellular assays, one would normally expect lower IC50 values than the IC50s 

seen in vitro.  There could be a few interconnected explanations for these 

unexpected results. 

(1) It could be that, in the cellular milieu, the yeast Saccharomyces 

cerevisiae provides yet undiscovered co-factors that may subtly 

influence the active site of the CYP1A1 enzyme. Thereby, the IC50s 

determined in the cellular environment are different from the values 

obtained in microsomal assays.  One would like to think that the 

enzyme existing within live yeast cells has a structure closer to the 
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one that exists in human cells, – yeast and human cells both being 

eukaryotic.   

(2) The identified inhibitors,mostly hydrophobic molecules, are able to 

cross the lipophilic cell wall of the yeast very efficiently and are 

able to inhibit cellular enzyme activity in a manner similar to the 

inhibition of the microsomal enzyme.  

(3) The yeast strain (cell line) that was used for the assays is more 

permeable than other yeast strains commonly used because it had 

earlier been selected for penetration of certain compounds in 

another cellular screen that is totally unlinked to CYP assays.  

The two sets of results obtained from live cells and in in vitro, as shown in 

Table 4.2,when compared clearly illustrate that  

1) The two best CYP1A1 inhibitors identified, DMU 2157 and DMU 

2137,which had similar IC50 values of 72 nM and 74 nMin the in 

vitro microsomal assays also had similar IC50values, around 50nM, 

in live cells. Within experimental error, these IC50 values are roughly 

the same.  

2) The trend that compounds have similar IC50s in two very different 

assay systems was confirmed by analysing the relative potencies of 

adefined set of compounds. The results showed that the IC50s are 

more or less the same irrespective of the assay used, live cell or in 

vitro. This would definitely indicate that there is a very good 

correlation between the results obtained from the two different 

assays and that live cell assays could easily replace the in vitro 
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microsomal assay, when required for screening large libraries of 

compounds.   

The results obtained would suggest that a CYP-based live cell assay could 

easily be used, instead of the microsomal assay which requires extremely 

costly enzymes, in the rapid assessment of the CYP inhibitory potential of a 

given library of compounds.  However, it is obvious that all compounds 

tested in live cells would need to permeate the yeast cell wall efficiently to 

meet the CYP enzyme whose active site geometry in the living cell may be 

closer to the ‘real’ enzyme in human cells but may be subtly different from 

that of the enzyme that is bound to the ‘isolated’ microsomal membranes.  

It is very likely that compounds identified in live yeast cells would also 

have similar inhibition profiles in live mammalian cell assays.  Therefore, 

results obtained in live yeast cells could be a great help in identifying ‘lead’ 

structures for further development of some of the potent CYP1A1 

inhibitors that may possibly lead to therapeutic use. 
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Chapter 5 Comparison of inhibitory potential 

of compounds, identified as 

inhibitors in microsomal assays, on 

‘cellular’ CYP enzymes activated by 

(a) known reductase(s) and (b) a 

novel reductase 

5.1 Introduction 

The cytochrome P450 enzymes are the constituents of a membrane bound 

haeme binding enzyme family which are also referred to as 

monooxygenases. They are responsible for metabolising xenobiotics, 

carcinogens, drugs, poly-saturated fatty acids and are also involved in 

synthesis of vitamins, cholesterol and steroids (Estabrook 2003; Wolf et al 

1986; Shou et al 2001) by introducing lone oxygen atoms.  

CYPs play a major part in drug discovery and are used for studying new 

compounds in in vitro systems. CYPs require cytochrome P450 reductase 

(CPR) in order to achieve optimal activity. Heterologous systems have 

been developed to express human CYP proteins in yeast, insect cells, E. 

coli and mammalian cells. Active recombinant CYPs have been produced 

in yeast, insect cells, E coli usually by co-expressing CPR (Sakaki et al 

1996). Co-expression of CPR in mammalian cells to produce active CYPs 

in any tangible amount has not yet been successful. The metabolizing 

process mediated by CYPs cannot be carried out without the existence of 

molecular oxygen and electron donation. The CPR is responsible for 

donating electrons from NADPH to CYPs. Endoplasmic reticulum acts as a 

home on the surface of which the interaction between a CYP and CPR 
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occurs. The existence of N-terminal hydrophobic domains in CYP and CPR 

anchor the two proteins on to the microsomal (endoplasmic reticular) 

membranes allowing proper orientation that leads to an effective transfer of 

electrons.  According to Deeni et al (2001), the interaction between CYP 

and CPR to form a monooxygenase complex is yet to be thoroughly 

understood. However it is clear that the catalytic activity of a particular 

CYP in a specific tissue in a recombinant CYP expression system is not 

only determined by the abundance of CYPs but the CPR which acts as an 

electron transporter (Crespi and Miller 1999). 

CPR can be co-expressed with CYP but there can be some problems due to 

high level of CYP/CPR expression which could affect the content of CYP 

enzymes and also the activity of CYPs. Since CYP/CPR complexes are 

associated with the endoplasmic reticulum (ER), there could be an elevated 

level of stress within the ER due to high level expression leading to 

proteolysis (i.e. destruction) of an expressed CYP. It is unfortunate that, 

even though the co-expression of a CYP-CPR complex leads to an increase 

in CYP catalytic activity, the yield of spectrally active CYPs is reduced 

(Pritchard et al 1998; Chen et al 1997). It is also mentioned by Tamura et 

al (1992) that during the expression of a CYP-CPR complex although the 

level of CYP apoprotein remains unchanged the activity of the CYP is 

significantly reduced due to the hydroxyl radicals that are produced by an 

uncoupled CPR.  

In baker’s yeast co-expression of CPR with CYP has been widely 

attempted, the reason being yeast’s ability to grow rapidly and its 

suitability as a host towards high-level production of secreted as well as 

soluble cytosolic proteins (Romanos et al 1992).  In in vivo studies it has 
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been observed that the ratio of the CPR to CYP is 1:10-20. This means that 

it would be appropriate to insert a stable copy of CPR gene into the yeast 

genome so that it is expressed at a comparative lower level than a CYP of 

interest, which can be produced at higher amounts via a multi copy 

episomal vector. However, it has been reported that a mammalian CPR, for 

obvious reasons, should be more effective than a CPR from another 

organism such as yeast in activating a mammalian CYP. But still yeast 

reductase has been used widely and persistently for mammalian CYP 

expression in yeast. A mammalian CPR (i.e. human CPR) has rarely been 

used in conjunction with mammalian CYP during their co-expression in 

yeast. The reason being that human reductase shows very low reductase 

activity in yeast. McLellan et al (2000) co-expressed hRD with CYP 

isoforms but later dropped the hRD and ended up using yeast P450 

reductase (yRD) for CYP expression studies.  

In our laboratory we have developed a novel reductase molecule (ΔhRDM) 

from a soluble human reductase by genetically engineering the human 

P450 reductase (hRD). This new CPR has the capability of anchoring to the 

ER membrane as the native hRD but provides higher reductase activity 

than the native hRD in yeast. 

5.2   Yeast Transformation 

Yeast transformation is carried out by introducing a foreign gene into the 

host cells by replicating or integrating a DNA into the yeast genome. The 

first step towards the transformation of yeast involves the removal of cell 

wall in order to attach the DNA (Romanos et al 1992).  There are number 

of methods for introducing plasmid DNA into yeast cells, which include 

the use of  
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(a) Lithium Acetate  

(b) DMSO,  

(c) Electroporation  

for yeast transformation. To perform a successful transformation, it is vital 

to choose a suitable vector (episomal or integrated), an appropriate 

promoter and a selectable marker to select for cells that contain the 

introduced plasmid DNA. 

5.2.1   Vectors 

Vectors are utilized for several processes like alteration, insertion, 

expression and deletion of the yeast gene.  Shuttle vectors are the most 

commonly known for allowing expedient amplification and in vitro 

alteration as these vectors contain replication origin and a selectable marker 

(ampicillin) which allows selection of plasmid-bearing cells in E coli 

(Celik and Calik 2012).  There are different types of vectors that are used in 

yeast.  

5.2.2   Episomal vectors 

These vectors persist in an extra-chromosomal state inside the nucleus; the 

genes introduced into the cells do not disrupt any chromosomal gene. 

Episomal vectors have multiple copies per cell which can result in high 

expression of the gene (Lufino et al 2008). 

5.2.3   Integrated vectors 

Integrated vectors contain a bacterial replicon, a bacterial selection marker 

and a yeast selectable marker which contains chromosomal DNA to target 
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integration. These vectors can be used as alternatives to episomal vectors 

when required (Romanos et al 1992).   

5.2.4   Autonomously replicating vectors 

These vectors are hardly used in the transformation process due to their 

mitotic unstable nature. There is an insufficient transmission to the 

daughter cells during the cell division leading to the accumulation of large 

percentages of plasmid free cells, often greater than 50% (Romanos et al 

1992).  

5.2.5   Promoters and terminators 

Expression of a foreign gene in a host cell (like yeast or mammalian cells) 

is regulated by promoters. The promoter controls gene expression. It 

consists of upstream activators sequences (enhancers; yeast genes may 

contain more than one of these sequences), a TATA box and initiator 

elements to initiate gene transcription. In the vectors gene of interest can be 

cloned at multi-copy sites downstream of the promoter and upstream of the 

terminator. The upstream activation sequence (or enhancer sequence) 

determines the regulation and the activity of the promoter through specific 

binding with a transcriptional activator. The TATA box provides a window 

for initiation to occur and is found around 40-120 base pair upstream of the 

initiation site.  

For expression in yeast, several promoters are widely used in industry and 

academic research. Some require an inducer to initiate transcription while 

others do not.  For example, promoters from the galactokinase 

(GAL1/GAL10) and copper metallothiolen (CUP1) genes have been 

reported as commonly used for expression of foreign proteins (often 
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referred to as ‘heterologous expression’) in S. cerevisiae (Lee and Dasilva 

2005). These promoters require galactose and divalent copper ions (Cu2+) 

as inducers.  Some of the poorly regulated promoters cannot be used in 

large scale culture, so it is important to find and utilize highly regulated 

promoters which could then help in separating the expression stage from 

the growth stage.  

In our laboratory we have constructed yeast expression systems which can 

be used to drive expression from a chromosomally integrated copy of CPR 

and a CYP gene encoded by an episomal plasmid. The ADH2 promoter 

(from the alcohol dehydrogenase II gene) is known as a glucose-repressive 

promoter (Price et al 1990). It regulates foreign gene expression tightly and 

powerfully and is repressed several 100-fold in the presence of glucose. 

This is referred to as catabolite repression (Gancedo 1998). Promoters of 

two other genes also participate in catabolite repression. They are the 

promoters from the SUC2 and CYC1 genes and they code for the enzyme 

invertase and the protein iso-1 cytochrome C, respectively (Romanas et al 

1992).  

Alcohol dehydrogenase is regulated by the ADR1 protein which acts as a 

transcriptional factor (Yu et al 1989). The inhibition of ADR1’s 

transcriptional activity occurs in the presence of glucose. As glucose levels 

decrease ADR1 levels increase with the formation of ethanol and the 

regulator is then free to bind to the ADH2 promoter thereby initiating gene 

transcription. The advantage of this promoter is that it may not require any 

inducer although, as I describe later in this Chapter, we have found that 

addition of 2% ethanol at a stage where yeast cells have consumed all 
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glucose efficiently induces transcription of CYP genes followed by protein 

production.   

Expression vectors always contain yeast transcription terminator sequences 

in order to achieve efficient mRNA 3’-end formation. Efficient termination 

is important for maximal expression (Zaret and Sherman, 1984). Deletion 

of 3’-sequence of CYC1 gene resulted in dramatic reduction of mRNA 

level. Terminators from the ADH1, GAPDH, PHO5, SUC2 and TRP1 

genes have been used in yeast expression vectors (Hitzeman et al 1981; 

Rosenberg et al 1984; Urdea et al 1983). In our lab all the plasmid 

constructions contained transcription terminators from the yeast CYC1, 

PHO5 and SUC2 genes. 

5.2.6   Selectable markers 

Commonly utilized markers for yeast expression are the yeast LEU2, 

URA3, HIS3, ADE2 and TRP1 genes which are responsible for the 

synthesis of leucine, uracil, histidine, adenine and tryptophan (they 

represent amino acids, nucleoside or components of a nucleoside that are 

essential for maintaining life in a living cells). The genes are known as 

auxotrophic markers and contain non-reverting mutant alleles which are 

indispensible for selection of yeast expression plasmids after 

transformation. Plasmid vectors have been constructed by others and also 

in our lab which can be used to integrate DNA into yeast’s different 

chromosomes (i.e. genomic loci) that contain the LEU2, URA3, HIS3, 

ADE2 and TRP1 genes (Taxis and Knop 2006).  

Previously in our lab ΔhRDM, hRD, yRD plasmids were chromosomally 

integrated at the LEU2 chromosomal locus of different yeast strains. 
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5.3 The P450 reductases: hRD and yRD and ΔhRDM 

Yeast contains similar intracellular organelles which are present in 

mammalian cells and it is also one of the simplest eukaryotes possessing 

microsomal membranes, cytochrome b5 and P450 reductase. Due to these 

features mammalian CYP450 genes reductase could be introduced into 

yeast for integration of CYP450 proteins into yeast microsomal membranes 

so that their catalytic activity is expressed (Yubusaki  1995). Oeda et al 

(1985) reported the first yeast expression of a CYP450.  

Despite the advantages of the yeast expression system for expression of 

active CYPs, it has been suspected that there would be major problems due 

to the insufficiency of CPR, as yeast contains a single CPR gene. The yeast 

CPR activity provided by this endogenous gene is only 120-140 

nmol/min/mg protein while the human CPR activity in human liver tissue is 

220 nmol/min/mg protein when measured with cytochrome c as an 

electronic acceptor (Aoyama et al 1978, Shephard et al 1983). However 

studies have been performed that indicate there could be 3-8 fold increase 

in a mammalian CYP activity when expressed in yeast expression systems. 

In our laboratory we have designed a genetically engineered novel variant 

of human reductase (hRD) which is ΔhRDM with a hope to allow the 

production of CYPs in bakers’ yeast with higher specific activity than what 

has been achieved previously. The hRD is a flavoprotein 677 amino acids 

in length and contains binding sites for the essential cofactors FMN and 

FAD at its NH2-terminus (Venkateswarlu et al 1998). Within the first 165 

bps at the 5’end lie a 55-amino acids domain that permits anchoring to the 

ER membrane. Within this domain lies a 24-amino acid negatively charged 

region which is coded for by the first 72 bps.  The FMN binding site spans 
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a sequence that includes the membrane anchor whereas the region to which 

FAD binds is positioned beyond this domain. The complete membrane 

anchor is essential for the reducing activity of human CPR towards its 

physiological partners (Lamb et al 2006). 

Our novel reductase ΔhRDM (670-amino acid in length) is derived from 

ΔhRD which lacks the NH2- (N-) terminal negatively charged region of 24 

amino acids of hRD and which is not membrane anchored but soluble.  

ΔhRDM was constructed from ΔhRD by fusing an overall negatively 

charged 12 amino acid peptide (the c-myc epitope tag) to its COOH- (C-) 

terminus and found that ∆hRDM was membrane bound(see Figure 5.1). 

 

Figure 5.1:  Structures of hRD and its variants. 

The top panel shows the 677-amino acid human reductase (hRD) with the 55-amino 

acid ‘putative membrane anchor’ at its N-terminal end within which is the 24-amino 

acid charged domain; this has been deleted to obtain ∆hRD (middle panel).  ∆hRDM 

was obtained by adding a 12-amino acid charged peptide sequence (derived from an 

epitope in the c-myc protein) to ∆hRD’s C-terminus.  



Page | 201  
 

5.4 Aim of the chapter 

The aim of this chapter was to conduct assays using live cells that 

contained CYPs and three different reductases, hRD, ΔhRDM and yRD. A 

P450 reductase transfers electrons to the active site of CYPs. It is believed 

that the CYPs co-expressed with yRD and hRD (the yeast and human 

reductases) produce similar CYP active sites for binding of the substrate. 

But we do not know whether the ΔhRDM reductase, which was genetically 

engineered in our laboratory, when coupled with a CYP produces the same 

active site for substrate or inhibitor binding as yRD and hRD. To analyse 

this we made use of chemical probes (i.e. a chemical compound) which 

were already found to be the best inhibitors of CYP1A1, CYP1B1 and 

CYP1A2 enzymes in microsomal assays (See Chapter 3). The chemical 

probes were used to determine if the IC50s were the same or not using three 

CYPs activated by three different reductases.  

The hRD, ΔhRDM and yRD CPR genes were chromosomally integrated 

into the yeast strain BC600. The BC600 yeast strain is devoid of the 

endogenous yeast reductase (yRD). The episomal plasmids bearing 

CYP1A1, CYP1B1 and CYP1A2 genes were transformed into BC600 yeast 

strain harbouring expression cassettes of hRD, ΔhRDM and yRD genes. The 

expression of CYP genes and the reductase genes are under control of 

ADH2 promoter.  

5.5 Plasmid extraction and gel electrophoresis 

The episomal plasmids pSYE271 (pSYE263/BamHI-Sall/CYP1A1), 

pSYE266 (pSYE263/BamHI-Xbal/CYP1B1) and pSYE265 

(pSYE263/BamHI-Xhol/CYP1A2) were extracted from bacterial cells 
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using two different methods crude extraction, via the alkaline lysis method 

and using Qiagen columns. The plasmids obtained from Qiagen columns 

were used for further transformation in yeast as this provided a high-quality 

pure DNA. The DNA purity and quantification of the DNA in the sample 

was measured using a spectrophotometer and absorbance was measured at 

260nm and 280nm wavelengths (see Table 5.1and Figure 5.2). 

Table 5.1: Concentration of DNA in samples obtained from Qiagen spin 

columns.  

CYP  Abs260/Abs280  Quantification  of  DNA  in 

the sample 

CYP1A1  1.9  2.405µg/µl 

CYP1B1  1.8  5.525µg/µl 

CYP1A2  1.9  5.740µg/µl 
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Figure  5.2:  Plasmids  pSYE271  (pSYE263  1A1),  pSYE266  (pSYE2631B1)  and  pSYE265 

(pSYE263 1A2) were visualised on a 0.8% TAE‐agarose gel.  

The plasmids were run on 0.8% TAE-agarose gel stained with 0.1µg/ml ethidium 

bromide (EtBr) at a constant voltage of 90V for 1 hour to visualise the supercoiled DNA 

and relaxed DNA, if any. To analyse the size of the DNA, 0.1-10Kb 2-log ladder from 

New England Bio-Labs was used as a marker. Lane1, 2-log ladder DNA; Lane2, 

pSYE271 (which is 7264bp; being supercoiled shows at ~4063bp), Lane 3, pSYE266 

(which is 7336bp; being supercoiled shows at ~4063bp) and Lane 4, shows pSYE265 ( 

which is 7274bp; being supercoiled shows at ~4063bp). The DNA was observed under 

UV-light.  
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5.6 Transformation of plasmids pSYE271, pSYE266  

and pSYE265 (bearing the human CYP1A1, CYP1B1  

and CYP1A2 genes) into yeast strains that contain  

integrated copies of hRD, ΔhRDM and yRD genes 

The episomal plasmid pSYE271 (bearing CYP1A1 gene), pSYE266 

(bearing CYP1B1 gene) and pSYE265 (bearing CYP1A2 gene) were 

transformed into the three yeast strains, derived from BC600 (a yeast strain 

that lacks the endogenous reductase). They bear the hRD, ΔhRDM and yRD 

genes at the LEU2 chromosomal locus (see figure 5.3).  

Initially the yeast transformation was carried out using the standard 

protocol (transformation of yeast via DMSO method) used in our 

laboratory. The DMSO method (developed in our lab), the Lithium Acetate 

method (Gietz and Wood, 2002) and electroporation were used for yeast 

transformations (See Chapter 2, Sections 2.5.3,  and 2.5.5).  The colonies 

obtained after the transformation of DNA into yeast using DMSO, lithium 

acetate and electroporation methods are shown in Figures 5.4, 5.5 and 5.6.  
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Figure  5.5:  An  example  of  a  culture  plate  showing  transformed  yeast  colonies 

obtained using the lithium acetate method.  

The episomal vector pSYE271 (pSYE264 1A1) was transformed into yeast strain 

containing the ΔhRDM gene and cells were plated out on a SD-minimal agar plate 

provided with auxotrophic nutrients such as adenine 12.54ul/ml, histidine 8.3ul/ml and 

tryptophan 8.3ul/ml.  

 

In contrast to the DMSO method, a few hundred transformed colonies were 

obtained on the plate using the lithium acetate method. 
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Figure 5.6:  An example of a culture plate showing that hardly any transformed yeast 

colonies were obtained using the electroporation method.  

The episomal vector pSYE271 (pSYE264 1A1) was transformed into yeast strain 

containing ΔhRDM gene and cells were plated out on a SD-minimal agar plate provided 

with auxotrophic nutrients such as adenine 12.54ul/ml, histidine 8.3ul/ml and 

tryptophan 8.3ul/ml.  

 

Hardly any transformed colonies were observed on the culture plate using 

the electroporation method.  

5.6.1   Co-expression of CYP1A1 with a reductase, yRD, hRD 

 or ΔhRDM 

Live cell assays were performed in triplicates in order to confirm whether 

plasmid pSYE271  (pSYE263 1A1), containing the human CYP1A1 gene, 

was successfully transformed into the three yeast strains containing hRD, 

yRD or ΔhRDM genes. Four individual colonies were picked from the 

transformation plate and expression studies were carried out in 10ml of 

SW6 broth containing 2% glucose and auxotrophic nutrients. The SW6 
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culture was grown for 16 hours in shaking incubator at 220rpm at 30°C. 

The next day the cells were transferred into YPD medium containing 1% 

glucose and supplementary nutrients. The YPD culture was kept in 

incubator for 16 hours at 30°C. Kinetic live cell assays were performed on 

yeast strains co-expressing active (i) CYP1A1 and hRD, (ii) CYP1A1 and 

yRD and (iii) CYP1A1 and ΔhRDM complexes using the substrate 7-

ethoxyresorufin (7-ER) at 6µM final concentration. The fluorescence 

values for the metabolite resorufin were measured with a Bio-Tek Synergy 

HT plate reader at excitation and emission wavelength of 530nm and 

590nm respectively (see Figure 5.7).  

 

Figure 5.7: Analysis of CYP1A1 activities from yeast strains that co‐express (i) CYP1A1 

and hRD,  (ii) CYP1A1 and yRD and  (iii) CYP1A1 and ΔhRDM. The data measured  in 

triplicates and error bars represents the standard deviation of three repeats. 

The transformed yeast colonies that ought to express CYP1A1-yRD, CYP1A1-ΔhRDM 

and CYP1A1-hRD complexes were picked from SD-agar plates and inoculated into 

10ml of SW6 medium (see Chapter 2, Section 2.5.1). The culture was incubated at 30°C 

in an orbital shaker at 220 rpm for 16 hours, after which the optical density of the SW6 

culture was measured at 600nm. Approximate 800µl of the SW6 culture was transferred 

into YPD medium (see Chapter 2, Section 2.5.1), the culture was incubated at 30°C in 

an orbital shaker at 220rpm for 16 hours. Live cell assays were carried out to observe 
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CYP expression in transformed yeast strains. Around 0.4 x 108 cells/ml were aliquoted 

from the YPD culture and were washed three times with TE (10mM Tris-HCL pH 7.5, 

1mM EDTA); after each wash, cells were centrifuged at 13,000 rpm for 1.5 minutes. 

Finally the cells were re-suspended in 500µl of TE. 50µl of cells were taken and 

transferred to wells of a black microplate and mixed with 50µl of 7-ethoxy resorufin 

(6µM) to measure CYP1A1 activity. The fluorescence values were measured using the 

Biotek Synergy HT plate reader at 530/590 nm, sensitivity at 72 for 30 minutes.  The X-

axis indicates the time in minutes and Y-axis indicates the relative fluorescence units. 

The results show that the enzyme activity of yRD-coupled CYP1A1 is the 

highest, followed by the ΔhRDM-coupled CYP1A1. The activity provided 

by hRD coupling was the lowest.   

5.6.2   Co-expression of CYP1B1 with a reductase, yRD,  

hRD or ΔhRDM. 

In order to verify if the transformants obtained from the plasmid pSYE266 

(pSYE263 1B1) encoding the human CYP1B1 gene truly produces the 

active CYP1B1 enzyme in yeast strains that express the reductases hRD, 

yRD or ΔhRDM, live cell assays were performed. Four individual 

transformants were picked and grown in 10ml of SW6 broth with 2% 

glucose and auxotrophic nutrients for 16 hours. The cells were transferred 

into 10ml of YPD culture containing 1% glucose and supplementary 

nutrients. Kinetic live cell assays were performed on the yeast strains that 

should be expressing active CYP1B1-hRD, CYP1B1-yRD and CYP1B1-

ΔhRDM complexes using 6µM (final concentration) 7-ER as a fluorescent 

substrate. The resorufin fluorescence values were measured using Biotek 

Synergy HT plate reader at excitation and emission wavelengths 530nm 

and 590nm respectively see Figure 5.8).  
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Figure 5.8: Analysis of CYP1B1 activities from yeast strains that co‐express (i) CYP1B1 

and hRD,  (ii) CYP1B1 and yRD and  (iii) CYP1B1 and  ΔhRDM. The data measured  in 

triplicates and error bars represents standard deviation of three repeats.  

The transformed yeast colonies that ought to express CYP1B1-yRD, CYP1B1-ΔhRDM 

and CYP1B1-hRD complexes were picked from SD-agar plates and inoculated into 

10ml of SW6 medium (see Chapter 2, Section 2.5.1); the culture was incubated at 30°C 

in an orbital shaker at 220 rpm for 16 hours, after which the optical density of the SW6 

culture was measured at 600nm. Approximate 800µl of the SW6 culture was transferred 

into YPD medium (see Chapter 2, Section 2.5.1); the culture was incubated at 30°C in 

an orbital shaker at 220rpm for 16 hours. Live cell assays were carried out to observe 

CYP1B1 expression levels in the transformed yeast strains. Around 0.4 x 108 cells/ml 

were aliquoted from YPD culture medium and washed three times with TE (10mM 

Tris-HCl pH 7.5, 1mM EDTA); after each wash, cells were centrifuged at 13,000 rpm 

for 1.5 minutes. Finally the cells were re-suspended in 500µl of TE buffer. 50µl of cells 

were taken and transferred into wells of a black microplate and mixed with 50µl of 7-

ethoxy resorufin (6µM) to measure CYP1B1 activity. The fluorescence values of the 

metabolite resorufin were measured using the Biotek Synergy HT plate reader at 

530/590 nm, sensitivity at 72 for 30 minutes.  The X-axis indicates the time in minutes 

and Y-axis indicates the relative fluorescence units.  
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The results show that the enzyme activity of yRD-coupled CYP1B1 is 

nearly the same as the enzyme produced from coupling with ΔhRDM. 

Again, the activity provided by hRD coupling was the lowest.   

5.6.3   Co-expression of CYP1A2 with a reductase, yRD, hRD  

or ΔhRDM 

The plasmid pSYE265 (pSYE263 1A2) harbouring the human CYP1A2 

gene was transformed into the yeast strain that expressed the three 

reductases hRD, ΔhRDM and yRD. Kinetic live cell assays were performed 

to confirm production of active CYP1A2 enzyme. Individual colonies from 

the transformation plate were selected and inoculated into 10 ml of SW6 

broth contain 2% glucose and auxotrophic nutrients. The cells from the 

SW6 culture were transferred into YPD medium containing 1% glucose 

and supplementary nutrients and were grown further for another 16 hours. 

The next day the kinetic live cell assays were performed on the yeast strain 

that express the CYP1A2-hRD, CYP1A2-ΔhRDM and CYP1A2-yRD 

complexes using 32µM (final concentration) of 3-Cyano-7-ethoxycoumarin 

(CEC) as the substrate (CYP1A2 metabolises CEC to cyano-

hydroxycoumarin, CHC, which is fluorescent). The fluorescent values were 

measured using the Biotek Synergy plate reader at the excitation and 

emission wavelengths of 400nm and 460nm, respectively. The results show 

that the activity of CYP1A2 enzyme obtained after coupling with yRD was 

marginally higher than that obtained with ΔhRDM. The activity provided 

by hRD coupling was again the lowest (see Figure 5.9). 
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Figure 5.9: Analysis of CYP1A2 activities from yeast strains that co‐express (i) CYP1A2 

and hRD,  (ii) CYP1A2 and yRD and  (iii) CYP1A2 and  ΔhRDM. The data measured  in 

triplicates and error bars represents standard deviation of three repeats. 

The transformed yeast colonies that should express CYP1A2-yRD, CYP1A2-ΔhRDM 

and CYP1A2-hRD complexes were picked from SD-agar plates and inoculated into 

10ml of SW6 medium (see Chapter 2, Section 2.5.1); the culture was incubated at 30°C 

in an orbital shaker at 220 rpm for 16 hours. After 16 hours, the optical density of the 

SW6 culture was measured at 600nm. Approximate 800µl of the SW6 culture was 

transferred into YPD medium (see Chapter 2, Section 2.5.1); the culture was incubated 

at 30°C in an orbital shaker at 220rpm for 16 hours. Live cell assay was carried out to 

observe the CYP expression in transformed yeast strain. Approx. 4 x 107 cells were 

aliquoted from YPD culture medium and washed three times with TE buffer (10mM 

Tris-HCl pH 7.5, 1mM EDTA); after each wash, cells were centrifuged at 13,000 rpm 

for 1.5 minutes. Finally the cells were suspended in 500µl of TE buffer. 50µl of cells 

were aliquoted and transferred into black microplate and mixed with 50µl of CEC 

(32µM) to measure CYP1A2 activity. The fluorescence values were measured using the 

Biotek Synergy HT plate reader at 400/460 nm, sensitivity at 72 for 30 minutes.  The X-

axis indicates the time in minutes and Y-axis indicates the relative fluorescence units.  
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The results show that the activity of CYP1A2 enzyme obtained after 

coupling with yRD was marginally higher than that obtained with ΔhRDM. 

The activity provided by hRD coupling was again the lowest. 

5.7 Western blotting 

5.7.1   Western blot of proteins from yeast cells that co- 

express CYP1A1 with a reductase, yRD, ΔhRDM or hRD  

Western blotting was performed on yeast cells that contain the CYP1A1 

gene and one of the reductase genes, yRD, ΔhRDM or hRD to confirm that 

the CYP1A1 protein is expressed in all three strains. In order to perform 

western blot, frozen stocks of yeast strains which contained the genes for 

(a) CYP1A1 and yRD, (b) CYP1A1 and ΔhRDM, and (c) CYP1A1 and hRD 

were streaked out on to SD-agar plates which had the required nutrients. 

The plates were incubated at 30°C for 2-3 days. After 3 days single 

colonies from the three individual yeast strains were inoculated into SW6 

broth in 10ml conical flasks containing. SW6 broth contained 2% glucose, 

0.02% casamino acid, 12.5ml/litre of adenine, 8.3ml/litre of histidine and 

tryptophan. The SW6 cultures were incubated for 16 hours at 30°C at 220 

rpm. After 16 hours, optical densities of SW6 cultures were measured; 

about 800µl of the culture was transferred into 10ml of YPD medium for 

CYP expression. The YPD medium contained 2% glucose, 12.5ml/litre of 

adenine, 8.3ml/litre of histidine and tryptophan. The YPD culture was 

incubated for 16 hours at 30°C at 220 rpm. Around 4 X 107 cells were 

aliquoted into 1.5ml sterile eppendorf tubes, the cells were centrifuged at 

13,000rpm and washed three times with distilled water and were subjected 

to boiling at 99°C for 5 minutes for cell lysis. The Bradford assay (see 

Chapter 2, Section 2.8.2) was carried out to determine protein 
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concentrations in the cell lysates. Specific volumes of lysates that contained 

5 µg of proteins, obtained from the three strains, were electrophoresed on a 

10% SDS-polyacrylamide gel then transferred onto a PVDF membrane and 

the transferred proteins on the membrane (the blot) were probed with 

human CYP1A1-specific polyclonal antibody overnight (16 hours); a 

dilution of 1:2000 of the antibody was used. This was followed by an 

hour’s incubation with the secondary goat polyclonal antibody to rabbit 

IgG which is conjugated to horse radish peroxidise (HRP) also at 1:2000 

dilution. CYP1A1 proteins were visualised using the HRP substrate 

provided by the ECL kit (see Figure 5.10). 

 

Figure 5.10: Western blot of CYP1A1 proteins expressed  in  three yeast strains  that 

co‐express the reductases, yRD, ∆hRDM or hRD. 

5µg of total yeast proteins were partitioned via 10% SDS-PAGE. Rabbit polyclonal 

CYP1A1 antibody to human CYP1A1 (Catalogue Number: ab3569) was used as 

primary antibody (1:2000) and goat polyclonal antibody to rabbit IgG (1:2000) 

conjugated to HRP (Catalogue Number: 6721) was used as the secondary antibody. 

Lane 1 proteins from the strain expressing CYP1A1-yRD; lane 2, proteins from the 

strain expressing CYP1A1-∆hRDM; lane 3, proteins from the strain expressing 

CYP1A1-hRD; lane 4, BD-Gentest CYP1A1 (positive control; Catalogue Number: 

456211); and lane 5, proteins from YW41 strain (negative control, contains no CYP). 
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As expected, no CYP1A1-specific band was observed in lane 5 since it 

contains proteins from the yeast strain YW41 which contains no CYP-

bearing plasmid. Lanes 1 to 3 show CYP1A1 protein bands at around 

60kDa in the strains that I had generated. The size of the band corresponds 

to the CYP1A1 protein produced by BD-Gentest from insect cells (lane 4).  

5.7.2   Western blot of proteins from yeast cells that co- 

express CYP1B1 with a reductase, yRD or ΔhRDM  

Yeast strains were grown and western blotting was performed exactly as in 

Section 5.7.1. For the western blot experiment, two yeast strains which 

contained the genes for (a) CYP1B1 and yRD and (b) CYP1B1 and ΔhRDM 

were used.  

The proteins were electrophoresed on a 10% SDS-polyacrylamide gel. 

After transfer of proteins to a PVDF membrane, the filter blot was probed 

with a primary rabbit polyclonal antibody specific to human CYP1B1 at a 

dilution of 1:2000 followed by an hour’s incubation with secondary goat 

polyclonal antibody to rabbit IgG conjugated to HRP also at a 1:2000 

dilution. The CYP1B1 proteins on the blot were visualised using the HRP 

substrate in the ECL kit (see Figure 5.11). 
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Figure 5.11: Western blot of CYP1B1 proteins expressed in two yeast strains that co‐

express the reductases, yRD or ∆hRDM.  

5µg of total yeast proteins were fractionated via 10% SDS-PAGE. Rabbit polyclonal 

CYP1B1 antibody to human CYP1B1 (Catalogue Number: ab32649) was used as the 

primary antibody (at a dilution of 1:2000) and goat polyclonal antibody to rabbit IgG 

conjugated to HRP (Catalogue Number: ab6721) was the secondary antibody (used at a 

dilution of 1:2000). Lane 1, BD-Gentest CYP1B1 enzyme (positive control, Catalogue 

Number: 456220); lane 2, proteins from the strain expressing CYP1B1-yRD; and lane 

3, proteins from the strain expressing CYP1B1-∆hRDM. The YW41 strain (containing 

no CYP) was used as negative control (result not shown). 

5.7.3   Western blot of proteins from yeast cells that co- 

express CYP1A2 with a reductase, yRD or ΔhRDM  

Yeast strains were grown and western blotting was again performed exactly 

as in Section 5.7.1. For the western blot experiment, two yeast strains 

which contained the genes for (a) CYP1A2 and yRD, and (b) CYP1A2 and 

ΔhRDM were used.  
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The proteins were electrophoresed on a 10% SDS-polyacrylamide gel. 

After transfer of proteins to a PVDF membrane, the filter blot was probed 

with a primary rabbit polyclonal antibody specific to human CYP1A2 at a 

dilution of 1:2000 followed by an hour’s incubation with secondary goat 

polyclonal antibody to rabbit IgG conjugated to HRP also at a 1:2000 

dilution. The CYP1B1 proteins on the blot were visualised using the HRP 

substrate in the ECL kit (see Figure 5.12).  

 

Figure 5.12: Western blot of CYP1A2 proteins expressed in two yeast strains that co‐

express the reductases, yRD or ∆hRDM.  

5µg of total yeast proteins were fractionated via 10% SDS-PAGE. Rabbit polyclonal 

CYP1A2 antibody to human CYP1A2 (Catalogue Number: ab3568) was used as the 

primary antibody (at a dilution of 1:2000) and goat polyclonal antibody to rabbit IgG 

conjugated to HRP (Catalogue Number: ab6721) was the secondary antibody (used at a 

dilution of 1:2000). Lane 1, proteins from the strain expressing CYP1A2-yRD; lane 2, 

proteins from the strain expressing CYP1A2-∆hRDM; lane 3, BD-Gentest CYP1A2 

enzyme (positive control, Catalogue Number: 459500); and lane 4, proteins from strain 

YW41 (which contains no CYP and used as negative control).  
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As expected, no CYP1A2 band was seen in lane 4 as it contains proteins 

from YW41 yeast strain which bears no CYP plasmid. Lanes 1 and 2 show 

CYP1A2 protein bands at around 60kDa in the two strains that I generated. 

The size of the band corresponds to the CYP1A2 protein produced by BD-

Gentest from insect cells (lane 3). 

5.8   NADPH-cytochrome P450 reductase activity   

measured by the MTT assay 

The NADPH-cytochrome P450 reductase (CPR) is an endoplasmic 

reticular membrane bound protein and its role is to accept electrons from 

NADPH and donate electrons to a microsomal CYP protein (Yim et al 

2005). CYP450 enzymes catalyse oxidation of endogenous and exogenous 

substrates and to carry out the oxidation process CYP450 requires electrons 

abstracted by CPR. The reductase activity in the microsomal samples can 

be measured by performing MTT assay. It is a reliable assay based on the 

use of an MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) that allows measuring of the activity of CPR present in a 

microsomal sample.  

CPR catalyses reduction of MTT which is a yellow-coloured tetrazolium 

salt. On reduction of MTT by CPR, purple formazan is produced which is 

measured spectrophotometrically by absorbance at 610nm. Previous studies 

have reported that human CYPs such as CYP2A6, CYP2D6 and CYP2E1 

co-expressed with a CPR in mammalian and insect cells results in 

considerable amount of reduction of MTT by active CYP holoenzymes 

(Wang 1996; Ding 2001; Chen 1997). We therefore performed the MTT 

assay (see Chapter 2, Section 2.10) to compare the reductase activity shown 



Page | 219  
 

by three different reductases, yRD, ∆hRDM and hRD, which I have used to 

produce active CYP enzymes.  

It was found that yeast reductase (yRD) had the highest amount of 

reductase activity when compared with ∆hRDM (the variant of human 

reductase, hRD) and wild-type hRD (the human P450 reductase). This is 

shown in Figure 5.13.  
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Figure 5.13: Reductase activity measured using the MTT assay.  

The NADPH-cytochrome P450 reductase (CPR) activity was measured using 

microsomal samples (100µg/ml of total protein) of CYP1A1 that contained one of the 

three reductases, yRD, ∆hRDM or hRD.  Reduction of MTT by the three CPRs (yRD, 

∆hRDM and hRD) was measured at 23°C using a dual beam spectrophotometer 

(Shimadzu UV- 2401PC) by monitoring absorbance at 610nm.   

 

The Figure 5.13 shows that yRD produced the highest amount of reductase 

activity in comparison with ΔhRDM and hRD. The microsomal yRD 

activity was more than 4-fold higher than ΔhRDM microsomal activity and 
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it was more than 20-fold higher than the wild-type hRD microsomal 

activity.  

5.9   Screening of the best compounds in yeast cells that  

co-express CYP1A1, CYP1B1 or CYP1A2 with the  

reductases hRD, yRD or ΔhRDM  

5.9.1   Expression of CYPs in SE medium 

In order to carry out live cell CYP-inhibition assays it was necessary to find 

a particular time point at which the cells start to produce CYPs. The yeast 

strains contained both the CYP and the reductase genes under control of the 

yeast alcohol dehydrogenase 2 (ADH2) promoter.  

In our laboratory we already had a standard three-day YPD medium 

protocol in which the cells were grown in 2% glucose containing SW6 

broth for 16 hours and then in 2% glucose YPD medium  for the next 16 

hours. On the third day, cells were ready for the live cell based assay. It 

was a three day long process.  

In order to reduce the time required to do cell-based assays, we developed a 

new protocol in which we actively induced the ADH2 promoter over a 

period of time rather than wait for de-repression over a longer period time. 

The ADH2 promoter is repressed in the presence of glucose and gradually 

de-repressed when glucose is slowly converted to ethanol through 

fermentation of yeast. The promoter is actively induced in the presence of 

high concentrations of ethanol (for example, 2% ethanol).  
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The cells were grown in 2% glucose-SW6 broth for 16 hours when de-

repression had begun and then the medium was changed from 2% glucose 

to 2% of pure biological grade ethanol. Protein expression was monitored 

from 2 hours to 49 hours as shown in Figure 5.14. Monitoring helped to 

understand the time point for optimal activation of a CYP by the ADH2 

promoter and also provided an idea when the assay on live cells could be 

carried out optimally.  

Similar optimization processes were performed with to find out the best 

conditions for expression of CYP1B1 and CYP1A2 enzymes. These 

optimizations ultimately led to a live cell inhibition assay which was 

efficient and relatively much less demanding than microsome-based 

inhibition assays. 

 

Figure 5.14: The graph shows  the monitoring of CYP1A1  expression  activated by 

ΔhRDM in the BC600 yeast strain, devoid of the endogenous reductase, over a period 

of 49 hours. The data measured in triplicate error bars represents standard deviaton 

of three repeats. 
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Activities were monitored after changing  the medium from SW6-2% 

glucose to SE medium, that contains 2% pure ethanol.  

It was observed that after adding ethanol to the culture medium, the cells 

started to express CYPs within two hours and the activity of the CYP 

increased until it reached the optimal point, 100,000 RFU, at 8 hours. After 

8 hours the CYP activity started to decrease and diminished to its lowest 

point at 49 hours.  

5.9.2   Screening of best compounds with CYPs 

The reductase, ΔhRDM, is a genetically engineered human reductase for 

which a patent has been filed. As mentioned earlier, it is extremely unusual 

in its primary structure.  And it has been shown that ΔhRDM has the 

potential to replace the wild-type hRD in all CYP expression systems. We 

wanted to find out if ΔhRDM creates a CYP active site identical to an 

active CYP created through the coupling of yRD or hRD. In order to do so, 

we thought of using chemical tools (i.e. CYP inhibitors) to probe the active 

sites of a CYP created through the coupling of yRD, ΔhRDM and hRD. If 

the active sites were to have the same 3-dimensional geometry, a molecule 

which was identified as an inhibitor in the microsomal assays would show 

similar inhibitory potential in all three CYP complexes formed through the 

coupling of the three reductases, yRD, ΔhRDM and hRD.  

Hence a few inhibitors, which were specific towards CYP1A1, CYP1B1 

and CYP1A2, were chosen from the in vitro results obtained from the 

earlier microsomal assays to test their potential in cellular inhibition assays. 

Assays were carried out in triplicate using compounds at different 

concentrations. As a guidance, the chosen concentrations for the cellular 
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assays may be determined from the concentrations used in earlier in vitro 

experiments. For example, if a particular compound’s IC50 value was 

100nM in vitro, then for a cellular assay the concentrations chosen were 

above 100nM as well as below 100nM in order to achieve the best results.  

The set of yeast strains used for cellular assays were  

(a) BC600 that has the ability to co-express (i) CYP1A1-yRD, (ii) 

CYP1A1-ΔhRDM, (iii) CYP1A1-hRD,  

(b) BC600 that has the ability to co-express (i) CYP1B1-yRD, (ii) 

CYP1B1- ΔhRDM, and  

(c) BC600 that has the ability to co-express (i) CYP1A2-yRD, (ii) 

CYP1A2-ΔhRDM  

Kinetic assays were performed on live cells  and the  IC50 values calculated. 

IC50 values were calculated on the basis of substrate binding to CYP in the 

absence and presence of compound. The fluorescence value obtained 

through the reaction of a CYP on only its substrate was considered as 100% 

to calculate the IC50s of a potential inhibitor in cellular assays.  

The data presented below shows the inhibitory activity of compounds in 

live cells. The compounds chosen for the live cells assays had already been 

identified as inhibitors of CYP1A1, CYP1B1 and CYP1A2 in microsomal 

assays.  
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5.9.3   Inhibition of CYP1A1, co-expressed with yRD, ΔhRDM 

 and hRD, by DMU 2157 in cellular assays 

DMU 2157 potently inhibits CYP1A1 (IC50, 72nM; see Chapter 3) but 

poorly inhibits CYP1B1 and CYP1A2 (IC50s, 5.2µM and 1.1µM) in the in 

vitro microsomal inhibition assay. Cells from yeast strain that have the 

ability to express (i) CYP1A1-yRD, (ii) CYP1A1-ΔhRDM and (iii) 

CYP1A1-hRD complexes were used to determine the IC50 of DMU 2157 in 

these yeast strains. Cell based assays were carried out at three different 

inhibitor concentrations, 25nM, 50nM and 100nM (one concentration was 

chosen above the IC50 obtained in in vitro microsomal assays and the other 

two below IC50). The reaction of CYP on its substrate alone was used as 

control (i.e. that was considered as 100% activity of the enzyme). Enzyme 

activities were considered in the linear phase. For analysing the enzyme 

activity 7-ethoxy resorufin (7-ER) was used as a fluorogenic substrate. It 

was evident that there was reduction in the activity of the enzyme after the 

addition of inhibitor and it was observed that the activity of CYP1A1 

decreased with increase in the concentration of the inhibitor. The IC50 

values obtained from all the three reductases were calculated on the basis 

of resorufin fluorescence values (RFU). The results were compared. At 

50nM concentration of DMU 2157 the CYP1A1-yRD, CYP1A1-ΔhRDM 

and CYP1A1-hRD enzyme activity was inhibited by 50% (see Figures 

5.15, 5.16 and 5.17). 

Similar live cell based assays were carried out using other compounds 

identified to have some ability to inhibit CYP1A1 enzyme. The compounds 

were of the three classes,  
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(i) Flavonoids: DMU 107, DMU 114 and DMU 110;  

(ii) Stilbenes: DMU SB4 and DMU SB6; and  

(iii) Chalcones: DMU 2137, DMU 2117, DMU 745 and DMU 746.  

The results are summarised in Table 5.2. 

 

 

Figure 5.15: The graph shows  the kinetics of  inhibition of CYP1A1 by DMU 2157  in 

yeast  cells  that  co‐express CYP1A1  and  yRD.  The data measured  in  triplicates  and 

error bars represents standard deviation of three repeats. 

The yeast strain was grown on SD-agar plates with required nutrients. A single colony 

from the plate was used to inoculate 10ml of SW6 broth (see Chapter 2, Section 2.5.1). 

The culture was incubated at 30°C for 16 hours at 220rpm. The next day the 10ml SW6 

cell culture was spun down at 8000rpm. The whole cell pellet was transferred into 10ml 

of SE medium (1.34g/ml of yeast nitrogen base, 2% ethanol, 0.02% casamino acid, 

2.5ml/200ml of adenine, 1.66ml/200ml of histidine and tryptophan) for CYP 

expression. After 6 hours, around 200µl of 0.4 x 108 cells per ml were spun down at 

13,000rpm and washed with TE buffer. Meanwhile different concentrations of 
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compound were prepared in 5% DMSO: 25nM, 50nM and 100nM for DMU 2157 from 

a working stock solution of 100µM. 5µl of 250nM, 500nM and 1000nM concentrations 

of inhibitor were added to wells of a microplate that contained 45µl of 0.4 x 108cells per 

ml, to which 50µl of 7-ER was added as the substrate (6µM, final concentration) so that 

final concentrations of inhibitor would be 25nM, 50nM and 100nM. Reactions were 

carried out in triplicate. The control well did not contain any inhibitor contained 45µl of 

0.4 X 108 cells per ml, 5µl of 10% DMSO and 50µl of 7-ER substrate. The plate was 

subjected to run kinetic reactions for 30 minutes at 30°C and sensitivity 72, using the 

Bio-Tek Synergy HT plate reader. The fluorescence values were measured at an 

excitation wavelength of 530nm and emission wavelength of 590nm. The change in 

fluorescence values was measured in relative fluorescence units. X-axis indicates time 

in minutes and Y-axis indicates relative fluorescence units.   

 

 

Figure 5.16: The graph shows  the kinetics of  inhibition of CYP1A1 by DMU 2157  in 

yeast cells that co‐express CYP1A1 and ΔhRDM. The data measured in triplicates and 

error bars represents standard deviation of three repeats. 

An identical protocol to that followed in the experiment described in Figure 5.15 was 

used. The fluorescence values were measured at an excitation wavelength of 530nm and 

emission wavelength of 590nm. The change in fluorescence values was measured in 
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relative fluorescence units. X-axis indicates time in minutes and Y-axis indicates 

relative fluorescence units.   

 

 

Figure 5.17: The graph shows  the kinetics of  inhibition of CYP1A1 by DMU 2157  in 

yeast  cells  that  co‐express CYP1A1 and hRD. The data measured  in  triplicates and 

error bars represent standard deviation of three repeats. 

An identical protocol to that followed in the experiment described in Figure 5.15 was 

used. The fluorescence values were measured at an excitation wavelength of 530nm and 

emission wavelength of 590nm. The change in fluorescence values was measured in 

relative fluorescence units. X-axis indicates time in minutes and Y-axis indicates 

relative fluorescence units.   
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Table 5.2: IC50 values of compounds, identified as potential CYP1A1 

inhibitors in microsomal assays, using yeast strains that co-express (i) 

CYP1A1 and yRD, (ii) CYP1A1 and ΔhRDM, and (iii) CYP1A1 and hRD.  

Compounds screened on CYP1A1 
enzyme in the live cell assay 

In vitro 
IC50 values 

for 
CYP1A1 
enzyme 

IC50 
values 
for 
CYP1A1‐
yRD 
cellular 
assay 

IC50 
values 
for 
CYP1A1‐
∆hRDM 
cellular 
assay 

IC50 
values for 
CYP1A1‐
hRD 
cellular 
assay 

 

DMU 2157 

 

 

72nM 

 

 

50nM 

 

 

50nM 

 

 

50nM 

 

DMU 2137 

 

 

74nM 

 

 

50nM 

 

 

50nM 

 

 

50nM 

N

O

 

DMU 746 

 

 

531nM 

 

 

 

 

1000nM 

 

 

1000nM 

 

 

1000nM 
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NMeO

CN
 

                      DMU SB4 

 

765.8nM 

 

1400nM 

 

1000nM 

 

1000nM 

NMeO

CN

MeO

 

                       DMU SB6 

 

462.8nM 

 

 

900nM 

 

 

 

900nM 

 

 

900nM 

 

N

O

MeO

MeO

OMe

 

DMU SK10 

 

1400nM 

 

 

3000nM 

 

 

3000nM 

 

 

3000nM 

 

 

DMU 745 

 

202nM 

 

400nM 

 

400nM 

 

400nM 

 

DMU 2117 

 

520nM 

 

 

1000nM 

 

1000nM 

 

1000nM 
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DMU 107 

 

 

368nM 

 

 

600nM 

 

 

600nM 

 

 

600nM 

DMU 114 

 

 

2000nM 

 

 

4000nM 

 

 

4000nM 

 

 

4000nM 

DMU 110 

 

 

397nM 

 

 

1000nM 

 

 

1000nM 

 

 

1000nM 

 

5.9.4   Inhibition of CYP1B1, co-expressed with yRD, ΔhRDM  

and hRD, by DMU 745 in cellular assays 

The compound, DMU 745, potently inhibits CYP1B1 (IC50, ~7nM) but 

poorly inhibits CYP1A1 and CYP1A2 (IC50s, 200nM and 672nM) in in 

vitro microsomal inhibition assays. DMU 745 was used to test its ability to 

inhibit the CYP1B1 enzyme activity that is present in live cells that co-

express (i) CYP1B1 and yRD and (ii) CYP1B1-ΔhRDM. The in vitro 
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microsomal IC50 value of DMU 745 is 6.9nM (see Chapter 3). In order to 

perform cell based CYP inhibition assays (mentioned in Chapter 2), three 

different inhibitor concentrations were chosen: 15nM, 25nM and 40nM (all 

three concentrations were chosen above the IC50 value obtained in in vitro 

microsomal assay because by my previous experiments I was able to 

identify that concentration below 15nM does inhibit CYP1B1 enzyme 

activity present in the live cells). The reaction of CYP on its substrate alone 

was used as control (i.e. it was considered as 100% activity of the enzyme). 

Enzyme activities were considered in the linear phase. For analysing the 

enzyme activity 7-ethoxy resorufin (7-ER) was used as the fluorogenic 

substrate. It was evident that there was reduction in the activity of the 

enzyme after the addition of inhibitor and it was observed that the activity 

of CYP1B1 decreased with increase in the concentration of the inhibitor. 

The IC50 values obtained using the two reductases were calculated on the 

basis of resorufin fluorescence values (RFU). The results were compared. 

At 25nM concentration of DMU 745 the CYP1B1-yRD and CYP1B1-

ΔhRDM enzyme activity was inhibited by 50% (see Figures 5.18 and 5.19). 

Similar live cell based assays were carried out using other compounds 

identified to have some ability to inhibit CYP1A1 enzyme. The compounds 

were of two classes,  

(1) Stilbenes: DMU SB4 and DMU SB6, and  

(2) Chalcones: DMU 2137, DMU 2117, DMU 745, DMU 746, DMU 

2157 and SK10.  

The results are summarized in Table 5.3.  
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Figure  5.18:  The  graph  shows  the  kinetics of  inhibition of CYP1B1 by DMU  745  in 

yeast  cells  that  co‐express CYP1B1 and yRD. The data measured  in  triplicates and 

error bars represents standard deviation of three repeats. 

The yeast strain was grown on SD-agar plates with required nutrients. A single colony 

from the plate was used to inoculate 10ml of SW6 broth (see Chapter 2, Section 2.5.1) 

The culture was incubated at 30°C for 16 hours at 220rpm. The next day the 10ml SW6 

cell culture was spun down at 8000rpm. The whole cell pellet was transferred into 10ml 

of SE medium (1.34g/ml of yeast nitrogen base, 2% ethanol, 0.02% casamino acid, 

2.5ml/200ml of adenine, 1.66ml/200ml of histidine and tryptophan) for CYP 

expression. After 6 hours, around 200µl of 0.4 x 108 cells per ml were spun down at 

13,000rpm and washed with TE buffer. Meanwhile different concentrations of 

compound were prepared in 5% DMSO: 15nM, 25nM and 40nM for DMU 745 from a 

working stock solution of 100µM. 5µl of 150nM, 250nM and 400nM concentrations of 

inhibitor were added to wells of a microplate that contained 45µl of 0.4 x 108cells per 

ml, to which 50µl of 7-ER was added as the substrate (6µM, final concentration) so that 

final concentrations of inhibitor would be 15nM, 25nM and 40nM. Reactions were 

carried out in triplicate. The control well did not contain any inhibitor contained 45µl of 

0.4 X 108 cells per ml, 5µl of 10% DMSO and 50µl of 7-ER substrate. The plate was 

subjected to run kinetic reactions for 30 minutes at 30°C and sensitivity 72, using the 

Bio-Tek Synergy HT plate reader. The fluorescence values were measured at an 

excitation wavelength of 530nm and emission wavelength of 590nm. The change in 
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fluorescence values was measured in relative fluorescence units. X-axis indicates time 

in minutes and Y-axis indicates relative fluorescence units.   

 

 

Figure  5.19:  The  graph  shows  the  kinetics of  inhibition of CYP1B1 by DMU  745  in 

yeast cells that co‐express CYP1B1 and ΔhRDM. The data measured in triplicates and 

error bars represents standard deviation of three repeats. 

An identical protocol to that followed in the experiment described in Figure 5.18 was 

used. The fluorescence values were measured at an excitation wavelength of 530nm and 

emission wavelength of 590nm. The change in fluorescence values was measured in 

relative fluorescence units. X-axis indicates time in minutes and Y-axis indicates 

relative fluorescence units.   
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Table 5.3: IC50 values of compounds, identified as potential CYP1B1 

inhibitors in microsomal assays, using yeast strains that co-express (i) 

CYP1A1 and yRD and (ii) CYP1A1 and ΔhRDM. 

Compounds screened on CYP1B1 
enzyme in the live cell assay 

In vitro 
 IC50 values 
for CYP1B1 
enzyme 

IC50values for  
CYP1B1‐yRD 
cellular assay 

IC50 values for 
CYP1B1‐
∆hRDM 
cellular assay 

DMU 2157 

 

 

5200nM 

 

 

7000nM 

 

 

7000nM 

 

DMU 2137 

 

 

25nM 

 

 

40nM 

 

 

40nM 

N

O

 

DMU 746 

 

 

64nM 

 

 

100nM 

 

 

100nM 

NMeO

CN
 

DMU SB4 

 

 

23.72nM 

 

 

30nM 

 

 

30nM 
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NMeO

CN

MeO

 

DMU SB6 

 

 

10.31nM 

 

 

15nM 

 

 

15nM 

N

O

MeO

MeO

OMe

 

DMU SK10 

 

 

32nM 

 

 

60nM 

 

 

60nM 

 

DMU 745 

 

 

6.9nM 

 

 

20nM 

 

 

20nM 

DMU 2117 

 

 

32nM 

 

 

60nM 

 

 

60nM 

 

5.9.5   Inhibition of CYP1A2, co-expressed with yRD, ΔhRDM 

and hRD, by SK8 in cellular assays 

DMU SK8 is a chalcone that potently inhibits CYP1A2 (IC50, 19nM) but 

poorly inhibits CYP1B1 and CYP1A1 (IC50s, 54nM and 593nM) in in vitro 

microsomal inhibition assays. DMU SK8 was used to test its ability to 
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inhibit the CYP1A2 enzyme activity that is present in live cells that co-

express (i) CYP1A2 and yRD and (ii) CYP1A2-ΔhRDM. The in vitro 

microsomal IC50 value of DMU SK8 is 19nM (see Chapter 3). In order to 

perform cell based CYP inhibition assays (described in Chapter 2), three 

different inhibitor concentrations were chosen: 10nM, 50nM and 100nM 

(two concentrations were above the IC50 value obtained in the in vitro 

microsomal assay and the other was below the microsomal IC50 value). The 

reaction of CYP on its substrate alone was used as control (i.e. it was 

considered as 100% activity of the enzyme). All enzyme activities were 

considered in the linear phase. For analysing CYP1A2’s enzyme activity 

CEC was used as the fluorogenic substrate. It was evident that there was 

reduction in the activity of the enzyme after the addition of inhibitor and it 

was observed that the activity of CYP1A2 decreased with increase in the 

concentration of the inhibitor. The CYP1A2 IC50 values, when using the 

two reductases, were calculated on the basis of 3-cyano-7-

hydroxycoumarin (CHC) fluorescence values (RFU). The results were 

compared. At 50nM and 45nM concentrations, SK8 inhibited the CYP1A2-

yRD and CYP1A2- ΔhRDM enzyme activity by 50% (see Figures 5.20 and 

5.21). 

Similar live cell based assays were carried out using other compounds 

identified to have some ability to inhibit CYP1A2 enzyme. The compounds 

belonged to the two classes,  

(1) Stilbenes: DMU SB4 and DMU SB6 and  

(2) Chalcones: DMU 2137, DMU 2117, DMU 745, DMU 746, DMU 

2157 and DMU SK10.   

(3) The results are summarized in Table 5.4. 
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Figure  5.20:  The  graph  shows  the  kinetics of  inhibition of CYP1A2 by DMU  SK8  in 

yeast  cells  that  co‐express CYP1A2 and yRD. The data measured  in  triplicates and 

error bars represents standard deviation of three repeats. 

The yeast strain was grown on SD-agar plates with required nutrients. A single colony 

from the plate was used to inoculate 10ml of SW6 broth (see Chapter 2, Section 2.5.1) 

The culture was incubated at 30°C for 16 hours at 220rpm. The next day the 10ml SW6 

cell culture was spun down at 8000rpm. The whole cell pellet was transferred into 10ml 

of SE medium (1.34g/ml of yeast nitrogen base, 2% ethanol, 0.02% casamino acid, 

2.5ml/200ml of adenine, 1.66ml/200ml of histidine and tryptophan) for CYP 

expression. After 6 hours, around 200µl of 0.4 x 108 cells per ml were spun down at 

13,000rpm and washed with TE buffer. Meanwhile different concentrations of 

compound were prepared in 5% DMSO: 10nM, 50nM and 100nM for DMU SK8 from 

a working stock solution of 100µM. 5µl of 100nM, 500nM and 1000nM concentrations 

of inhibitor were added to wells of a microplate that contained 45µl of 0.4 x 108cells per 

ml, to which 50µl of CEC was added as the substrate (16µM, final concentration) so 

that final concentrations of inhibitor would be 10nM, 50nM and 100nM. Reactions were 

carried out in triplicate. The control well did not contain any inhibitor contained 45µl of 

0.4 X 108 cells per ml, 5µl of 10% DMSO and 50µl of CEC substrate. The plate was 

subjected to run kinetic reactions for 30 minutes at 30°C and sensitivity 72, using the 

Bio-Tek Synergy HT plate reader. The fluorescence values were measured at an 

excitation wavelength of 400nm and emission wavelength of 460nm. The change in 
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fluorescence values was measured in relative fluorescence units. X-axis indicates time 

in minutes and Y-axis indicates relative fluorescence units.   

 

Figure  5.21:  The  graph  shows  the  kinetics of  inhibition of CYP1A2 by DMU  SK8  in 

yeast cells that co‐express CYP1A2 and ΔhRDM. The data measured in triplicates and 

error bars represents standard deviation of three repeats. 

An identical protocol to that followed in the experiment described in Figure 5.20 was 

used. The fluorescence values were measured at an excitation wavelength of 400nm and 

emission wavelength of 460nm. The change in fluorescence values was measured in 

relative fluorescence units. X-axis indicates time in minutes and Y-axis indicates 

relative fluorescence units.   
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Table 5.4: IC50 values of compounds, identified as potential CYP1A2 

inhibitors in microsomal assays, using yeast strains that co-express (i) 

CYP1A2 and yRD and (ii) CYP1A2 and ΔhRDM. 

Compounds screened on CYP1A2 
enzyme in the live cell assay 

In  vitro  IC50 
values  for 
CYP1A2 
enzyme 

IC50values for  
CYP1A2‐yRD 
cellular assay 

IC50values  for 
CYP1A2‐
∆hRDM 
cellular assay 

DMU 2157 

 

 

1167nM 

 

 

 

 

2000nM 

 

 

2000nM 

 

DMU 2137 

 

 

631nM 

 

 

 

 

 

1500nM 

 

 

 

 

 

1500nM 

 

 

 

N

O

 

DMU 746 

 

 

123nM 

 

 

80nM 

 

 

80nM 

NMeO

CN
 

DMU SB4 

 

 

574nM 

 

 

700nM 

 

 

700nM 
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NMeO

CN

MeO

 

DMU SB6 

 

 

612nM 

 

 

1200nM 

 

 

800nM 

N

O

MeO

MeO

OMe

 

DMU SK10 

 

 

103.6nM 

 

 

200nM 

 

 

200nM 

 

DMU 745 

 

 

672nM 

 

 

900nM 

 

 

900nM 

DMU 2117 

 

 

215nM 

 

 

350nM 

 

 

400nM 

N

O

MeO

 

DMU SK8 

 

 

19nM 

 

 

50nM 

 

 

45nM 
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5.10 Conclusion 

This chapter has attempted to investigate whether the activation of a CYP 

by binding to a novel genetically engineered human reductase ∆hRDM 

created an active site geometry which is similar or identical to the active 

sites formed by a CYP bound to either the wild-type human reductase 

(hRD) or the yeast reductase (yRD). The CYP reductase is the redox 

partner of the CYPs which abstracts electrons from NADPH and then 

donates them to the catalytic active sites of the CYPs that allows substrate 

or inhibitor binding.  

The ∆hRDM reductase, created in our laboratory, has been patented and 

has widely been used as a redox partner for donating electrons to human 

CYPs. The reductase ∆hRDM was constructed in a two-step process:  

(1) In the first step, the DNA sequence that codes for the N-terminal 24 

amino acids in hRD was deleted to obtain the genetic sequence that 

codes for ∆hRD, a protein that was shown to be soluble (i.e. 

existing in the soluble cytosolic part of the cell implying that this 

hRD mutant is no more attached to the endoplasmic reticular 

membranes; published patent; Patent 0186415 A1; filing date 

04/11/2008).  The N-terminal 24 amino acids of hRD are part of 

hRD’s membrane anchor domain.  

(2) In the second step, a genetic sequence that codes for a charged 

amino acid sequence was added to the C-terminus of ∆hRD.  This 

allows expression of the protein ∆hRDM, ‘M’ representing the C-

terminal charged peptide sequence that is responsible for retention 

of the molecule in the endoplasmic reticular (ER) membranes.  It 

has been shown (results included in published patent; Patent 
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0186415 A1; filing date 04/11/2008) that ∆hRDM co-localises with 

protein disulphide isomerase (PDI) which is known to be associated 

with the ER membranes, thus indicating that ∆hRDM is also bound 

to the ER.  

The novel reductase ∆hRDM has recently replaced the wild-type yRD and 

hRD in all CYP expression systems used in our laboratory and is the basis 

of CYP production systems used by CYP Design Ltd 

(http://www.cypdesign.co.uk/), a spin-out company of De Montfort 

University.  

In this Chapter, we intended to probe the active sites of three individual 

CYPs (CYP1A1, CYP1B1 and CYP1A2) created through the coupling of 

∆hRDM with the help of chemical compounds. The aim was to see if the 

conformations (3-dimensional geometry) of the CYP active sites created by 

binding to ∆hRDM were the same as the active sites formed with the help 

of the two wild-type reductases, yRD and hRD. The chemical compounds 

used as probes were CYP specific inhibitors that were found earlier and 

were part of Results described in Chapter 4.  In order to find out if there 

were similarities between the active site geometries of a CYP, bound to the 

three very different reductases (in terms of amino acids and secondary 

structure), the IC50 values for CYP inhibition were determined.The 

evaluation of the inhibition of a CYP (activated by three different 

reductases ∆hRDM, yRD and hRD) by molecules already found to be a 

CYP-specific inhibitor (as established earlier in Chapter 4) was performed 

in live cells using the protocol that uses the preferred SE medium (detailed 

earlier in this Chapter and in Chapter 4). 
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The Qiagen column-purified plasmids pSYE271 (containing the CYP1A1 

gene expression cassette driven by the ADH2 promoter), pSYE266 

(containing the CYP1B1 gene expression cassette driven by the ADH2 

promoter) and pSYE265 (containing the CYP1A2 gene expression cassette 

driven by the ADH2 promoter) were transformed into a yeast strain that 

contained one of the three cytochrome P450 reductases, yRD, ∆hRDMor 

hRD. Transformation is a process that allows introduction of plasmid DNA 

into yeast cells. Different procedures for transformation were followed but, 

as described earlier, only one of the protocols (involving the use of lithium 

acetate), provided numerous transformants. The expectation was that  

(1) The plasmids pSYE271, pSYE266 and pSYE265, which encode the 

human CYP1A1, CYP1B1 and CYP1A2 genes, would produce 

active CYP1A1, CYP1B1 and CYP1A2 enzymes in the yeast 

strains that co-express one of the three reductases yRD, ∆hRDM or 

hRD.   

(2) Expression of active enzyme would be confirmed first by Western 

blotting and then by performing kinetic live cell assays using CYP-

specific fluorogenic substrates.  

At first, the presence of CYP1A1, CYP1B1 and CYP1A2 proteins in yeast 

cells, that also expressed one of the three reductases yRD, ∆hRDM or hRD, 

was confirmed by Western blot analys is (Figures 5.10, 5.11 and 5.12).  

Activities, measured via the MTT assay, showed that yRD has the highest 

reductase activity (Figure 5.13) whereas the wild-type hRD has negligible 

reductase activity compared to yRD. Surprisingly, the novel ∆hRDM 

reductase has around one-third yRD’s activity. Moreover, observations 

made by others in the laboratory have shown that,  
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(1) Compared to yRD,∆hRDM generates 20-times less reactive oxygen 

species (ROS) which is so deleterious to protein production in 

general, indicating that the use of ∆hRDM would generally provide 

higher amounts of CYPs in a production process, and  

(2) ∆hRDM couples to human CYPs usually as well as yRD (provides 

similar activities) indicating that ∆hRDM would be preferable to 

yRD for production of human CYPs in yeast because its use would 

always yield higher amounts of CYPs.  

The results obtained from the kinetic live cell assays showed that enzyme 

activity of  

(1) CYP1A1, coupled with yRD, was higher than that of CYP1A1 

coupled with ∆hRDM, 

(2) yRD-coupled CYP1B1 showed the same enzyme activity produced 

via the coupling of CYP1B1 with ∆hRDM,and 

(3)  CYP1A2 protein coupled with yRD was marginally higher than 

that obtained with ∆hRDM.   

The enzyme activities of the CYPs coupled with hRD was observed to be 

the lowest for all three CYPs. We postulated that a molecule, identified as a 

CYP-specific inhibitor in the microsomal assays, would show similar 

inhibitory potential towards all three CYP complexes obtained through the 

coupling of the three different reductases yRD, ∆hRDM and hRD, provided 

the active site conformations of the CYP enzymes formed in the complexes 

would be similar. Inhibitors, identified to be specific towards CYP1A1, 

CYP1B1 and CYP1A2 in the in vitro microsomal assays (results shown in 

Chapter 4) were used to test this concept in live yeast cells. The yeast 

strains that were used for comparative analysis are: 
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(1) For CYP1A1: yeast strains that co-expressed CYP1A1-yRD, 

CYP1A1-∆hRDM, CYP1A1-hRD,  

(2) For CYP1B1: yeast strains that co-expressed CYP1B1-∆hRDM, 

CYP1B1-yRD (the strain CYP1B1-hRD was omitted because it had 

poor CYP activity),  

(3) For CYP1A2: yeast strains that co-expressed CYP1A2-yRD and 

CYP1A2-∆hRDM (again, the strain CYP1A2-hRD was omitted 

because it had poor CYP activity).   

The IC50 values of different compounds, identified as CYP1-specific 

inhibitors in the in vitro microsomal assay, were determined by conducting 

live cell inhibition assays. The results obtained showed that IC50 values for 

CYP1A1 inhibition of CYP1A1 enzyme activated by ∆hRDM were the 

same as CYP1A1 activated by a wild-type reductase, yRD or hRD. For 

CYP1B1 and CYP1A2, results obtained showed that IC50 values for CYP 

inhibition of an enzyme activated by ∆hRDM were the same as a CYP 

activated by yRD.  

These observations confirmed that our initial hypothesis was correct, our 

results clearly showing that indeed the active site geometries of a CYP, 

created by binding to ∆hRDM, are the same as the enzymes formed by 

coupling to yRD or hRD.This would imply that the active site 

conformations of CYP enzymes are likely to be the same irrespective of the 

coupled reductase.  
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Chapter 6 Structure activity relationship 

studies of the analogues of  DMU 

2157 and commerical available 

flavonoids 

6.1 Introduction   

Cancer being the leading killer of the human race around the world is yet to 

be treated successfully. It is a threat to humanity and many treatments have 

been tested on different kinds of cancer. A large number of synthetic 

derivatives of the natural compounds are put through screening in order to 

find a drug which could be promising in cancer treatment. It has been 

reported that if humans eat variety of vegetables, roots, herbs, fruits and 

make them a part of their daily diet the beneficial compounds present in 

these natural sources could help them to prevent many diseases like cancer 

(Signorelli and Ghidoni 2005). Fruits and vegetables contain beneficial 

compounds which belong to classes of compounds known as flavonoids, 

chalcones and stilbenes. These classes of compounds have anti-

carcinogenic, anti-inflammatory and many other advantageous properties 

(Galati and O’Brien 2004).   

Natural compounds can target diverse intracellular biochemical pathways 

and therefore have been widely used in traditional medicines over 

centuries. On the basis of natural compounds many chemical derivatives 

have been developed by pharmaceutical companies via synthetic routes. 

When choosing a synthetic compound as an anticancer drug it should have 

properties like high efficacy against multiple cancers, have minimal toxic 

effects on the human body, be orally deliverable, be cost effective and have 

a defined mechanism of action.  
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Chalcones, stilbenes and their derivatives have been reported to have 

variety of biological and pharmacological activities (Mandge et al 2007). 

The best known naturally occurring stilbene is trans-resveratrol (i.e. 3,4’,5-

trihydroxystilbene). It has been reported as a chemo-preventive, cardio-

preventive and neuro-protective compound (Goswami and Das 2009) and 

its therapeutic action is being investigated at the preclinical and clinical 

stages (Bishayee et al 2010).  

6.2   Aims and Outline of the chapter 

6.2.1  Aims of the chapter 

Two compounds DMU 2157 and DMU 110 were the only chalcone and 

flavonoid that were identified as potent CYP1A1-specific inhibitors, as 

mentioned in Chapter 3. The compounds had >40-fold specificity towards 

CYP1A1 over CYP1B1. This was rather unusual since, to the best of our 

knowledge, in the literature there are no reported inhibitors of CYP1A1 

which have such degree of specificity.  

The compound DMU 2157 is a heterocyclic chalcone consisting of a 

pyridine (<N) in ring ‘B’ at position 4 and has three methoxy (–OCH3) 

groups in ring ‘A’ at positions 3,4,5.  

It was thought from the studies performed on some of the compounds in the 

compound library, as described in Chapter 3, that the positions of the 

methoxy groups in ring ‘A’ and the position of the >N in pyridine ‘B’ ring 

may contribute towards its specificity to CYP1A1 (see Table 6.1).  
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Table 6.1: Influence of the positions of the methoxy groups in ring ‘A’ and 

the position of the >N in pyridine ‘B’ ring.  

DMU No. Chemical structure 
 

CYP1A1 IC50 
value 

 
CYP1B1 IC50 

value 

DMU 
2157 

72nM  5200nM 

DMU 
2114 

282nM  746nM 

DMU 
2117 

520nM  30nM 

DMU 
2118 

2230nM  1500nM 

DMU 755  508nM  652nM 

DMU 
2144 

1100nM  2100nM 

 

In order to better understand the positional roles of –OMe groups in the ‘A’ 

ring and >N in the pyrido ‘B’ ring, analogues of DMU 2157 were 

synthesised: some were chalcones, the others stilbenes.  

6.2.2   Outline of the Chapter 

This Chapter discusses newly synthesised chalcone and stilbene 

derivatives. The compounds have been synthesised via Claisen-Schmidt 
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base catalysed condensation reactions using substituted aromatic ketones 

and benzaldehyde as starting materials. Among the chalcone derivatives 

compounds differ in their substitution pattern in ring ‘A’ but ring ‘B’ is 

identical in all the compounds. Structure-activity-relationship studies were 

carried out to examine  

(a) The correlation between the number of –OMe groups and their 

positions in the chalcone ‘A’ ring and their effects on CYP1A1 

inhibition,  

(b) Whether the positions of the OMe groups effects specificity towards 

CYP1A1,  

(c) If substitution the –OMe groups with –OEt groups would have any 

influence on inhibition of CYP1A1 and specificity towards 

CYP1A1, and 

(d)  If a compound could be found that was a more potent inhibitor of 

CYP1A1.  

6.3 Synthesis of chalcones 

The analogues of DMU 2157 were synthesised using Clasien-Schmidt 

condensation of 4-acetyl pyridine with appropriate substituted 

benzaldehydes. The starting materials were mixed together by grinding 

with the help of mortar and pestle. Powdered sodium hydroxide (NaOH) 

was used as base (see Chapter 2, Section 2.17). The compounds were 

synthesised at room temperature. The geometry of the final products were 

confirmed using mass spectroscopy and NMR (See Table 6.1, Figure 6.1, 

6.2) 
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Figure 6.1: An example of a synthesised chalcone. 

In the presence of NaOH, benzaldehyde and 4-acetylpyridine condenses to form the 

compound DMU SK7.  

 

Figure 6.2: An example of the H1‐NMR spectrum obtained from the analysis of DMU 

SK10.  

 

The analogues of DMU2157, a CYP1A1-specific inhibitor, share a similar 

4-acetylpyridine core structure but differ in the number and position of the 

–OR (i.e. –OAlkyl) groups attached to ring ‘A’. Substitution of the 
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functional groups in ring ‘A’ should allow us to understand the interaction 

of substituent groups with active site of the enzyme. In a few compounds, 

the functional group –OCH3 was substituted with a slightly bulkier alkyl 

functional group –OCH2CH3 (i.e. introducing an extra –CH2). The bulkier 

substitution was used to understand the special toleration levels of the 

active sites of CYP1A1, CYP1A2, CYP1B1. 

Table 6.2: Chemical structures of the synthesised chlacones. 

 

Assigned name of the synthesised 

chalcones  

Chemical structure of the compounds 

DMU SK5 

N

O

MeO

MeO

DMU SK6 

N

OOMe

DMU SK7 

N

O

DMU SK8 

N

O

MeO

DMU SK9 
N

O

MeO

OMe



Page | 252  
 

DMU SK10 

N

O

MeO

MeO

OMe

DMU S1 
N

O

OMe

MeO

EtO

DMU S2 
N

O

EtO

OEt

EtO

DMU S3 
N

O

EtO

OMe

MeO

DMU S4 
N

O

OEt

EtO

MeO

 

6.3.1   Inhibitory effects of the synthesised chalcones on the 

enzymatic activity of CYP1A1, CYP1B1 and CYP1A2  

The synthesized chalcone analogues were screened on the "in-house" 

human recombinant CYP1A1, CYP1B1 and CYP1A2 microsomes, which 

are being commercialised through CYP Design Ltd, to identify their 

inhibitory potential. Initially the compounds were screened at 5µM 

concentration on CYP1A1, CYP1B1 and CYP1A2 enzymes using crude 
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inhibition assays as mentioned in Chapter 2 Materials and Methods Section 

2.12. The crude inhibition assays helped us to gauge the compounds 

inhibitory effects on the three CYPs.  

The compounds were dissolved in 100% DMSO to produce stock solutions 

at 50mM concentrations. They were stored at -20°C while the working 

stocks were prepared at 100µM concentration and were also stored at -

20°C. The percentage inhibition of the compounds was calculated in 

relative fluorescence units (RFUs) as described in Chapter 2 Section 2.12.1 

As mentioned earlier, the chalcone class of compounds which were 

synthesised varied in their number and type of functional groups attached 

to their ring ‘A’ while the ring ‘B’ was identical in all the synthesised 

compounds with a <N at position 4 of the pyrido ‘B’ ring.  

Initially the compounds were screened on CYP1A1 microsomes, but to find 

out whether any of the compounds were specific to CYP1A1 it was 

necessary to screen the compounds on CYP1B1 and CYP1A2. All the 

synthesised chalcone derivatives showed 90-100% inhibition at 5µM 

concentration for CYP1A1. The compounds DMU 2157, DMU SK5, DMU 

SK6, DMU SK8, DMU SK9, DMU S2 and DMU S3 inhibited CYP1A1 up 

to 100% while the compounds such as DMU SK7, DMU SK10 and DMU 

S1 inhibited CYP1A1 92%, 97% and 94% respectively (see Figure 6.3). 

About 80-99% inhibition of these synthesised chalcone compounds was 

observed for CYP1B1 and CYP1A2 at 5µM. The compounds DMU SK5, 

DMU SK6, DMU SK8, DMU SK9, DMU SK10 and DMU S1 inhibited 

CYP1B1 in the range of 85-99% while the compounds such as DMU SK7, 

DMU S2, DMU S3 and DMU S4 poorly inhibited CYP1B1 with observed 

range of inhibition 10%-50% (see Figure 6.4). The compounds inhibited 
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CYP1A2 in the range of 65%-97% at 5µM concentration (see Figure 6.5). 

The compounds’ IC50 values were determined using methods mentioned in 

Chapter 2, Section 2.13 (see Figure 6.3). 

 

Figure 6.3: Percentage inhibition of CYP1A1 activity by synthesised chalcone at 5µM 

concentration. The data measured  in triplicates and error bars represents standard 

deviation of three repeats. 

X‐axis  indicates the chalcone class of compounds synthesised and Y‐axis  indicates the 

percentage inhibition of the compounds at 5µM concentration.  
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Figure 6.4: Percentage inhibition of CYP1B1 activity by the synthesised chalcone at 5 

µM  concentration.  The  data  measured  in  triplicates  and  error  bars  represents 

standard deviation of three repeats. 

X‐axis  indicates  the  compounds  synthesised  and  Y‐axis  indicates  the  percentage 

inhibition of the compounds at 5µM concentration.  

 

Figure  6.5:  Percentage  inhibition  of  CYP1A2  enzyme  activity  by  the  synthesised 

chalcone  at  5µM  concentration.  The  data measured  in  triplicates  and  error  bars 

represents standard deviation of three repeats. 

X‐axis  indicates  the  compounds  synthesised  and  Y‐axis  indicates  the  percentage 

inhibition of the compounds at 5µM concentration.  
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6.3.2   Determination of IC50 values of synthesised chalcones 

 on CYP1A1, CYP1B1 and CYP1A2 enzymes 

The concentration of a compound at which activity of an enzyme 

diminishes to 50% is known as IC50. This method to determine IC50 values 

was obtained from the web-pages of BD Bioscience and was appropriately 

modified to test our own "in house" CYP enzymes. The percentage of 

inhibition at 5µM enabled configuring a range of concentrations that could 

be used to determine the IC50 values. The experiments were performed in 

triplicates by means of endpoint assays (see Chapter 2 Section 2.13) at 

37°C using Costar 96-well flat-bottomed TC treated plates. At the time of 

assay the compounds were thawed at 37°C  and serially diluted in 10% 

DMSO so that the final concentration of DMSO in each well was 

maintained at 0.1%. Each reaction was carried in a 100µl mixture per well. 

50µl of NADPH- regenerating system with 6 different concentrations of 

test compounds was pre-incubated at 37°C for 10 minutes and 50µl of 

microsome-substrate mixture was added and incubated together with 

NADPH-regenerating system for 10 minutes. The reaction was stopped by 

adding 75µl of stop solution (80% acetonitrile and 0.5M of Tris-HCl). The 

reaction was measured in RFU values using endpoint assay parameter 

setting on the Bio-Tek Synergy HT plate reader (see Chapter 2, Section 

2.12, Table 1.1). Protein concentration in all wells was maintained at 25µg. 

Outline of each reaction per well was carried out to determine IC50 value as 

detailed below: 

For CYP1A1: NADPH-Regenerating system: 39 µl of 0.2 M phosphate 

buffer pH 7.4 + 1µl of solution B + 5 µl solution A+ 5 µl of inhibitor. 
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Microsome-substrate mix: 0.5 pmol (5.25mg/ml) of CYP1A1 microsome 

+ 2 µl of control protein (10mg/ml) + 5 µl of 0.1 mM 7-ER + 42.5 µl 0.1M 

phosphate buffer pH 7.4 were used.  

For CYP1B1: NADPH-Regenerating system:  39 µl of 0.2 M phosphate 

buffer pH 7.4 + 1 µl of solution B + 5 µl solution A + 5 µl of inhibitor were 

used.  

Microsome-substrate mix: 0.5 µl of CYP1B1 (7.6mg/ml) microsome + 

1.7 µl of control protein (10mg/ml) + 5 µl of 0.1 mM 7-ER + 42.8 µl 0.1 M 

phosphate buffer pH 7.4 were used. 

For CYP1A2: NADPH-Regenerating system: 20 µl of 0.5 M phosphate 

buffer pH 7.4 + 1µl of solution B + 5 µl solution + 19 µl of water + 5 µl of 

inhibitor were used.  

Microsome-substrate mix:  1µl of CYP1A2 (8.62mg/ml) microsome + 

1.6 µl of control protein  (10mg/ml) + 5 µl of (320 µM of CEC) + 42.4 µl 

0.1 M phosphate buffer pH 7.4 were used 

Comparing the structures and activities of DMU SK5 and DMU SK9 

The compounds SK5 and SK9 have an equal number of methoxy (–OCH3) 

groups attached to ring ‘A’ but they differ in the position of the attachment 

of methoxy groups. The chemical structure of SK5 consists of two methoxy 

groups attached at position 3 and 4 in the ring ‘A’ while in SK9 two 

methoxy groups are attached to position 3 and 5 in the ring ‘A’. The IC50 

values obtained for CYP1A1 from SK5 and SK9 were 383nM and 179nM 

respectively. The IC50 values obtained for CYP1B1 from SK5 and SK9 

were 172nM and 41nM respectively. The IC50 values obtained for CYP1A2 
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from SK5 and SK9 were 121.6nM and 27nM respectively, thereby making 

SK5 an equipotent inhibitor of all three CYPs while SK9 was found out to 

be an equipotent inhibitor of CYP1B1 and CYP1A2 (See Table 6.3).  

Table 6.3: The structures of DMU SK5 and DMU SK9 and comparison of 

their IC50 values obtained by screening them on CYP1A1, CYP1A2 and 

CYP1B1 microsomal enzymes.  

Synthesised 
Chalcone 

Chemical Structure 
 

In Vitro 
CYP1A1 

IC50 values

In Vitro 
CYP1B1 

IC50 values 

InVitro 
CYP1A2 
IC50 values 

DMU SK5 
N

O

MeO

MeO  

383 nM  172 nM  121.6 nM 

DMU SK9 
N

O

MeO

OMe  

179 nM  41nM  27.72 nM 

 

DMU SK7, a CYP1A2-specific inhibitor 

The compound SK7 which does not contain any functional group attached 

to either rings ‘A’ or ‘B’ showed selective inhibition towards CYP1A2 

enzyme with an IC50 value of 104.8 nM when compared with CYP1A1 and 

CYP1B1 enzymes (see Table 6.4).   
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Table 6.4: Comparison of the IC50 values obtained by screening DMU  SK7 

on CYP1A1, CYP1B1 and CYP1A2 enzymes.  

Synthesised 
Chalcone 

Chemical Structure 

 

In Vitro 
CYP1A1 

IC50 values

In Vitro 
CYP1B1 

IC50 values 

In Vitro 
CYP1A2 

IC50 values 

DMU SK7 

N

O

 

4700nM  716nM  104.8nM 

 

Comparing the structures and activities of DMU 2157 and DMU SK10 

DMU SK10 has a similar chemical structure to DMU 2157; they have the 

same number of methoxy (–OCH3) groups attached to ring ‘A’ but differ in 

the attachment positions. DMU SK10 has three methoxy groups attached to 

positions 2, 3 and 4 while in DMU 2157 the three methoxy groups are 

attached to positions 3, 4 and 5 in ring ‘A’. DMU 2157 was found to be a 

potent inhibitor of CYP1A1 with a IC50 of 72nM (see Chapter 3 Section 

3.12, Table 3.3; and this Chapter Table 6.1). However the compound DMU 

SK10 when screened on CYP1A1, CYP1B1 and CYP1A2 enzymes was 

found to be a potent inhibitor of CYP1B1 with IC50 value of 32nM and 

showed 10- and 3-fold differences with the IC50 values obtained with 

CYP1A1 and CYP1A2 enzymes. The IC50 values of DMU SK10 for 

CYP1A1 was 1.4µM and for CYP1A2 was 103.8nM (see Table 6.5).  
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Table 6.5: The structures of DMU 2157 and DMU SK10 and comparison of 

their IC50 values obtained by screening them on CYP1A1, CYP1A2 and 

CYP1B1 enzymes. 

Synthesised 
Chalcone 

Chemical Structure 

In Vitro 
CYP1A1 
IC50 

values 

In Vitro 
CYP1B1 
IC50 

values 

In Vitro 
CYP1A2 
IC50 

values 

DMU 2157  72nM  5200nM  1167nM 

DMU SK10 

N

O

MeO

MeO

OMe

 

1400nM  32nM  103.6nM 

 

Comparing the structures and activities of DMU SK6 and DMU SK8  

DMU SK6 and DMU SK8 structures are similar except the substitution of 

the methoxy groups at different positions in ring ‘A’ while ring-B is 

identical with pyrido <N at position 4. DMU SK6 and DMU SK8 consist of 

only one methoxy group in the ring ‘A’ at positions 2 and 3, respectively. 

When the compounds were screened on CYP1A1, CYP1B1 and CYP1A2 

enzymes, DMU SK6 and DMU SK8 were found out to be equipotent 

inhibitors of CYP1B1 and CYP1A2 with IC50 values of 48nM and 54nM 

for CYP1B1 and 31.75 and 19.65nM for CYP1A2 respectively, while 

inhibiting CYP1A1 with IC50 values of 571.2nM and 593nM (see Table 

6.6). 
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Table 6.6: The structures of DMU SK6 and DMU SK8 and comparison of 

their IC50 values obtained by screening them on CYP1A1, CYP1A2 and 

CYP1B1 enzymes.  

Synthesised 
Chalcone 

Chemical Structure 
In Vitro 
CYP1A1 

IC50 values

In Vitro 
CYP1B1 

IC50 values 

In Vitro 
CYP1A2 

IC50 values 

DMUSK6 
N

OOMe

 

571.2nM  48nM  31.75nM 

DMUSK8 

 

N

O

MeO

 

593nM  54nM  19.65nM 

 

Compounds DMU S1, DMU S2, DMU S3 and DMU S4 which have an 

ethoxy and ethoxy-methoxy substitutions on ring ‘A’ and an <N in the 

identical 4 position of the pyrido ‘B’ ring are close derivatives of DMU 

2157. These compounds showed selective inhibition towards CYP1A1. The 

substitution of the functional groups on ring ‘A’ are similar in all four 

compounds (i.e. at positions 3, 4 and 5 (see Table 6.2). 

Comparing the structure and activities of DMU S2 with DMU 2157  

S2 has an ethoxy (-OCH3CH2) group substituted at positions 3, 4 and 5 

while DMU 2157 has methoxy group (-OCH3) substituted at the same 

positions. Though the functional group is different in DMU S2, the position 

of the functional groups on ring ‘A’ is identical to that in DMU 2157. 

DMU S2 is also a potent inhibitor of CYP1A1 with IC50 value of 92nM 

showing 10-fold difference in IC50 values when compared with CYP1B1 

and CYP1A2 enzyme.  The IC50 values for CYP1B1 and CYP1A2 obtained 

was 8.6µM and 1.2µM respectively (see Table 6.7). 
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Table 6.7: The structures of DMU2157 and DMU S2 and comparison of their 

IC50 values obtained by screening them on CYP1A1, CYP1A2 and CYP1B1 

enzymes.  

Synthesised 
Chalcone 

Chemical Structure 
In Vitro 
CYP1A1 
IC50values 

In Vitro 
CYP1B1 
IC50values

In Vitro 
CYP1A2 

IC50 values 

DMU 2157  72nM  5200nM  1167nM 

DMU S2  N

O

EtO

OEt

EtO

 
 

92nM  8600nM  1200nM 

 

Comparing the structures and activities of DMU S1 and DMU S3  

DMU S1 has two methoxy groups attached to positions 3 and 5 and an 

ethoxy group attached to position 4 while DMU S3 has two methoxy 

groups attached to positions 4 and 5 and an ethoxy at position 3. This 

makes DMU S3 a potent inhibitor of CYP1A1 with an IC50 value of 63nM. 

When compared with CYP1B1 and CYP1A2 enzymes it showed 10-fold 

difference in the IC50 values obtained, 3800nM and 1300nM respectively. 

However CYP1A1 and CYP1B1 IC50 values of DMU S1 were quite close, 

227nM and 698nM which was only a 3-fold difference (see Table 6.8).  
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Table 6.8: The structures of DMU S1 and DMU S3 and comparison of their 

IC50 values obtained by screening them on CYP1A1, CYP1A2 and CYP1B1 

enzymes. 

Synthesised 
Chalcone 

Chemical Structure 
 

In Vitro 
CYP1A1 IC50 

values 

In Vitro 
CYP1B1 

IC50 values 

In Vitro 
CYP1A2 

IC50 values 

DMU S1 
N

O

OMe

MeO

EtO

 

227nM  698nM  2600nM 

DMU S3 
N

O

EtO

OMe

MeO

 

63nM  3800nM  1300nM 

 

Comparing the structures and activities of DMU S3 and DMU S4  

The two compounds DMU S3 and DMU S4 were found to be equipotent 

inhibitors of CYP1A1, though the functional groups are in different 

positions in the two molecules. DMU S3 has two methoxy (-OCH3) groups 

at positions 4 and 5 and an ethoxy (-OCH3CH2) group at position 3 on ring 

‘A’ while DMU S4 has two ethoxy (-OCH3CH2) groups at positions 4 and 

5 and a methoxy group at position 3 on ring ‘A’. These compounds still 

showed potent inhibition towards CYP1A1 with the IC50 values of 63nM 

and 65nM for DMU S3 and DMU S4. When compared with CYP1B1 and 

CYP1A2, the molecules were selective; the IC50 values obtained for 

CYP1B1 for DMU S3 and DMU S4 were 3.8µM and 2.9µM respectively, 
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whereas the IC50 values for CYP1A2 for DMU S3 and DMU S4 were 

1.3µM and 784nM (see Table 6.9). 

Table 6.9: The structures of DMU S3 and DMU S4 and comparison of their 

IC50 values obtained by screening them on CYP1A1, CYP1A2 and CYP1B1 

enzymes.  

Synthesised 

Chalcone 
Chemical Structure 

In Vitro 
CYP1A1 

IC50 values

In Vitro 
CYP1B1 

IC50 values 

In Vitro 
CYP1A2 

IC50 values 

DMU S3  N

O

EtO

OMe

MeO

 
 

63nM  3800nM  1300nM 

DMU S4  N

O

OEt

EtO

MeO

 
 

65nM  2900nM  784nM 

 

6.4 Synthesis of Stilbenes 

The structures of newly synthesised stilbene derivatives were designed on 

the basis of the DMU 2157 structure; the aim was to find a more potent 

CYP1A1 inhibitor. Studies on these derivatives were focused on structure 

activity relationships to see if beneficial structure determinants could be 

found. The other aim was to find a potent inhibitor that could be more 

soluble than the parent compound.  

All stilbene derivatives were synthesised via a solvent method where 

lithium hydroxide was used as base and ethanol was the solvent (see 

Chapter 2, Section 2.17). These derivatives have identical ring ‘B’ structure 



Page | 265  
 

with a 3-pyridyl acetonitrile while ring ‘A’ consisted of methoxy (-OCH3) 

groups substituted at different positions. The synthesis of different 

compounds with attachment of the methoxy (-OCH3) functional groups on 

ring ‘A’ was in analogy to the chalcone structures that had been 

synthesised with the idea the new stilbene derivatives may further help in 

understanding the active site geometry of the CYP1 family of enzymes. 

The synthesised stilbene derivatives were different from the newly 

synthesised chalcones by the fact that the stilbenes had an extra nitrile 

group in their structures.  

Stilbenes were synthesised by dissolving a starting material, for example, 

3-pyridylacetonitrile in ethanol; after few minutes another material, for 

example, benzaldehyde was added and mixed; the reaction was stirred 

overnight at room temperature (detailed method is provided in Chapter 2, 

Section 2.17). The crude product obtained was purified via column 

chromatography and structure was confirmed via NMR and mass 

spectroscopy (see Figures 6.6, 6.7). The chemical structures of synthesised 

stilbenes are mentioned in Table 6.10.  
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Figure 6.6: An example of the synthesis of a new stilbene  

Benzaldehyde and 3‐pyridylacetonitrile were used as starting materials and LiOH was 

the base used to facilitate condensation of the two compounds to obtain the product 

DMU SB7. 

 

 

Figure 6.7: An example of a H1‐NMR spectrum that confirmed the synthesis of one of 

the compounds, DMU SB2. 
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Table 6.10: Chemical structure of the synthesised Stilbenes.  

Name of the synthesised stilbenes  Chemical structure of the compounds 

DMU SB1 
N

MeO

MeO

MeO

CN

 

DMU SB2  N

MeO

MeO

CN

MeO

 

DMU SB3  N

CN

MeO

 

DMU SB4  NMeO

CN
 

DMU SB5  N

MeO

MeO

CN
 

DMU SB6  NMeO

CN

MeO

 

DMU SB7  N

CN
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6.4.1   Inhibitory effects of the synthesised stilbenes on  

CYP1A1, CYP1B1 and CYP1A2 enzymes 

The synthesised stilbene class of compounds were screened with human 

recombinant CYP1A1,CYP1A2 and CYP1B1 enzymes prepared "in-

house". The compounds were screened using crude inhibition endpoint 

assays as mentioned in Chapter 2 Section 2.12. The compounds were 

screened at 5µM single concentrations for all CYP1 enzymes. The crude 

inhibition helped to understand the inhibitory effect of the compounds on 

the CYPs. The synthesised compound showed 80-90 % inhibition for 

CYP1A1 while 80-100 % inhibition for CYP1B1 and CYP1A2 enzymes at 

5µM concentration (see Figures 6.8, 6.9 and 6.10).  

 

Figure 6.8: Percentage  inhibition of the CYP1A1 enzyme by synthesised stilbenes at 

5µM  concentrations.  The  data measured  in  triplicates  and  error  bars  represents 

standard deviation of three repeats. 

The X-axis indicates the compounds synthesised and Y-axis indicates the percentage 

inhibition of the compounds at 5µM concentration.  
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Figure 6.9: Crude  inhibition of CYP1B1 microsomes by  the  synthesised  stilbenes at 

5µM  concentrations.  The  data measured  in  triplicates  and  error  bars  represents 

standard deviation of three repeats. 

X-axis indicates the compounds synthesised and Y-axis indicates the percentage 

inhibition of the compounds at 5µM concentration.  
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Figure  6.10:  Crude  inhibition of  CYP1A2  enzyme by  the  synthesised  stilbenes.  The 

data measured  in  triplicates and error bars  represents  standard deviation of  three 

repeats. 

X‐axis  indicates  the  compounds  synthesised  and  Y‐axis  indicates  the  percentage 

inhibition of the compounds at 5µM concentration.  

6.4.2   Determination of IC50 values for stilbenes on  

CYP1A1, CYP1B1 and CYP1A2 enzymes  

The synthesised compounds have an identical ring ‘B’ with acetonitrile 

group and pyrido >N at position 3. The compounds differ in the number of 

methoxy groups attached to their rings ‘A’. The assay was performed in 

triplicates by means of endpoint assay (see Chapter 2 Section 2.13) at 37°C 

using Costar 96-well flat-bottomed TC treated plates. At the time of assay 

the compounds were thawed at 37°C and serially diluted in 10% DMSO 

and the final concentration of the DMSO in each well was maintained at 

0.1%. Each reaction was carried out with 100µl of the reaction mixture per 

well. 50µl of NADPH-regenerating system with 6 different concentrations 
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of test compounds was pre-incubated at 37°C for 10 minutes, 50µl of 

microsome-substrate mixture was added and incubated together with 

NADPH-regenerating system for a further 10 minutes. The reaction was 

stopped by adding 75µl of stop solution (80% acetonitrile and 0.5M of Tris-

HCl). The reaction was measured in RFU values using endpoint assay 

parameter settings on the Bio-Tek Synergy HT plate reader (see Chapter 2, 

Section 2.12). In each well, a total concentration of 25µg was maintained. 

The outline for the reactions performed with the CYP1A1, CYP1B1 and 

CYP1A2 enzymes is the same as mentioned in Section 6.3.2. The assay 

parameters are the same as mentioned in Chapter 2 Section 2.12. 

Comparing the structures and activities of DMU SB1 and DMU SB2 

The substitution of methoxy (-OCH3) groups in DMU SB1 is at positions 

3,4 and 5 in the ring ‘A’ while DMU SB2 has methoxy group substitutions 

are at positions 2, 3 and 4. These structures share an identical ring ‘A’ to 

the heterocyclic chalcone DMU 2157 and DMU SK10. The IC50 values 

obtained from DMU SB1 and DMU SB2 for CYP1A1 were relatively 

similar, 113.9nM and 183nM respectively. The IC50 values for DMU SB1 

obtained with CYP1B1 and CYP1A2 were 60.31nM and 1µM, 

respectively. For DMU SB2 the IC50 value for CYP1B1 was 39.68nM and 

for CYP1A2 266nM. The compounds DMU SB1 and DMU SB2 were 

found to be potent inhibitors of CYP1B1 enzyme (see Table 6.11). 
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Table 6.11: The structures of DMU SB1 and DMU SB2 and comparison of 

their IC50 values obtained by screening them on CYP1A1, CYP1A2 and 

CYP1B1 enzymes.  

Synthesised 
Stilbene 

Chemical Structure 
 

In Vitro 
CYP1A1 

IC50 values 

In Vitro 
CYP1B1 

IC50 values 

In Vitro 
CYP1A2 

IC50 values 

DMU SB1 

N

MeO

MeO

MeO

CN

113.9nM  60.31nM  1000nM 

DMU SB2  N

MeO

MeO

CN

MeO

183nM  39.68nM  266nM 

 

Comparing the structures and activitie of SB3 and SB4 

These are the compounds which have only one methoxy group in the ‘A’ 

ring. DMU SB3 has a methoxy group at position 2 while DMU SB4 has 

methoxy group substituted at position 3. It was found that DMU SB3 and 

DMU SB4 strongly inhibited CYP1B1 with IC50 values of 30nM and 

24nM, respectively. IC50 for inhibition of CYP1A1 and CYP1A2 were 

about 10-fold higher (see Table 6.12). 
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Table 6.12: The structures of DMU SB3 and DMU SB4 and comparison of 

their IC50 values obtained by screening them on CYP1A1, CYP1A2 and 

CYP1B1 enzymes.  

Synthesised 
Stilbene 

Chemical Structure 
 

In Vitro 
CYP1A1 

IC50 values 

In Vitro 
CYP1B1 

IC50 values 

In Vitro 
CYP1A2 

IC50 values 

DMU SB3  N

CN

MeO

 

522.3nM  30 nM  205 nM 

DMU SB4  NMeO

CN
 

765.8nM  23.72nM  574 nM 

 

Comparing the structures and activities of DMU SB5 and DMU SB6  

These compounds have two methoxy groups in ring ‘A’. DMU SB5 has 

methoxy groups at positions 3 and 5 while DMU SB6 has methoxy groups 

at positions 2 and 4. These two compounds were found to be potent 

inhibitors of CYP1B1 with IC50 values of 19nM and 10nM, respectively. 

The IC50 values of DMU SB5 and DMU SB6 for CYP1A1 was 191nM and 

462.8nM, respectively. The IC50 values for SB5 and SB6 for CYP1A2 

obtained was similar, 769nM and 612nM (see Table 6.13). 
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Table 6.13: The structure of DMU SB5 and DMU SB6 and comparison of 

their IC50 values obtained by screening them on CYP1A1, CYP1A2 and 

CYP1B1 enzymes.  

Synthesised 
stilbene 

Chemical Structure 

In Vitro 
CYP1A1 
IC50 value 

In Vitro 
CYP1B1 
IC50 value 

In Vitro 
CYP1A2 
IC50 value 

DMU SB5  N

MeO

MeO

CN
 

191nM  19.78nM  769nM 

DMU SB6  NMeO

CN

MeO

 

462.8nM  10.31nM  612nM 

 

Table 6.14 shows the IC50 values for inhibition of CYP1A1, CYP1B1 and 

CYP1A2 enzymes by DMU SB7 which has no functional groups attached.  

Table 6.14: The structure of DMU SB7 and its IC50 value obtained by 

screening on CYP1A1, CYP1A2 and CYP1B1 enzyme.  

Synthesised 
Stilbene 

Chemical Structure 
In Vitro 
CYP1A1 
IC50 value 

In Vitro 
CYP1B1 
IC50 value 

In Vitro 
CYP1A2 
IC50 value 

DMU SB7  N

CN
 

6400nM  594nM  815nM 
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6.5 Screening of commercial available flavonoids with 

 CYP1A1 and CYP1B1 enzymes 

Flavonoids belong to a class of polyphenolic compounds. They consist of 

three aromatic rings A, B and C. From the screening of the 200-compound 

library (results described in Chapter 3), a compound named DMU 110 

(tetramethyl-luteolin ether) was found to be an inhibitor of CYP1A1 with 

an IC50 value of 356nM and showing a 10-fold difference in the IC50 values 

obtained with CYP1B1 and CYP1A2 enzymes (see Chapter 3, Section 

3.15, Table 3.6 ). DMU 110 is a methoxylated flavonoid which is also 

commercially available. A further group of commercially available 

flavonoids (provided by Dr. Ken Beresford's group) were then screened in 

vitro with the CYP1A1 and CYP1B1 enzymes to find out if there could be 

other flavonoids that inhibited CYP1A1 and may be CYP1B1.  Since 

CYP1A1 and CYP1B1 enzymes are involved in the bio-transformation of 

poly-aromatic hydrocarbons (PAHs) to carcinogens, naturally occurring 

compounds like flavonoids that inhibit CYP1A1/CYP1B1, if available, 

would be ideal to prevent the genesis of cancer (i.e. by preventing 

formation of potential carcinogens from PAHs).  

The available commercial flavonoids consisted of hydroxyl (-OH) and 

methoxy (-OCH3) groups substituted on their ‘A’ and ‘B’ rings. The 

compounds were initially screened at 5µM concentrations by performing a 

crude inhibition endpoint assay (as mentioned in Chapter 2 Section 2.12) 

on CYP1A1 and CYP1B1 enzymes (see Figures 6.11 and 6.12). The 

inhibitory potential of the compounds were estimated and this helped to 

determine IC50 values. The chemical structures and their IC50 values 

obtained using the commercial flavonoids are described in Table 6.15. 
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Figure 6.11: Percentage  inhibition of the CYP1A1 enzyme by commercially available 

flavonoids.  The  data  measured  in  triplicates  and  error  bars  represents  standard 

deviation of three repeats. 

X-axis indicates the compounds available commercially and Y-axis indicates the 

percentage inhibition of the compounds at 5µM concentration.  
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Figure 6.12: Percentage  inhibition of the   CYP1B1 enzymes by commercial available 

flavonoids.  The  data  measured  in  triplicates  and  error  bars  represents  standard 

deviation of three repeats. 

X‐axis  indicates  the  compounds  synthesised  and  Y‐axis  indicates  the  percentage 

inhibition of the compounds at 5µM concentration.  

6.5.1   Determination of IC50 values for the commercially  

available flavonoids on CYP1A1, and CYP1B1 enzymes 

The flavonoids were screened on human recombinant CYP1A1,CYP1A2 

and CYP1B1 microsomal enzymes obtained from "in house" preparations. 

The experiments were performed in triplicates by means of endpoint assays 

(see Chapter 2 Section 2.13) at 37°C using Costar 96-well flat-bottomed 

TC treated plates. At the time of assay the compounds were thawed at 

37°C, they were serially diluted in 10% DMSO and the final concentration 

of the DMSO in each well was maintained at 0.1%. Each reaction was 

carried out as 100µl reaction mixtures per well. 50µl of NADPH-

regenerating system with 6 different concentrations of test compounds were 
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pre-incubated at 37°C for 10 minutes and 50µl of microsome-substrate 

mixture was added and incubated together with NADPH-regenerating 

system for a further 10 minutes. The reaction was stopped by adding 75µl 

of stop solution (80% acetonitrile and 0.5 M of Tris-HCl). The reaction was 

measured in RFU values using endpoint assay parameter settings on the 

Bio-tek Synergy HT plate reader (see Chapter 2, Section 2.12 ). The total 

amount of protein in each well was maintained at 25µg. The outline of the 

reaction is the same as described in Section 6.3.2 for the CYP1A1, 

CYP1B1 and CYP1A2 enzymes. The assay parameters are same as 

mentioned in Chapter 2 Section 2.12.  

From the determined IC50 values compounds such as chrysin (hydroxylated 

ring ‘A’), 6-methoxy luteolin (hydroxyl and methoxy groups attached to 

rings ‘A’ and ‘B’) and apigenin (hydroxyl group attached to ring ‘A’) were 

found to be potent inhibitors of CYP1B1 enzyme with IC50 values of 

445nM, 91nM and 411nM, respectively. While the compounds such as 

eupatorin-5-methyl ether (methoxy groups attached to rings ‘A’ and ‘B’ 

and a hydroxyl group attached to ring ‘A’) and scutellarein tetramethyl 

ether (methoxy groups attached to rings ‘A’ and ‘B’) were found to be 

relatively potent inhibitors of CYP1A1 enzymes with IC50 values of 349nM 

and 328nM and showed 10-fold difference when compared with the IC50 

values obtained with CYP1B1. The compounds like quercetin dihydrate , 

crisilliol, luteolin, acacetin, diosmetin, daidzein, genistein, baicalein, 

resveratrol, piceatonmol, eupatorin showed equipotent inhibition of 

CYP1A1 and CYP1B1 enzymes (see Table 6.15). 



Page | 279  
 

Table 6.15: Chemical structure of commercial flavonoids and the IC50 

values obtained by screening them on CYP1A1 and CYP1B1 enzymes.  

Flavonoids  Chemical structures 

In vitro 
CYP1A1 
IC50 

values 

In vitro 
CYP1B1 
IC50 

values 

Chrysin 

O

OOH

HO

 
 

3100nM  445nM 

Quercetin 
dihydrate  O

O

OH

OH

OH

OH

HO

. 2H2O

 
 

6000nM  4600nM 

Scutellarein 
tetramethyl 

ether 

O

OOMe

MeO

MeO

OMe

328nM  3900nM 

Eupatorin 
O

OOH

MeO

MeO

OMe

OH

 
 

384nM  350nM 

Crisiliol 
O

OOH

MeO

MeO

OH

OH
3400nM  1200nM 
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Luteolin 
O

OOH

HO

OH

OH

 
 

5900nM  3000nM 

6‐Methoxy 
Luteolin 

(Eupafolin) 

O

OOH

HO

OH

OH

MeO

 
 

2500nM  91nM 

Acacetin 

 
 

134nM  83.6nM 

Diosmetin 
O

O

OMe

OH

OH

HO

 
 

447nM  152nM 

Daidzein 
O

O

OH

HO

7000nM  4300nM 

Genistein 

O

O

OH

HO

OH

 
 

6000nM  3700nM 
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Baicalein 

 

O

OOH

HO

HO

 
 

5500nM  3600nM 

Resveratrol 

OH

OH

HO

 
 

6700nM  4500nM 

Piceatannol 

OH

HO
OH

OH

 

6200nM  4500nM 

Apigenin 

 

4300nM  411nM 

Eupatorin 5‐ 
Methyl ether 

349nM  3600nM 
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6.6  Conclusion   

This Chapter has discussed the newly synthesised chalcone and stilbene 

derivatives. In Chapter 3, it was revealed that  

(1) DMU 2157, a chalcone and  

(2) DMU 110, a flavonoid tetramethyluteolin ether 

showed 40-fold selectivity as an inhibitor of the CYP1A1 enzyme over 

CYP1B1 and CYP1A2 enzymes.  Enzyme inhibition studies performed on 

a series of molecules sharing a similar scaffold to DMU 2157, as described 

in Chapter 3, suggested that the position of the methoxy groups in ring A 

and nitrogen atom in the ring B of DMU 2157 play an important role in 

modulating and selectively inhibiting CYP1A1enzyme activity.   

We hypothesised that structure activity relationship (SAR) studies on DMU 

2157 analogues could lead to better understanding of the structural 

requirements for potent inhibition of CYP1A1 and may possibly lead to 

identifying a more potent compound than DMU 2157.   

A series of chalcone and stilbene classes of compounds were synthesised 

via the Claisen-Schmidt condensation reaction. NMR spectroscopy and 

mass spectrometry helped to identify the structures of newly synthesised 

compounds. The chalcones synthesised share a similar core structure to 

DMU 2157, with a 4-pyridine B ring and differ in the position of functional 

groups attached on ring A.  All the synthesised stilbene derivatives contain 

a nitrile group and a 3-pyridine B-ring.  

The 18 newly synthesised compounds, along with a set of commercially 

available flavonoids, were first screened on "in house" microsomes that 
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contained the enzymes CYP1A1, CYP1B1 and CYP1A2 at 5µM 

concentration and later IC50 values were determined. 

Amongst the synthesised chalcones,  

(1) DMU S2 (three ethoxy groups substituted at positions 3, 4, and 5 in 

ring A), DMU S3 (one ethoxy group substituted at position 3 and 

two methoxy groups substituted at positions 4 and 5 in ring A) and 

DMU S4 (one methoxy group substituted at position 3 and two 

ethoxy groups at positions 4 and 5 in ring A) were found to be 30-

fold selective as inhibitors of the CYP1A1 enzyme over CYP1B1 

and CYP1A2 enzymes.   

(2) The chalcones DMU SK5 (two methoxy groups at positions 3 and 4 

in ring A), DMU SK6 (one methoxy group substituted at position 2 

in ring A), DMU SK9 (two methoxy group substituted at positions 

3 and 5 in ring A) and DMU SK10 (three methoxy groups 

substituted at positions 2,4 and 5) showed potent and selective 

inhibition towards CYP1B1enzyme over CYP1A1 and CYP1A2 

enzymes.  

From the results obtained it was clearly evident that the position of the 

three methoxy groups or a combination of ethoxy and methoxygroups at 

positions 3, 4 and 5 in the chalcone ring A play a very important role in the 

inhibition of CYP1A1 enzyme. Methoxy substitutions at positions 2, 4 and 

5 alter specificity towards CYP1B1.  More surprisingly, decreased number 

of methoxy groups (one or two methoxy groups) in the A ring also seems 

to favour specificity towards the CYP1B1 enzyme.  
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Furthermore, in the study of stilbene derivatives, DMU SB1, DMU SB2, 

DMU SB3, DMU SB4, DMUSB5, DMU SB6 and DMU SB7 were found 

to be potent and selective inhibitors of CYP1B1 enzyme. This indicates 

that the addition of the nitrile group and nitrogen at the position 3 in ring B 

of the stilbene scaffold prevents selective inhibition towards CYP1A1 

enzyme and favours CYP1B1 inhibition. 

From the commercial list of flavonoids that were tested in assays pertaining 

to the CYP1 sub-family of enzymes,  

(1) Eupatorin 5-methyl ether and  

(2) Scutellareintetramethyl ether  

were found to be selective inhibitors of CYP1A1 enzyme with IC50s of 384 

nM and 328 nM, respectively (Table 6.15).  It should be pointed out that 

Eupatorinis equi-potent to CYP1A1 and CYP1B1.  We firmly believe that 

further SAR studies on the flavonoid scaffold are likely to reveal the 

specific substitution patterns of the methoxy and hydroxyl groups in 

flavonoids that lead to potent and specific inhibition of the CYP1A1 

enzyme.  
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6.7  Summary IC50 graphs 

Experiments  were  done  in  triplicates  (n=3)  and  error  bars  represents  standard 

deviation of three repeats. 

Table 6.16: Synthesised chalcone screened on CYP1A1, CYP1B1 and 

CYP1A2 enzymes. 

DMU 
No. 

 
CYP1A1 

 
CYP1B1 

 
CYP1A2 

 
SK5 

 
  

 
SK6 

   

 

 

SK7 
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SK8 

   

SK9 

 
 

 

 

SK10 

 
   

 

S1 
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S2 

    

 

S3 

 
 

 

S4 
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Table 6.17: Synthesised stilbene screened on CYP1A1, CYP1B1 and CYP1A2 

enzymes. 

DMU 

No. 

CYP1A1  CYP1B1  CYP1A2 

 

SB1 

 

 

SB2 

 

 

SB3 

 

 

SB4  
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SB5  

 

 

SB6 

 

 

SB7 
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Table 6.18: Commercial flavonoids screened on CYP1A1 and CYP1B1 

enzymes. 

Commercial 

flavonoids 

CYP1A1  CYP1B1 

 

Chrysin 

 
 

 

Quercetin 

dihydrate 

   

 

Scutellarein 

tetramethyl 

ether 

 

 

Eupatorin 
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Crisiliol 

 
 

 

Luteolin 

 
 

 

6‐methoxy 

luteolin 

(Eupafolin) 

 

 

Acacetin 
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Diosmetin  

 

 

Daidzein  

 

 

Genistein 

 

 

Baicalein 
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Resveratrol  

 

 

Piceatannol  

 
 

 

Apigenin 

 

 

Eupatorin 5‐ 

methylether 
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Chapter 7 Discussion 

7.1 Background –Why CYP1A1 inhibition could be a 

 novel way of preventing cancer? 

This thesis was primarily aimed at finding a potent inhibitor of the human 

cytochrome P450 1A1 (CYP1A1) enzyme. Amongst the human CYP1 

family members, the CYP1A1 enzyme is the most active in metabolizing 

pro-carcinogens, such as poly-aromatic hydrocarbons (PAHs), to 

carcinogenic substances (Galvan et al 2005). CYP1A1 enzyme is expressed 

mainly in the lungs but is also present in different organs of the human 

body. The CYP1A1 gene is induced at the transcriptional level by a 

transcription factor which belongs to the hormone receptor family. Two 

well known members of this family are the oestrogen receptor and the 

glucocorticoid receptor. This transcription factor that induces the CYP1A1 

gene is known as the aromatic (aryl) hydrocarbon receptor (AhR) since it is 

activated by poly-aromatic hydrocarbons, PAHs (Androutsopoulos et al 

2009). A PAH acts as a ligand to AhR thereby forming a PAH-AhR 

complex which activates CYP1A1 gene transcription. As of yet, AhR’s 

natural ligand has not been found.  It is conjectured that there may not be a 

natural ligand and that xenobiotics, like PAHs, may be the true ligands of 

AhR with AhR helping to excrete potential carcinogens which 

humans/mammals imbibe from their bodies.   

The AhR-PAH complex binds to AhR-specific sequences in the promoter 

of the CYP1A1 gene to activate its transcription to mRNA, thereby helping 

to induce production of CYP1A1 protein after translation of the mRNA. 

The active CYP1A1 enzyme formed is free to metabolise, through 
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hydroxylation, a specific PAH to form a potential carcinogen that could 

intercalate DNA and immobilise DNA, one of the causes of carcinogenesis.  

In summary, PAHs are responsible for initiating a cascade of biochemical 

reactions via interacting with the AhR. This ultimately could lead to the 

formation of carcinogenic substances and result in the onset of cancer, 

depending on the amounts produced, via a positive feedback loop.   

PAHs are found in cigarette smoke and are thought to be one of the 

primary causes of lung cancer (Pliarchopoulou et al 2012). In theory, a 

potent human CYP1A1 enzyme-specific inhibitor should inhibit the 

formation of carcinogens from PAHs and thereby prevent the occurrence of 

lung cancer. Therefore, a CYP1A1-specific inhibitor, if identified, would 

have great potential as a ‘chemopreventive’, preventing the onset of lung 

cancer. In fact, the concept of inhibiting CYP1A1-mediated carcinogen 

formation may be applicable to all forms of cancer where the causative 

agent is a hydroxylated PAH.   

7.2  Seeking CYP1A1 Inhibitors 

We embarked on seeking potent inhibitors of CYP1A1 enzyme in a library 

of compounds that were structurally designed with the aim that some of 

them would possibly be‘substrates’ of the CYP1A1 and CYP1B1 enzymes.  

It was found that some of the molecules in the library were indeed 

substrates and could act as pro-drugs (results obtained by others; De 

Montfort University Patents), being converted by the two CYP isozymes to 

toxic metabolites with potential in the treatment of cancer.  However, to 

our surprise we also found that a few molecules in the library were quite 

specific ‘inhibitors’ of both CYP1A1 and CYP1B1 enzymes (results 

presented in this thesis).   
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7.3 Background to heterologous CYP expression in 

different organisms  

In order to find CYP1A1 inhibitors in the ~200-compound library, we 

needed to produce active human CYP1A1 enzyme. In the human body, 

most CYPs are bound to the human cells’ endoplasmic reticular (ER) 

membranes. The CYP1A1 enzyme used in this study was produced from 

baker’s yeast and it was bound to yeast’s microsomal membranes which are 

synonymous to yeast’s ER membranes.  We found that the enzyme isolated 

from yeast was far better in activity than the best enzyme available 

commercially. 

Human CYP enzymes have earlier been produced in a variety of different 

heterologous expression systems for evaluating inhibitory potential of 

chemical compounds and for studying the different structural domains 

present in all CYPs (Tang et al 2005). The organisms used for expression 

of CYPs included the bacterial (Escherichia coli), insect and mammalian 

cell systems (Gonzalez and Korezekula 1995; Masimirembwa et al 1999).  

All these expression systems have their advantages and disadvantages.  

7.3.1 Bacterial Cell Expression of CYPs 

Bacteria (Escherichia coli) have been used for heterologous expression of 

CYP enzymes for more than two decades. Although bacterial cells have the 

advantage of producing fairly large amounts of protein in a short period of 

time under inexpensive conditions, the major limitation of using E.coli as a 

host for expressing CYPs is that the bacterial cells are prokaryotes and 

hence are devoid of the endoplasmic reticular membranes; they also lack 

the endogenous reductase, essential for activation of CYPs, that are present 
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in all eukaryotic cells. Most human CYPs and CYP reductase are bound to 

the ER membranes; binding to ER membranes is possible only because all 

CYPs and the CYP reductases possess hydrophobic membrane-binding 

domains. Unfortunately, bacterial cells do not allow production of CYPs 

and CYP reductase that contain their natural membrane anchoring domains.  

It is essential that these N-terminal domains (30 to 70-amino acid long 

peptides) are deleted to allow production of these proteins in bacteria so 

that they can be secreted to the periplasmic membrane of bacterial cells. It 

is quite likely that shearing off the membrane-anchoring domain leads to 

drastic structural alterations and concomitant modification of activities of 

CYPs and CYP reductases (Guengerich 1996; Gilliam 2007; Hanlon et al 

2007).  

7.3.2  Insect cell expression of CYPs 

The insect cell expression system is generally known to be quite effective 

for the expression of recombinant proteins. Although it has the advantage 

of providing a eukaryotic environment i.e. presence of the endoplasmic 

reticulum and possibilities of post-translational modifications, its 

endogenous CYP reductase is unable to couple with human CYPs. Unlike 

bacterial cells however, extensive modification of the N-terminal 

membrane anchoring domain is not required. High levels of CYP-CPR 

expression can be achieved via baculovirus (insect cell virus) mediated 

expression in insect cells (Lee 1995; Schawarz 2001). A major drawback of 

using this system is the construction of CYP gene-encoding viruses which 

is labour intensive and time consuming. Moreover, stable expression is 

often difficult to achieve and the culture medium is remarkably expensive 

(Zollner et al 2010).  
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7.3.3  Mammalian cell expression of CYPs 

A mammalian expression system, based on mouse, rat or hamster cells, is 

definitely attractive since it would most closely resemble the environment 

within human cells. The presence of ER membranes would allow 

production of the CYP proteins in their functional state without requiring 

any N-terminal modifications. Additionally, CYP reductase is naturally 

present in mammalian cells and would allow it to act as an electron 

transport partner for activation of a CYP. The main drawback of this 

system is that expression levels are very low compared to other 

heterologous systems. Moreover, the cell culture medium is very 

expensive, even more expensive than insect cell media (Guengurich 1996; 

Friedberg et al 1999).  

7.3.4  Yeast expression of CYPs 

The yeast S. cerevisiae is probably the simplest unicellular eukaryote and 

was the first eukaryotic organism whose genome was fully sequenced 

(Goffean et al 1996). Since its genetics has been studied for more than a 

century, over the last three decades attempts have been made to engineer 

the expression of a wide variety of recombinant human proteins in yeast.  

There are many therapeutic proteins, almost exclusively produced in the 

yeast S.cerevisiae, that have been approved by the Food and Drug Agency 

(FDA) and the European Medicine Agency (EMA), one of them being 

insulin (Huang et al 2010).  

The first successful heterologous expression of mammalian CYPs in yeast 

cells was reported by Ohkawa and his colleagues in Japan (Sakaki 1985). 

The sub-cellular organisation in yeast cells are very similar to that found in 

mammalian cells, namely, they share structural and mechanistic features 



Page | 299  
 

like (a) the endoplasmic reticulum and mitochondrial compartments, (b) 

mechanisms underlying membrane targeting that result in distinct 

topologies of membrane-bound proteins, and (c) enzymes that allow post-

translational modifications (Pompom 1997; Gilliam 2007). The expression 

of recombinant human CYPs in S.cerevisiae was shown to be more 

efficient, in terms of levels of production, than other expression systems 

detailed above. This raised the hope that yeast would provide a low cost 

and efficient heterologous expression system for human CYPs (Gilliam 

2007). Unfortunately however, the yeast expression system was superseded 

by the insect cell expression system since the latter provided human CYPs 

with much higher activity.   

7.4  Yeast expression of CYPs described in this thesis 

In this study, we have also used the yeast S.cerevisiae for successful 

expression of recombinant human CYPs. The human CYPs produced in our 

systems have far superior activity than the insect cell produced CYPs 

available commercially and which are currently considered as the 

worldwide benchmark.   

For the purpose of screening for potential CYP1A1 inhibitors, the human 

CYP1A1 enzyme was produced in bulk. The preparation of the 

recombinant yeast microsomes containing human CYP1A1 enzyme has 

been described in Chapter 2 Section 2.6.  The yeast cells co-expressed the 

human CYP1A1 gene with a novel variant of the human CYP reductase 

gene, ∆hRDM. Both the CYP and reductase genes were driven by the 

promoter of the gene that codes for the yeast enzyme alcohol 

dehydrogenase II (ADH2p). The plasmids, containing the CYP and 
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reductase gene expression cassettes, were constructed previously by other 

members of our group.  

7.5  CYP gene expression cassettes & induction of CYP 

 expression  

A gene expression cassette consists of a gene, to be expressed, sandwiched 

between the promoter and terminator regions. The promoter is a key 

regulatory region that controls the transcription of the adjacent coding 

region into mRNA which is then directly translated into protein. The 

expression of a foreign gene in S.cerevisiae is usually regulated by native 

yeast promoters (Lee and Dasilva 2005). Yeast promoters are basically 

divided into two classes: constitutive and inducible. A constitutive 

promoter naturally regulates expression of housekeeping genes involved in 

the maintenance of regular cellular activity and, hence, is constantly 

expressed (Madzak et al 2004; IIgen et al 2005). An inducible promoter, on 

the other hand, tends to be relatively more useful than constitutive 

promoters because they can be employed to control precisely the ‘time 

period’ and ‘level’ of gene expression.  The most commonly used inducible 

promoters belong to the GAL1 and Gal10 genes which are glucose-

repressible but galactose inducible (Romanos et al 1992; Lee and Dasilva 

2005). The potential drawback of the galactose inducible promoters is that 

it requires galactose addition which can be cumbersome and costly; 

moreover, some laboratory yeast strains contain gal2 mutations that 

inactivate the galactose premease, thereby preventing induction by 

galactose (Gilliam 2007).  
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Previous work carried out in our group indicated that CYP expression 

under the galactose-inducible promoters yielded comparatively low 

amounts and activities of CYPs relative to systems that use the 573 bp 

ADH2 promoter. The ~300 bp ADH2 promoter had been reported to be 

inducible, being repressed in the presence of glucose and inducible in the 

presence of ethanol. We observed that the cloned 573 bp ADH2 promoter 

(>250 bp longer than the published promoter) is more tightly repressed 

during growth in glucose than the 300 bp promoter. After glucose 

depletion, the regulatory transcription factor Adr1 is activated and it binds 

to the ADH2 promoter thereby initiating gene transcription to produce CYP 

proteins. The interesting point about this promoter is that it becomes 

gradually active when glucose concentration is lowered through the 

production of ethanol so that protein production, if desired, need not occur 

all of a sudden which may be deleterious to cells because sudden 

production of a heterologous protein may be stressful to cells.  However, 

when ethanol (a non-fermentable carbon source) is added to the cell culture 

medium during glucose exhaustion, heterologous protein production can 

also be suddenly enhanced (Lee and Dasilva 2005; Gilliam 2007).  

The GAL promoter was therefore replaced by the ADH2 promoter for 

CYP1A1 gene expression. 

7.6 Analyses of CYP microsomes – measurement of  

CYP protein levels & activities 

After expressing the CYP1A1 protein in yeast using the ADH2 promoter, 

experiments were carried out on the newly prepared microsomes containing 

CYP1A1 enzyme to ascertain (a) the total protein concentration in the 
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microsomal sample and (b) the CYP450 content. The amount of protein 

concentration in the microsomes, containing active CYP1A1, was 

determined by using the Bio-Rad Bradford protein determination protocol 

(Bradford Method 1976). Protein concentrations were determined by 

comparing the absorbance of the Bradford dye-bound microsomal sample 

with a standard curve generated using different concentrations of bovine 

serum albumin (BSA) bound to Bradford dye, as shown in Table 2.1 and 

Figure 2.1 in Chapter2.  

Estimated total protein concentrations were used as a guide to how much of 

the re-suspended microsomal membranes should be taken to conduct CO-

binding assays. The CO-binding assay is the only method that is available 

to estimate P450 (CYP) content in microsomal samples. Carbon-monoxide 

(CO) gas is added to the CYP containing microsome. CO binds to the 

reduced form of CYP protein which exhibits an absorbance at the 

wavelength of 450nm (Omura and Sato 1964). Inactive CYP enzyme 

shows absorbance at a wavelength of 420nm. The spectral analysis 

exhibited a peak only at 450nm suggesting that the CYP1A1 protein, in the 

microsomal sample, was fully active catalytically and that there was no 

formation of misfolded CYP1A1 protein, as shown in Figure 3.1 in Chapter 

3.  

Burke and Mayer (1974) were the first to use the CYP catalysed O-

dealkylation of alkoxyresorufin to examine the induction of hepatic P450 

activity by fluorescence. Fluorescence-based assays are widely used in 

laboratories to determine percentage inhibition of CYPs by newly 

synthesized chemical compounds in a high-throughput mode. These assays 
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are considered to be simple, rapid, cost effective and reproducible (Donato 

et al 2004; Smith et al 2007).   

We established a fluorometric assay using the known CYP1A1 enzyme 

substrate, 7-ethoxyresorufin. CYP1A1 exhibits an ethoxyresorufin-O-

deethylase (EROD) activity implying that CYP1A1 performs a de-

ethylating reaction on 7-ethoxyresorufin to convert it to the fluorescent 

molecule, resorufin (Nakajima et al 2002; Shimada et al 2002). This 

conversion can be conveniently measured on a fluorescent plate reader.  A 

potential inhibitor of CYP1A1 enzyme would be expected to prevent 

formation of fluorescent resorufin which could then easily be monitored by 

the relative decrease of fluorescence emitted by the native enzyme.   

The metabolic rate produced by CYP1A1 was observed to be linear up to 

20 minutes as shown in Figure 3.2 Chapter 3. Yeast microsome-containing 

CYP1A1 enzyme produced "in house" showed a threefold higher activity 

than the CYP1A1 microsomes expressed from insect cells obtained 

commercially from BD-Gentest. The comparative results are shown in 

Figure 3.3 in Chapter 3. There are three main companies who sell 

recombinant CYPs worldwide. They are (1) BD-Gentest, (2) Invitrogen and 

(3) Cypex. And amongst these three, BD-Gentest is considered to be the 

best recombinant CYP producer in the world.  

The linear metabolic rate of the yeast-produced CYP1A1 enzyme was the 

basis for determination of percentage inhibition of the ~200 compounds 

and also for IC50s of the most potent compounds. A known chemical 

inhibitor of the CYP1A family, α-naphthoflavone from the flavonoid class, 

was used as a control for determination of its IC50 in the CYP1A1 enzyme 

produced "in house". The IC50 value obtained was 90nM which was 
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consistent with that reported previously by Shimada et al (1999), verifying 

that the active site of our yeast-produced enzyme must be identical to the 

enzyme produced earlier in yeast. The results are shown in Figure 3.13 in 

Chapter 3.   

7.7 Compounds in the literature identified as CYP1 

 enzyme inhibitors 

After having established the CYP1A1 fluorescence assay, the library 

consisting of around 200 chemically synthesised compounds was first 

screened for percentage inhibition, using the yeast-produced CYP1A1 

microsomal enzyme, with the aim of finding a potent CYP1A1 enzyme-

specific inhibitor. In the recent literature, several compounds have been 

identified as inhibitors of CYP1A1, CYP1B1 and/or CYP1A2, members of 

the CYP1 family of enzymes. The compounds identified belong to different 

classes:  

(1) Chrysin, apigenin, luteolin, acacetin, diosmetin, quercetin, 

myricetin, kaempferol, α-naphthoflavone, and β-naphthoflavone, 

belonging to the flavonoid class of compounds.  

(2) Amongst the stilbenes, resveratrol, rhapontigenin, 3,5,3',5'-

tetramethoxystilbene and 3,4,5,3',5'-pentamethoxystilbene have 

been reported as CYP1 inhibitors.   

(3) Besides these, the synthetic compounds 2-[2-(3,5-

Dimethoxyphenyl)vinyl]-thiophene (DMPVT) and compound 343 

also possess the ability to inhibit CYP1 enzymes. 

None of these molecules is specific to anyone of the three enzymes. To a 

certain degree, they modulate all three CYP1 family members, CYP1A1, 
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CYP1B1 and CYP1A2 (Chun et al 1999; Chun et al 2000; Doostdar et al 

2000; Kim et al 2003; Mikstacka et al 2006, 2007; Sienkiewicz et al 2007; 

Simone 2010;  Androutsopouloset al 2011; Mikstacka et al 2012; Liu et al 

2013). The structures of the compounds, identified in the literature, are 

depicted below in Figures 7.1, 7.2 and 7.3. 

O

OOH

HO

                         

           Chrysin                                                Apigenin 

                              

O

OOH

HO

OH

OH

 

                                            Luteolin 

O

O

OMe

OH

OH

HO

                     

         Diosmetin                                                     Acacetin 

 



Page | 306  
 

O

OOH

OH

HO

OH

OH

            

O

OOH

OH

OH

OH

OH

HO

                

            Quercetin                                                   Myricetin 

O

OOH

OH

OH

HO

                          

O

O  

         Kaempferol                                                α-naphthoflavone 

                                 
O

O

 

                                        β-naphthoflavone 

Figure 7.1: Chemical structure of  the CYP1A1 enzyme  inhibitors  from  the  flavonoid 

class 
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Figure  7.2:  Chemical  structure  of  the  CYP1A1  enzyme  inhibitors  from  the  stilbene 

class 
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Figure: 7.3  Chemical structure of the Synthetic inhibitors of CYP1A1 enzymes   

Flavonoids are polyphenolic compounds which are widely present in fruits, 

nuts, vegetables and medicinal herbs. They have been described as health-
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promoting, as well as disease preventing dietary supplements (Moon et al 

2006). Their relative safety has allowed them to be used as therapeutic 

agents both in traditional and modern medicines. Although flavonoids have 

high potency for inhibition of CYP1 family enzymes, none of them have 

yet been reported to be highly specific to any one of the three CYP1 

enzymes (Zhai et al 1998). The IC50 obtained for a compound in a CYP1 

enzyme assay must at least be 20-fold lower than the IC50 values registered 

with the other two CYP1 enzymes to be considered as ‘highly’specific.  

Chrysin, luteolin, apigenin, acacetin and diosmetin belong to the flavone 

sub-class of the flavonoid group of compounds. All flavones share a 

chemical structure that consists of fused A and C rings and a phenyl ring B 

attached to position 2 of the ring C. Chrysin (5,7-dihydroxyflavone) 

possesses a hydroxyl group at positions 5 and 7 in the A-ring with no 

functional groups attached to the B-ring. In in vitro studies, Chrysin was 

found to inhibit potently both CYP1A2 and CYP1B1 enzymes but does not 

inhibit CYP1A1 (Kim et al 2005). Chrysin also inhibits the TCDD-induced 

CYP1B1 enzyme activity in human intestinal Caco-2cells (Sergent et al 

2009). Luteolin (3',4',5,7-tetrahydroxyflavone) exhibits a wide spectrum of 

pharmacological properties that include anti-inflammatory and anti-allergic 

effects (Hodek et al 2002). It possesses two hydroxyl groups in ring-B. In 

in vitro studies, it has been reported as a potent inhibitor of both CYP1B1 

and CYP1A1 enzymes but does not inhibit CYP1A2 (Kim et al 2005). 

Apigenin (4',5,7- trihydroxyflavone) is found abundantly in fruits and 

vegetables such as bell pepper, garlic and guava, and has been reported as a 

potential anticancer agent (Kim et al 2005).  It inhibits the growth of cancer 

cells and also induces apoptosis without affecting normal cells 

(Chatuphonprasert et al 2010). Apigenin shows some selectivity in the 
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inhibition of human recombinant CYP1B1 enzyme over CYP1A1 and 

CYP1A2 enzymes (Kim et al 2005; Androutsopoulos et al 2011). The 

compounds acacetin and diosmetin are more potent than chrysin, luteolin 

and apigenin in their inhibition of CYP1A1, CYP1B1 and CYP1A2 

enzymes as determined by EROD activity in in vitro studies (Doostdar et al 

2000). Both acacetin and diosmetin also inhibit CYP1A1 enzyme activity 

in mammalian microsomes isolated from 7,12-dimethylbenz-[α]anthracene 

(DMBA) treated cells, DMBA being an AhR ligand. The activities were 

again assessed by EROD assays (Ciolino et al 1998). The IC50 values of 

chrysin, apigenin, luteolin, acacetin and diosmetin for human CYP-1A1, 

1B1 and 1A2 enzymes are as detailed in Table 7.1 (Liu et al 2013). 

Table 7.1: The IC50 values of chrysin, apigenin, luteolin, acacetin and 

diosmetin for recombinant human CYP1A1, CYP1B1 and CYP1A2 enzymes. 

Flavone CYP1A1 IC50 
value 

CYP1B1 IC50 
value 

CYP1A2 IC50 

value 

Chrysin 6200 nM  280 nM  420 nM 

Luteolin 1270 nM  360 nM  8900 nM 

Apigenin 4100 nM  360 nM  5100 nM 

Acacetin 80 nM  7 nM  80 nM 

Diosmetin 140 nM  29 nM  440 nM 

 

Quercetin, kampeferol and myricetin belong to the flavonol sub-class of 

flavonoid group of compounds. The chemical structure of flavonol is 

similar to that of flavone but has an additional hydroxyl group attached to 
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position 3 in the C-ring. These compounds contain multiple hydroxyl 

groups in their core structure. Quercetin (3,3'4',5,7-pentahydroxyflavone) 

inhibits both CYP1A1 and CYP1B1 enzymes in cell-based assays 

inhibiting TCDD-induced EROD activity in human prostate cancer cells 

(Leung et al 2007; Chaudhary and Willket 2006; Androutsopoulos et al 

2011). Quercetin acts also as a potent inhibitor of human recombinant 

CYP1A1 and CYP1B1 enzymes (Chaudhary and Willket 2006 ; 

Androutsopoulos et al 2011). Kaempferol is found abundantly in herbs 

such as ginkgo-biloba, fruits and vegetables, and has several 

pharmacological effects like anti-oxidant, anti-radical and anti-

inflammatory properties (Chatuphonprasert et al 2010). Both kaempferol 

and myricetin inhibit TCDD-induced EROD activity of CYP1 enzymes in 

human prostate cancer cells and are also reported to inhibit recombinant 

CYP1A1, CYP1B1 and CYP1A2 enzymes to different degrees. 

Kaempferol is more potent than myricetin (Mikstacka et al 2010; 

Androutsopoulos et al 2011). Additionally, kaempferol is known to prevent 

CYP1A1 gene transcription induced by the prototypical AhR ligand, TCDD 

(Hodek et al 2002; Bruno and Nijar 2007), indicating that it is a 

competitive inhibitor of AhR. The IC50 values of quercetin, kaempferol and 

myricetin reported by Takemura et al (2010) for human recombinant 

CYP1A1, CYP1B1 and CYP1A2 enzymes are detailed in Table 7.2.  
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Table 7.2: The IC50 values of quercetin, kaempferol and myricetin for 

recombinant human CYP1A1, CYP1B1 and CYP1A2 enzymes. 

Flavonols  CYP1A1 IC50 
value 

CYP1B1 IC50 
value 

CYP1A2 IC50 
value 

Quercetin  169 nM  77 nM  409 nM 

Kaempferol  632 nM  47 nM  173 nM 

Myricetin  4000 nM  900 nM  13000 nM 

 

Alpha-naphthoflavone and β-naphthoflavone are positional isomers of 

naphthoflavone. Alpha-naphthoflavone is reported to be a potent inhibitor 

of CYP1A1, CYP1B1 and CYP1A2 enzymes with IC50 values of 60nM, 

5nM and 6nM, respectively (Shimada et al 1998). It is known to inhibit the 

CYP1A1 metabolism of poly-aromatic hydrocarbons (PAHs), acting as a 

competitive inhibitor and blocking the transformation of the pro-carcinogen 

to the carcinogenic form (Cui et al 2013). Beta-naphthoflavone exhibits 8-

fold higher inhibition of CYP1A1 compared to the inhibition of CYP1A2 

(Liu et al 2013). The IC50 values of these compounds, tested on 

recombinant human CYP1A1, CYP1B1 and CYP1A2 enzymes, have been 

reported by Shimada et al (1998) and Liu et al (2013) and are detailed in 

Table 7.3.  
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Table 7.3: IC50 values of α-naphthoflavone and β-naphthoflavone for 

recombinant human CYP1A1, CYP1B1 and CYP1A2 enzymes 

Flavonols  CYP1A1 IC50 
value 

CYP1B1 IC50 
value 

CYP1A2 IC50 
value 

α‐naphthoflavone  60 nM  5 nM  6 nM 

β‐naphthoflavone  54 nM  15 nM  470 nM 

 

Stilbene compounds display multiple activities that could be of interest to 

cancer prevention and therapy. Their anticancer properties have been 

proven in various animal models (Szekeres et al 2010). The first studied 

stilbenoid was resveratrol, (3,5,4'-trihydroxystilbene) which is a natural 

product found in red grapes. It showed chemopreventive effects in both 

cancer and cardiovascular disease (Chun et al 1999). Chun and his co-

workers (1999) reported that resveratrol inhibits human CYP1A1 enzyme 

with an IC50 value of 23,000nM (23µM) and claimed it was a ‘potent’ 

inhibitor of CYP1A1. Later in the year 2000, Chang et al reported that 

resveratrol is not a ‘potent’ CYP1A1 inhibitor but a ‘potent’ human 

CYP1B1 inhibitor with an IC50 value of 1400nM (1.4µM). On the other 

hand, in cellular studies resveratrol inhibited the TCDD-induced CYP1A1 

gene expression in HepG2 cells by blocking AhR-mediated induction of 

CYP1A1 indicating that resveratol is an inhibitor of AhR (Ciolino et al 

1998). This was corroborated in studies in an animal model where 

resveratrol was able to abrogate B[a]P-induced CYP1A1 activity and 

subsequently the formation of  B[a]P-DNA adducts (Revel et al 2003).  

B[a]P is a known ligand of AhR.   



Page | 313  
 

The trans-stilbene, rhapontigenin (3,5,4'-trihydroxy-4'-methoxystilbene), 

an analogue of resveratrol, is extracted from the plant Rheum undulatum 

Linne. It has two hydroxyl groups at positions 3 and 5 in the ring-A while 

the ring-B has one methoxy group at position 4 and one hydroxyl group at 

position 5. Until now, this is the only compound which has been reported 

as a ‘potent’ and ‘selective’ inhibitor of human CYP1A1 enzyme with an 

IC50 value of 400nM (Chun et al (2000); Chun and Kim (2003) and 

Mikstacka et al (2012)).  It showed 400-fold selectivity towards CYP1A1 

over CYP1A2 and 23-fold selectivity towards CYP1A1 over CYP1B1 

enzyme (Chun et al 2001; Chun and Kim et al 2003).  

Furthermore in the literature, the compounds 3,5,3',5'-

tetramethoxystilbene and 3,4,5,3',5'- pentamethoxystilbene (PMS) are 

also reported as inhibitors of CYP1 family of enzymes (Kim et al 2002). 

Compound 3,5,3',5'-tetramethoxystilbene shows selectivity towards 

CYP1A1 and CYP1A2 enzymes with IC50 values of 92nM and 198nM, 

respectively. It inhibits the CYP1B1 enzyme significantly less with an IC50 

value of 17000nM (17µM). PMS, a more studied compound, also 

selectively inhibits CYP1A1 and CYP1A2 enzymes with IC50 values of 

14nM and 93nM, respectively. It shows lesser inhibition towards CYP1B1 

enzyme with IC50 value of 3200nM (3.2µM). PMS suppresses both 

CYP1A1-mediated EROD activity and CYP1A1 gene expression induced 

by TCDD in HepG2 cells (Lee et al 2004; Liu et al 2013) indicating that 

PMS is both an inhibitor of CYP1A1 enzymatic activity and also Ah 

receptor activity. In addition, it displayed potent antimitogenic effect on 

colon cancer cells and also inhibited tumour growth in vivo in a colon 

cancer xenograft model (Li et al 2009).  
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The IC50 values of resveratrol, 3,5,3',5'-tetramethoxystilbene, PMS and 

rhapontigenin, reported for recombinant human CYP1A1, CYP1B1 and 

CYP1A2 enzymes, are detailed in the Table 7.4 (Liu et al 2013).  

Table 7.4: IC50 values of resveratrol, 3,5,3',5'-tetramethoxystilbene, PMS 

andrhapontigeninfor recombinant human CYP1A1, CYP1B1 and CYP1A2 

enzymes. 

Stilbenes  CYP1A1 IC50 
value 

CYP1B1 IC50 
value 

CYP1A2 IC50  
value 

Resveratrol  23000 nM  1400 nM  1200 nM 

3,5,3',5'‐
tetramethoxystilbene 

92 nM  17000 nM  198 nM 

3,4,5,3',5'‐
pentamethoxystilbene 

14 nM  3200 nM  93 nM 

Rhapontigenin  400 nM  9000 nM  160000 nM  

 

DMPVT (2-[2-(3,5-dimethoxyphenyl)vinyl]thiophene) is reported to 

inhibit significantly the EROD activities of CYP1A1, CYP1A2 and 

CYP1B1 enzymes  with IC50 values of 61nM, 11nM and 2nM respectively. 

It inhibited metabolic activation of DMBA (AhR ligand) induced EROD 

activity in rat lung microsomes (Lee et al 2004). DMPVT and compound 

343 reported by Sienkiewicz et al (2007) decreased EROD activity of 

CYP1A1 and CYP1B1 enzymes and inhibited the upward regulation of 

CYP1A1 and CYP1B1 mRNA levels with the AhR ligands DMBA and 

TCDD.  The reported IC50 values of DMPVT for recombinant human CYP 
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1A1, 1A2 and 1B1enzymes and compound 343 for CYP1A1 and CYP1B1 

enzymes are detailed in the Table 7.5 (Sienkiewicz et al 2007). 

Table 7.5: IC50 values of DMPVT and compound 343 for recombinant human 

CYP1A1, CYP1B1 and CYP1A2 enzyme assays. 

Synthetic  
compounds 

CYP1A1 IC50 value  CYP1B1 IC50 value  CYP1A2 IC50 value 

DMPVT  61 nM  2 nM  11 nM 

compound 343  2000 nM  6500 nM  ‐ 

 

7.8  Screening of the DMU chemical library &  

identification of ‘Hits’ 

The compound library used for screening in the CYP1A1 enzyme assay 

was synthetically developed by Dr. Ken Beresford's group. The compounds 

in the library are derivatives of naturally occurring chalcones, stilbenes and 

flavonoids. As described above, many compounds in these classes possess 

anti-cancer, anti-inflammatory and antioxidant properties.  

All compounds in the ~200 compound library were screened using a 

volume of microsomes that had ~25µg of total protein and contained 

around 1picomole of CYP1A1 enzyme.  Rapid, cost-effective screening of 

the library was facilitated by using the compounds at a single 

concentration, 5µM, which enabled identifying the possible ‘hits’ quite 

quickly. After identification of the ‘hits’ (molecules which inhibited >70% 

CYP1A1 enzyme activity), their IC50 values were determined.  
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The compounds which showed >70% inhibition towards CYP1A1 enzyme 

were  

(1) The stilbenes DMU 201, DMU 202, DMU 220 and DMU 571 (see 

Figure 7.4),  

(2) The flavonoids DMU 110 and DMU 114 (see Figure 7.5),and  

(3) The chalcones DMU 710, DMU 717, DMU 745, DMU 746, DMU 

755, DMU 780, DMU 2106, DMU 2114, DMU 2117, DMU 2120, 

DMU 2136, DMU 2137, DMU 2139, DMU 2140, DMU 2144 and 

DMU 2157 (see Figure 7.6).  

IC50 values, using the yeast microsome-bearing human CYP1A1, CYP1B1 

and CYP1A2 enzymes, were determined for these 22 compounds.  
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  Figure 7.4: Chemical structures of the compounds from the stilbene class   
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             DMU 114                                                                     DMU 110 

Figure 7.5: Chemical structures of the compounds from the flavonoid class 
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                  DMU 2139                                                              DMU 2140             

           

             DMU 2144                                                                 DMU 2157 

Figure 7.6: Chemical structures of the compounds from the chalcone class 

 

The protocol for IC50 determination was based on methodologies published 

by BD-Gentest and was modified depending on protein concentrations in 

yeast microsomes. To determine IC50 values, compounds were diluted in 

DMSO via serial dilutions. Since DMSO has an inhibitory effect on all 

enzymatic activities, the DMSO concentration was maintained at less than 

0.1% (above this concentration, DMSO inhibits CYPs). In order to identify 

a selective CYP1A1 inhibitor, the 22 compounds were assayed using 

recombinant CYP1B1 and CYP1A2 enzymes, CYP1B1 and CYP1A2 

being the other two members of the CYP1 family. 
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7.8.1  Comparative chemical structure analysis and inhibition  

studies of the stilbenes identified in the screen 

Compounds DMU 201 and DMU 202 have identical B-ring with an 

acetonitrile group and nitrogen atom at position 3; they differ in the 

functional groups attached to the ring-A. DMU 201 has a methoxy group at 

position 4 while DMU 202 has not only the methoxy group at position 4 

but also an extra hydroxyl (-OH) group at position 5 in ring-A.  Both these 

compounds showed potent inhibition towards CYP1B1 enzyme with IC50 

values of 25nM for DMU 201 and 38nM for DMU 202.  DMU 201 was 

found to inhibit CYP1A1 enzyme with an IC50 value of 715nM and 

CYP1A2 enzyme with an IC50 value 152nM while DMU 202 inhibited 

CYP1A1 enzyme with an IC50 value of 967.5nM and CYP1A2 enzyme 

with an IC50 value 322nM. DMU 201 was 28-fold selective towards 

CYP1B1 over CYP1A1 enzymes and 7-fold selective towards CYP1B1 

over CYP1A2 enzymes. DMU 202 was found to be 27 and 9-fold selective 

towards CYP1B1 over CYP1A1 and CYP1A2 enzymes, respectively, as 

shown in Table 7.6. 

Compound DMU 220 has a methylenedioxy group with ring A and consists 

of three methoxy groups at positions 3,4, and 5 in ring B. It was found to 

inhibit CYP1A1, CYP1B1 and CYP1A2 enzymes equi-potently with IC50 

values of 806nM, 1300nM and 2000 nM, respectively, as shown in Table 

7.6. 

Compound DMU 571 has methoxy groups substituted at both rings A and 

B. Ring A has two methoxy groups substituted at positions 2 and 4 while 

methoxy groups are substituted at positions 3 and 5 in ring B. This 
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compound inhibited CYP1B1 enzyme strongly with an IC50 value of 

352nM in comparison with CYP1A1 enzyme with an IC50 value 1000nM 

and CYP1A2 enzyme with an IC50 value of 1600nM as shown in Table 7.6. 

The comparative analysis study performed indicated that compounds DMU 

201, DMU 202, DMU 571 are CYP1B1 specific inhibitors while DMU 220 

was an inhibitor of all three CYPs inhibiting all three CYP1 enzymes equi-

potently. It was difficult to assess the structural moieties that governed 

CYP1B1 specificity.   

Table 7.6: IC50 values of DMU 201, DMU 202, DMU 220 and DMU 571 for 

CYP1A1, CYP1B1 and CYP1A2 enzymes. 

Chemical structure 
CYP1A1 
IC50 value 

CYP1B1  
IC50 value 

CYP1A2     
IC50 value 

N

CN
MeO  

DMU 201 

 

715 nM  25.2 nM  152 nM 

N

CN
MeO

OH  

DMU 202 

967.5 nM  37.8 nM  322 nM 
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7.8.2  Comparative chemical structure analysis and inhibition 

 study of the flavonoids identified in the screen 

The compounds DMU 114 and DMU 110 were from the flavanone sub-

class of the flavonoid group of compounds. They both have an identical 

ring-C with a phenyl and oxo-group; they differ in functional group 

attachments in the A-ring. Ring-A in DMU 114 has a methoxy group 

attached to position 4' and a hydroxyl group at position 3', while DMU 110 

consists of two methoxy group attached to positions 3 and 4. Ring-B of 

DMU 114 has three methoxy groups at positions 5, 6 and 7 while DMU 

110 has two methoxy groups at positions 5 and 7. Both these compounds 

selectively inhibit CYP1A1 enzyme with IC50 values of 2000nM for 

DMU114 and 356nM for DMU110. IC50 values obtained for DMU 114 in 

 

DMU 220 

806 nM  1300 nM  2000 nM 

OMe

OMe

MeO

OMe

 

DMU 571 

1000 nM  352 nM  1600 nM 
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CYP1B1 and CYP1A2 enzyme assays were 17000nM and 15098nM, 

respectively. IC50 values obtained for the compound DMU110 in the 

CYP1B1 enzyme assay was 16000nM and for CYP1A2 enzyme was 

20000nM; showing 44 and 54-folds selectivity towards CYP1A1 over 

CYP1B1 and CYP1A2 enzymes respectively as shown in Table 7.7. 

Table 7.7: Chemical structures and IC50 values of DMU 114 and DMU 110 

for  CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 

IC50 value 

CYP1B1 IC50 

value 

CYP1A2  

IC50 value 

DMU 114 

2000 nM  17006  nM  15098 nM 

DMU 110 

356 nM  16000 nM  20000 nM 
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7.8.3 Comparative chemical structure analysis and inhibition 

 study of the chalcones identified in the screen 

Comparing the structures of DMU 755, DMU 2106 and DMU 780 

Compounds DMU 755 and DMU 2106 are both chalcones with a 4-pyridyl 

B-ring and a naphthyl A-ring. They differ in the substitution of the 

naphthyl group, DMU 755 being attached at the one position and DMU 

2106 at the two position on the naphthyl ring. DMU780 is a “reversed” 

version of DMU 2106 in which the A and B rings have been interchanged. 

Compound DMU 755 was found to be an equipotent inhibitor for all the 

three CYPs with IC50 values of 580nM for CYP1A1, 652nM for CYP1B1 

and 411nM for CYP1A2. DMU 780 also showed similar activity in all the 

three CYPs with IC50 values of 612nM for CYP1A1, 141nM for CYP1B1 

and 178nM for CYP1A2. Compound DMU 2106 was found to be an 

equipotent inhibitor of CYP1A1 and CYP1A2 enzymes with IC50 values of 

1000nM and 1400nM respectively but showed more inhibition towards 

CYP1B1 enzyme with an IC50 value of 536nM as shown in Table 7.8. 

These results would indicate that a 4-pyridyl chalcone with a naphthyl 

group in either ring inhibits all three CYPs enzymes more or less equally. 
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Table 7.8: Chemical structures and IC50 values of DMU 755, DMU 2106 and 

DMU 780 for CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 
IC50 value 

CYP1B1 
IC50 value 

CYP1A2 
IC50 value 

 

DMU 755 

508 nM  652 nM  411 nM 

DMU2106 

1000 nM  536 nM  1400 nM 

 

DMU 780 

612 nM  141 nM  178 nM 
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Comparing the structures of DMU 710 and DMU 717  

These compounds have a heterocyclic aromatic ring-A with a nitrogen 

atom at positions 4 or 3 and they differ in the number of methoxy group 

substitutions in the ring-B. DMU 710 has three methoxy groups attached to 

positions 3, 4 and 5 in ring-A while DMU 717 has two methoxy groups 

attached to positions 3 and 5 in the same ring. DMU 710 showed selective 

inhibition towards CYP1A2 with an IC50 value of 179nM over CYP1A1 

enzyme with an IC50 value of 910nM and CYP1B1 enzyme with an IC50 

value of 1368nM. DMU 717 was found to be inhibiting CYP1B1 and 

CYP1A2 enzymes more or less equally with IC50 values of 133nM and 

390nM while inhibiting CYP1A1 enzyme less with a higher IC50 value of 

820nM, as shown in the Table 7.9. The comparative analysis of these two 

compounds indicates that the compounds with a 4/3-pyridyl ring A with 

methoxy substitutions in ring-B may not show a significant inhibitory 

effect towards CYP1A1 enzyme.  
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Table 7.9: Chemical structures and IC50 values of DMU 710 and DMU 717 

for  CYP1A1, CYP1B1 and CYP1A2 enzyme assays. 

Chemical structure 
CYP1A1 
IC50 value 

CYP1B1 
IC50 value 

CYP1A2 
IC50value 

 

DMU 710 

910 nM  1368 nM  179 nM 

DMU 717 

820 nM  133 nM  390 nM 

 

Comparing the structures of the compounds; DMU 745, DMU 746, 

DMU 2136, DMU 2137 and DMU 2140 

These compounds are 3-pyridyl chalcones with polyaromatic groups 

substituted at different positions in the B-ring.  

Compounds DMU 745 and DMU746 have naphthyl groups attached at 

different positions in the ring-B. Both these compounds showed potent 

inhibition towards CYP1B1 enzyme with IC50 values of 6.9nM for DMU 
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745 and 65nM for DMU 746.  DMU 745 was found to inhibit CYP1A1 

enzyme with IC50 value of 200nM and CYP1A2 enzyme with IC50 value of 

672nM, while DMU 746 inhibited CYP1A1 with IC50 value of 531nM and 

CYP1A2 enzyme with an IC50value of 123nM.  DMU 745 was found to be 

28 and 97-fold selective towards CYP1B1 enzyme over CYP1A1 and 

CYP1A2 enzymes, respectively. DMU746 showed 8-fold selectivity 

towards CYP1B1 over CYP1A1 enzyme and 2-fold selectivity towards 

CYP1B1 over CYP1A2 enzyme, as shown in Table 7.10.  

Compounds DMU 2136 and DMU 2137 have anthracenyl groups attached 

at different positions in ring-B. DMU 2136 showed selective inhibition 

towards CYP1B1 enzyme with an IC50 value of 5.9nM; it inhibits CYP1A1 

with an IC50 value of 240nM and CYP1A2 enzyme with an IC50value of 

1000nM. DMU 2137 inhibited CYP1A1 and CYP1AB1 enzymes more or 

less with equal potency with IC50 values of 74nM and 25nM, respectively.  

It showed less inhibition towards CYP1A2 enzyme with a higher IC50 value 

of 631nM. DMU 2136 was found to be 42 and 178-fold selective towards 

CYP1B1 over CYP1A1 and CYP1A2 enzymes, as shown in Table 7.10.  

Compound DMU 2140 has a pyrenylgroup substituted in ring-B. This 

compound inhibits CYP1A1, CYP1B1 and CYP1A2 enzymes with IC50 

values of 857nM, 59nM and 317nM, respectively. DMU 2140 was found to 

be 14-fold selective towards CYP1B1 over CYP1A1 enzyme and 6-fold 

selective towards CYP1B1 over CYP1A2 enzyme, as shown in Table 7.10.  

DMU 745, DMU 746, DMU 2136 and DMU 2140 were found to be potent 

and selective inhibitors of CYP1B1 enzyme while DMU 2137 was found to 

be an equipotent inhibitor of CYP1B1 and CYP1A1 enzymes. The 

comparative structural analysis study of these compounds revealed that 
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polyromatic A-rings chalcones play an important role in selectively 

inhibiting the CYP1B1 enzyme.  

Table 7.10: Chemical structures and IC50 values of DMU 745, DMU 746, 

DMU 2136, DMU 2137 and DMU 2140 for CYP1A1, CYP1B1 and CYP1A2 

enzyme assays. 

Chemical structure 
CYP1A1 
IC50 value 

CYP1B1 
IC50 value 

CYP1A2 
IC50 value 

 

DMU 745 

200 nM  6.9 nM  672 nM 

N

O

 

DMU 746 

531 nM  65 nM  123 nM 

 

DMU 2136 

240 nM  5.6 nM  1000 nM 
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DMU 2137 

74 nM  25 nM  631 nM 

 

DMU 2140 

857 nM  59 nM  317 nM 

 

Comparison of the chemical structures of DMU 2157 with DMU 2114  

These compounds share the same 3,4,5-trimethoxyphenyl ring-A but differ 

in the positions of the nitrogen atom in ring-B. Shuffling of the nitrogen 

atom from position 3 to 4 in ring-B significantly increases the inhibition 

towards CYP1A1 while reducing the inhibition of both CYP1B1 and 

CYP1A2 enzymes. Compound DMU 2114 inhibited CYP1A1 with an IC50 

value of 282nM while DMU 2157 inhibited CYP1A1 with an IC50 value of 

72nM. DMU 2157 selectively inhibited CYP1A1 since IC50 values 

obtained in the CYP1B1 and CYP1A2 enzyme assays were much higher, 

5200nM and 1100nM respectively. DMU 2114 was found to be an 

equipotent inhibitor of CYP1B1 and CYP1A2 enzymes with IC50 values of 

746nM and 700nM respectively, while it showed a little higher inhibition 
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towards CYP1A1 enzyme with a lower IC50 value of 282nM, as shown in 

Table 7.11.  

Table 7.11: Chemical structures and IC50 values of DMU 2157 and DMU 

2114 for CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 
IC50 value

CYP1B1 
IC50 value 

CYP1A2 
IC50value 

DMU 2157 

72 nM  5200 nM  1100 nM 

DMU 2114 

282 nM  746 nM  700 nM 

  

Comparison of the structures of DMU 2117 with DMU 2114  

DMU 2117 has methoxy groups substituted at positions 3, 4 and 5 in ring-

A while DMU 2114 methoxy groups are at  positions 2, 3 and 4 in ring-A. 

Both compounds share identical B-rings with the nitrogen atom substituted 

at position 3. DMU 2117 inhibited CYP1B1 selectively with an IC50 value 

of 30nM when compared to IC50 values (520nM and 215nM, respectively) 

obtained in CYP1A1 and CYP1A2 enzyme assays. DMU 2114 inhibited 
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CYP1A1 with an IC50 value of 282nM, but it also inhibited CYP1B1 and 

CYP1A2 enzymes with little higher IC50 values of 746nM and 700nM 

respectively, as shown in the Table 7.12. Shuffling of the methoxy groups 

from positions 3, 4, and 5 (DMU 2114) to 2, 3 and 4 (DMU 2117) 

significantly decreased inhibition (i.e. 3-fold) towards CYP1A1 enzyme 

and increased inhibition by 24-fold towards CYP1B1.These results indicate 

that the position of the methoxy groups in ring-A are important for 

selective CYP1B1 enzyme inhibition.  

Table 7.12: Chemical structures and IC50 values of DMU 2114 and DMU 

2117 for  CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 
IC50 value 

CYP1B1 
IC50 value 

CYP1A2 
IC50value 

 

DMU 2114 

282 nM  746 nM  700 nM 

 

DMU 2117 

520 nM  30 nM  215 nM 
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From the above inhibition studies, it could be suggested that the position of 

the methoxy groups at 3, 4 and 5 in ring-A and the position of the nitrogen 

atom at 4 in ring B are vital in selectivity towards inhibition of CYP1A1 

activity when compared with CYP1B1 and CYP1A2.   

The compounds which were identified as highly potent and selective 

inhibitors of CYP1A1 enzyme were DMU 2157 and DMU 110 with IC50 

values of 72nM and 356nM, respectively.  DMU 2157 was found to be 72-

fold selective towards CYP1A1 over CYP1B1 and 16-fold selective 

towards CYP1A1 over CYP1A2.DMU 110 was found to be 44 and 56-fold 

selective towards CYP1A1 over CYP1B1 and CYP1A2, respectively. 

7.8.4  Further selectivity studies on the two best inhibitors 

Compounds DMU 2157 and DMU 110 were subjected to further studies to 

investigate their inhibitory effect on CYP2D6 and CYP3A4 enzymes. 

These two enzymes are known to be major drug metabolising enzymes 

predominantly expressed in the human liver. Their role is to metabolise 

exogenous, endogenous substances and clinical prescribed drugs 

(Narimastu et al 2006). Yeast microsomes, containing human recombinant 

CYP2D6 and CYP3A4 enzymes, prepared "in house" were optimised for 

inhibition studies by conducting kinetic enzyme assays. 

Dibenzylfluorescein (DBF) and 3-cyano-7-(ethoxymethoxy)coumarin 

(CEC) were used as substrates for CYP3A4 and CYP2D6 enzymes, 

respectively. The metabolic rate measured was linear up to 20-30 minutes 

as shown in Figure 3.13 and 3.15 and described in Chapter 3. These rates 

were used as a guideline to conduct enzyme inhibition studies. The 

compounds DMU 2157 and DMU 110, when screened using CYP2D6 and 

CYP3A4 enzymes, were found to be poor inhibitors with IC50 values that 
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exceeded 5000nM (5µM). Thus, it was confirmed that these two 

compounds were potent and selective inhibitors of CYP1A1. They inhibit 

CYP1B1, CYP1A2, CYP2D6 and CYP3A4 enzymes with IC50s that are 

20-fold or more than that of CYP1A1.  

7.9 An alternative to the use of isolated microsomes – a  

more versatile approach towards the determination of  

IC50s 

After having established the in vitro assays with the CYP yeast microsomal 

enzymes, we investigated if a more versatile assay system (in terms of ease 

and rapidity) could be established to screen libraries of compounds. In 

order to do that, we probed if ‘live’ yeast cells, which have the capacity to 

produce ER membrane-bound active CYP enzymes, could be an alternative 

to the use of isolated microsomal CYP enzymes. If that were to be possible, 

then one would avoid the necessity of purifying microsome-bound CYP 

enzymes, the production of which requires a variety of expensive 

equipment, reagents, and a lot of time.   

Moreover, there are major advantages of using live cells over microsomes. 

Live yeast cells contain all the membrane compartments that exist in 

human cells. The compartments include the endoplasmic reticulum to 

which CYPs are normally bound in order to be active. An assay performed 

on intact living cells, containing all the interactive intracellular 

compartments, would be more predictive than an assay that uses one 

isolated intracellular compartment (i.e. ER membranes; Gomez-Lechon et 

al 2007). Also, in living cells the intracellular transport process is 
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maintained and enzyme damage (seen in isolated compartments) does not 

occur at all or is minimal. And, most importantly the NADPH-regenerating 

system (which is very expensive) that is an essential co-factor required for 

assaying isolated microsomal enzymes is not needed. It could be imagined 

that if CYP inhibition studies could be performed in dividing yeast cells, 

these living cells would perhaps closely resemble the environment to which 

medicinal entities (i.e. drugs) are exposed in the liver – namely, the cellular 

transport mechanisms, cytosolic enzymes, ability to bind to intracellular 

proteins. All these factors determine the actual concentration of an inhibitor 

that is available to a CYP enzyme when a drug needs to be delivered in 

vivo (Donata et al 1998; Di Marco et al 2003).   

The CYP assays, involving live yeast cells, consisted of cells co-expressing 

specific CYPs with the novel human P450 reductase (∆hRDM).  In order to 

develop an optimal live cell inhibition technique, a number of CYP 

expression experiments were performed using different expression media. 

These have been described in Sections 4.7.1, 4.7.2, and 4.7.3 in Chapter 4.  

Out of these many protocols, CYP expression in SE medium was found to 

be the best. It showed highest CYP activity in a short time frame as shown 

in Figure 4.5 in Chapter 4. The SE medium contains ethanol in the 

medium; CYPs used in this work have been expressed under the control of 

an ADH2 promoter. This promoter is known to be repressed by glucose and 

induced by the addition of ethanol (Lee and Dasilva 2005). The addition of 

ethanol to the cell culture medium activates the ADH2 promoter which then 

initiates gene transcription to produce the required CYP protein.  

The best compounds which were identified as specific inhibitors from the 

in vitro microsomal assay were chosen and screened in yeast cells that can 
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express active CYP1A1 enzyme to observe the compounds' inhibitory 

effects in live cells. The compounds that were screened were  

(1) The chalcones DMU 2157, DMU 2137, DMU 746, DMU SK10, 

DMU 2117 and DMU 745  

(2) The stilbenes DMU SB4 and DMU SB6, and  

(3) The flavonoids DMU 110, DMU 114 and DMU 107. 

The IC50 values obtained from live yeast cells were compared with that 

obtained from in vitro microsomal assays. The results indicate that there is 

a direct correlation between the inhibitory potential of compounds in the in 

vitro microsomal assay and in the live cell assay.  

For example, the IC50 values of DMU 2157 and DMU 2137 in the in vitro 

microsomal assay were 72 nM and 74 nM respectively, but in live cell 

inhibition assay the IC50 values obtained for these two compounds were a 

bit less i.e. 50nM, as shown in Table 4.2 in Chapter 4.  We conjecture that 

these hydrophobic compounds were easily able to pass through the 

hydrophobic lipid-containing cell wall of the intact yeast cells to inhibit the 

cellular enzyme activity of the native CYP1A1 enzyme. The results may 

suggest that certain compounds may be highly efficient in permeating 

through the yeast cell wall to meet the CYP1A1 enzyme, whose active site 

geometry in live cells could be subtly different from the enzyme that is 

bound to the isolated microsomal membranes but may be very similar to 

the conformation acquired in human/mammalian cells.   
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7.10  Does the novel CYP reductase, ∆hRDM, create a 

similar active site as that created by yRD and hRD, 

the two wild-type reductases? 

An attempt was made in this thesis to investigate the geometry (i.e. 

conformation) of the active site of individual CYPs created by physical 

binding of the novel genetically engineered human P450 reductase, 

∆hRDM.  This was done by trying to find out if the active sites of a CYP 

created by coupling to yRD (wild type yeast reductase) or hRD (human 

P450 reductase) were the same as that formed by ∆hRDM. In order to 

perform this comparative study, CYP-specific inhibitors were used and IC50 

values were determined.  Logically, one would think if the IC50 values for a 

particular compound in a specific CYP assay were similar in all three CYP-

reductase enzyme complexes (where the reductase was ∆hRDM, yRD or 

hRD), then the active site conformations of all three complexes would be 

the same.   

The catalytic activity of a CYP is determined not only by the abundance of 

the CYP but also by the amount of NADPH-dependent CYP reductase 

(Crepsi and Miller 1999). The CYP enzymes are not self-sufficient 

enzymes; they depend on cytochrome NADPH-P450 reductase (CPR) for 

metabolism of the substrate (Munro et al 2007). Both the CPR and CYP 

enzymes are anchored to endoplasmic reticulum membranes where 

electrons from CPR are transferred to a CYP’s active site (Crepsi et al 

1999) for substrate metabolism.  
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The yRD enzyme (endogenous CPR to the yeast S. cerevisiae) has been 

widely used in mammalian recombinant CYP expression systems (Ellis et 

al 1992) but it has also been reported that the use of yRD in conjunction 

with human CYP leads to poor CYP activity, suggesting that the transfer of 

electrons from yRD to CYP may be limiting (Murakami et al 1986 and 

Hayashi et al 2000).  Work carried out by our group indicates that the co-

expression of a human CYP with yRD leads to poor levels of CYP protein 

and activity, at the microsome level. It was shown (unpublished results) 

that co-expression of yRD generates high levels of reactive oxygen species 

(ROS) which is harmful to a CYP protein and thereby cause degradation of 

the CYP, accounting for low levels of the human CYP on yeast 

microsomes. The low activity could possibly be due to yeast reductase 

being unable to form the correct spatial orientation on the surface of the 

microsomes for effective electron transfer to CYPs. Another reason could 

be that the over-expression of yRD leads to the production of hydroxyl 

radicals leading to uncoupling of yRD from the CYP (Wang et al 1996).  

The process of transferring electrons from NADPH via CPR to CYP is a 

result of CPR coupling to the CYP. In theory, human CPR should be the 

ideal electron donor protein for transferring electrons from NADPH to 

human CYPs. Wittekindt (1995) reported that the affinity between the 

human enzyme domains of human CPR and a human CYP is much higher 

than the affinity between yeast CPR and human CYPs. However, our 

previous studies had suggested that when human CYPs were co-expressed 

with the human CPR in the yeast S.cerevisiae, the latter showed extremely 

poor reductase activity leading to low CYP activities.  

It appears that the coupling of the electron transport partner (CPR) to CYPs 

is a crucial factor towards the production of ‘high level’ of active CYPs and 
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‘high activity’ of the CYP holoenzyme. This led to the design of a novel 

reductase molecule which is a genetically engineered variant of human 

CPR (∆hRDM) . 

The ∆hRDM molecule was developed from the variant ∆hRD. The ∆hRD 

molecule was formed from the full-length human reductase protein (hRD).  

The hRD is a flavoprotein that contains the binding site for the essential 

cofactors FMN and FAD at its NH2- terminus (Venkateswarlu et al 1998). 

The first 55- amino acids, at the 5'-end of the hRD gene, code for a domain 

which permits anchoring to the microsomal membrane. Within this 55-

amino acids domain lies a 24- amino acids negatively charged region which 

is coded by the first 72 bps region. The FMN binding site spans a sequence 

that includes a membrane anchor whereas the region to which FAD binds is 

positioned beyond this domain. The complete membrane anchor is essential 

for coupling to CYPs (Lamb 2006). The ∆hRD designed in our group 

lacked the 24- amino acids at the NH2- terminus (i.e. lacked the negatively 

charged hydrophobic region) of hRD. The ∆hRD molecule was found not 

to be a membrane-bound protein. If reductase is not membrane-bound they 

become soluble and may become inactive. Although ∆hRD is cytosolic, it 

possesses reductase activity. The ∆hRDM was designed by fusing 12-

amino acids (c-myc) at the COOH terminus of ∆hRD. This addition made 

∆hRDM anchor with the microsomal membrane like the native NADPH-

P450 reductase.  There was reason to argue that the peptide fragment (12- 

amino acids) attached to the COOH-terminus of ∆hRDM may have grossly 

altered or modified the membrane bound topology of the engineered 

molecule ∆hRDM which stems from the soluble molecule ∆hRD which 

exists in the cytosol.   
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MTT assay was conducted to compare the reductase activity produced by 

yRD, ∆hRDM and hRD. This is a reliable assay for measuring CPR 

activity. CPR catalyses the reduction of MTT which is a yellow-coloured 

tetrazolium salt. On reduction of MTT by CPR, a purple colour formazan is 

produced. It is measured spectrophometrically at an absorbance of 610nm. 

Figure 7.14 shows that yRD produced a 3-fold higher activity than ∆hRDM 

and 5-fold higher activity compared to hRD. The increased level of 

reductase activity, seen in yRD, produces excess reactive oxygen species 

which may be the cause of damage to the CYPs (Wang 1996). The 

reductase activity produced by hRD was extremely poor. This would 

indicate that, although hRD may have a better ability than yRD to couple 

with human CYPs, hRD allows poor CYP activity because of the poor 

expression of hRD’s reductase activity in yeast cells. The ∆hRDM was 

identified as the most efficient reductase amongst yRD, ∆hRDM and hRD 

in terms of its ability to produce less reactive oxygen species and its ability 

to couple well with CYPs on the endoplasmic reticulum membranes 

leading to a high CYP activity at the microsomal level. 
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Figure  7.14: Reductase  activity of  yRD,  ∆hRDM  and hRD measured using  the MTT 

assay.  

X-ray crystallography is essentially a form of very high resolution 

microscopy. It enables us to visualize protein structures at the atomic level 

and enhances our understanding of protein function (Clore and Gronenborn 

1998). Specifically,one can study how proteins interact with other 

molecules, how they undergo conformational changes, and how they 

perform catalysis in the case of enzymes. Armed with this information we 

can design novel drugs that target a particular protein, or rationally 

engineer an enzyme for a specific industrial process. The 2D-NMR 

techniques can be applied successfully to determine the structure of 

proteins of up to 100 residues (Clore and Gronenborn 1987; Withrich 

1986). Beyond 100 residues, however, 2D NMR methods fail, owing 

principally to spectral complexity that cannot be resolved in two 

dimensions (Forman et al 1991; Dyson et al 1990). The drawback of both 

these techniques is that the protein to be determined should be in a soluble 

form. Hence, these techniques cannot be used for membrane-bound 

proteins.  
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Since in the present studies there is no other way of determining the active 

site geometry (conformation) of the membrane-bound protein CYP-CPR 

complexes, we tried to determine the active site geometry of CYPs, 

activated by the reductases yRD, ∆hRDM and hRD, with the use of CYP-

specific inhibitors. There are numerous references in the literature where 

inhibitory compounds have been used as chemical tools to probe the active 

site geometry of an enzyme. It was thought that comparison of the IC50 

values of the CYP inhibitory compounds, identified during the progress of 

this thesis, could be an interesting way to compare the active site 

geometries of a CYP bound to three different reductases.  

The plasmids bearing CYP1A1, CYP1B1 and CYP1A2 genes were extracted 

from E.coli via bacterial cell lysis process using a Qiagen spin column 

protocol as detailed in Chapter 2 Section 2.4.2. The plasmids obtained were 

transformed into yeast strains that expressed yRD, hRD and ∆hRDM 

reductase via the yeast transformation protocol. The yeast strains 

expressing these reductases were previously integrated at the LEU2 

chromosomal locus. Three different types of yeast transformation protocols 

were used (the DMSO method, electroporation and lithium acetate; as 

detailed in Chapter 2 Sections 2.5.3, 2.5.4 and 2.5.5 respectively). The 

DMSO and electroporation method didn't successfully transform the 

plasmids into the yeast strains and hardly any transformant colonies were 

observed. The lithium acetate method efficiently and successfully 

transformed plasmids into yeast strains and a few hundred colonies were 

observed on the transformation plates as shown in Chapter 5, Figure 5.5. 

The newly developed yeast strains were named  

(1) CYP1A1-yRD, CYP1A1-hRD, CYP1A1-∆hRDM,  
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(2) CYP1B1-yRD, CYP1B1-hRD, CYP1B1-∆hRDM, and  

(3) CYP1A2-yRD, CYP1A2 hRD and CYP1A2-∆hRDM. 

The live cell assays were conducted on the newly developed yeast strains 

using the CYP-specific substrate 7-ER (for CYP1A1 and CYP1B1) and 

CEC (for CYP1A2). The results obtained are shown in Figures 5.7, 5.8 and 

5.9 in Chapter 5 and confirmed that the yeast strains contained active 

CYP1A1, CYP1B1 and CYP1A2 enzymes. Further it was observed that 

yRD coupled to CYP1A1 showed a 3-fold higher enzyme activity in 

comparison to ∆hRDM coupled to CYP1A1; enzyme activities observed in 

CYP1B1-yRD and CYP1B1-∆hRDM were similar; and the enzyme 

activities of yRD coupled with CYP1A2 and ∆hRDM with CYP1A2 were 

the same.  The enzyme activities of hRD coupled with all three CYPs were 

the lowest as shown in Figures 5.7, 5.8 and 5.9 (Chapter 5).  

Western blot studies confirmed the presence of CYP1A1, CYP1B1 and 

CYP1A2 proteins in the yeast strains that expressed yRD, ∆hRDM and 

hRD reductase as shown in Figure 5.11, 5.12 and 5.13 in Chapter 5.  

The expression of the CYPs in the newly developed yeast strains were 

optimized using the SE medium protocol. The plasmids which were 

transformed in the yeast strains contained the ADH2 promoter which is 

repressed in the presence of glucose and is induced in the presence of 

ethanol. In the SE medium protocol, the yeast cells were grown overnight 

in glucose medium so as to produce more cells the next day. The cells 

express CYPs, at the highest level, after the addition of ethanol to the cell 

culture, as shown in Figure 5.14, Chapter 5. Addition of ethanol to the 

culture medium activates the ADH2 promoter which initiates gene 

transcription to produce CYP proteins. The live cells started to express 
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CYP1A1 enzyme within 2 hours after addition of ethanol and the highest 

optimal activity of CYP expression was observed at 8 hours with 100,000 

resorufin fluorescence units. The activity of CYPs started to reduce after 8 

hours and at 49 hours the CYP enzyme activity observed was minimal 

(9000 resorufin fluorescence units). This result indicates the exact time 

frame of CYP expression and also provides an idea of when to conduct an 

assay on live cells for optimal results.  

The compounds DMU 2157, DMU 2137, DMU 746, DMU SB4, DMU 

SB6, DMU SK10, DMU 745, DMU 2117, DMU 107, DMU 114 and DMU 

110 were screened using yeast strains that have the ability to co-express 

CYP1A1-yRD, CYP1A1-∆hRDM, CYP1A1-hRD, CYP1B1-yRD, 

CYP1B1-∆hRDM, CYP1A2-yRD and CYP1A2-∆hRDM. The IC50 values 

of the inhibitory compounds obtained with the CYPs activated by wild-type 

yRD and hRD reductases were the same as CYPs activated by novel 

∆hRDM reductase.  

Hence, it could be inferred (through the use of 11 compounds belonging to 

different classes) that the active site geometries (conformations) of a CYP 

formed through the physical binding (coupling) of yRD, hRD and ∆hRDM 

are the same. These findings should open the use of ∆hRDM for expression 

of the other human CYPs, that are yet to be cloned and expressed, in yeast.   
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7.11 Synthesis of analogues of DMU 2157, the most  

potent CYP1A1 inhibitor identified in the screening of 

 the chemical library 

The synthesis of compounds with chemical structures differing in the type 

and the position of substituent is the foundation for all structure activity 

relationship (SAR) studies. From the results obtained in Chapter 3, the 

chalcone DMU 2157 was identified as a potent and selective CYP1A1 

enzyme inhibitor with an IC50 value of 72nM. Preliminary structure activity 

relation analysis of the compound DMU 2157 already indicated that the 

position of the methoxy groups in ring A and the position of the nitrogen 

atom in ring B, played an important role in inhibiting the activity of 

CYP1A1 enzyme.   

Seventeen analogues of DMU 2157 were synthesised in order to further 

understand the positional roles of the methoxy groups in ring-A and the 

nitrogen atom in ring-B. Ten compounds were from the chalcone class and 

seven were stilbenes, as shown in Figures 7.15 and 7.16. The inhibitory 

potential of these compounds towards the CYP1A1, CYP1B1 and CYP1A2 

enzymes were assessed using the yeast microsomal enzymes.   
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Figure 7.15: Chemical structure of synthesised chalcones 
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Figure 7.16: Chemical structure of synthesised stilbene 

The analogues of DMU 2157 were synthesised via a base catalysed 

Claisen-Schmidt aldol condensation reaction. The yields of the synthesised 

compounds obtained were poor. The focus for synthesising compounds was 
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not on yields but on the compounds obtained. If the compounds were to be 

of interest in the future, individual reactions would have to be optimized for 

better yields. The structures of the synthesised compounds were 

characterised via proton and carbon 13 NMR, mass spectrometry and IR 

spectroscopy (as mentioned in Sections 2.15. and 2.16 in Chapter 2). 

7.11.1  Mechanism of the Claisen-Schmidt condensation  

reaction 

The first step of the claisen-schmidt aldol condensation mechanism 

involves the formation of an enolate from the reaction of acetophenone 

with the base. The enolate formed then reacts with benzaldehyde leading to 

the formation of an aldol intermediate. The spontaneous elimination of a 

water molecule catalysed by base for example, NaOH, LiOH, etc., gives 

the final α,β-unsaturated ketone as shown in the Figure 7.17 below. 

 

 

 

 

 

 

      

   



Page | 349  
 

 

Figure 7.17: Mechanism of Claisen‐Schmidt condensation reaction 
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7.11.2 Inhibitory effects and chemical structure comparative  

analysis study of synthesised chalcone derivatives on the  

enzyme activities of CYP1A1, CYP1B1 and CYP1A2 

The chalcones synthesised share the same  ring B substitution pattern as 

DMU 2157 with the nitrogen atom at the 4 position. The number and 

position of methoxy and ethoxy substituents on ring A were varied.  

Comparing the structures of DMU 2157 with DMU SK5, DMU SK6, 

DMU SK7, DMU SK8 and DMU SK9 

DMU 2157, a potent inhibitor of CYP1A1 enzyme with an IC50 value of 

72nM, has three methoxy groups attached to positions 3, 4 and 5 in ring A.  

Compounds DMU SK6 and DMU SK8 have one methoxy group attached 

at positions 2 or 3 in ring A. The IC50 values of DMU SK6 and DMU SK8 

obtained for CYP1A1 enzyme were 571.2nM and 593nM, respectively.  It 

seems that decreasing the number of methoxy group from three to one 

reduces the inhibition towards CYP1A1, increasing the IC50 value 8-fold. 

The IC50 values obtained for CYP1B1 enzyme for DMU SK6 and DMU 

SK8 were 48nM and 54nM respectively. The IC50 values obtained for 

CYP1A2 enzyme were 31.75nM for DMU SK6 and 19.65nM for DMU 

SK8. DMU SK6 and DMU SK8 were found to inhibit CYP1B1 and 

CYP1A2 enzymes more or less equipotently (Table 7.13).  

When the number of methoxy groups was increased from one to two in ring 

A,as in compounds DMU SK5 and DMU SK9, the IC50 values obtained for 

CYP1A1 enzyme were 383nM and 179nM respectively. It was observed 
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that these values are 2-fold lower than those for the mono methoxy 

derivatives SK6 and SK8. The IC50 values obtained for CYP1B1 enzyme 

for DMU SK5 and DMU SK9 were 172nM and 41nM respectively. With 

CYP1A2 IC50 values were121.6nM for DMU SK5 and 27.72nM for DMU 

SK9 as shown in Table 7.13 DMU SK7 with no substituents in ring A 

showed a 58-fold decrease in inhibition towards CYP1A1 enzyme when 

compared with the IC50 value of  DMU 2157. The IC50 value of DMU SK7 

for CYP1A1 enzyme was 4700nM and for DMU 2157 was 72nM. DMU 

SK7 was found to have slight selectivity (~6-fold) towards CYP1A2 (Table 

7.13). 

Table 7.13: Chemical structure and IC50 vlaues of DMU 2157, DMU SK5, 

DMU SK6, DMU SK7, DMU SK8 and DMU SK9 for CYP1A1, CYP1B1 and 

CYP1A2 enzymes 

Chemical structure 

CYP1A1  

   IC50 value 
CYP1B1 
IC50 value 

CYP1A2 
IC50value 

N

O

MeO

MeO  

DMU SK5 

383 nM  172 nM  121.6 nM 

N

OOMe

 
DMU SK6 

571.2 nM  48 nM  31.75 nM 

N

O

 

DMU SK7 

4700 nM  716 nM  104.8 nM 
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N

O

MeO

 
DMU SK8 

593 nM  54 nM  19.65 nM 

N

O

MeO

OMe  
DMU SK9 

179 nM  41 nM  27.72 nM 

DMU 2157 

72 nM  5200 nM  1167 nM 

 

Comparing the structures of DMU 2157 with DMU SK10 

Both these compounds have equal numbers of methoxy groups substituted 

in ring A but differ in the attachment positions.  DMU 2157 has methoxy 

groups substituted at positions 3, 4 and 5 while DMU SK10 has methoxy 

groups at positions 2, 3 and 4. The IC50 values obtained for DMU SK10 

with CYP1A1, CYP1B1 and CYP1A2 were 1400nM, 32nM and 103.6nM, 

respectively. These results show that DMU SK10 is a potent inhibitor of 

CYP1B1 with a 44-fold selectivity towards CYP1B1 over CYP1A1 and 5-

fold over CYP1A2. The results also indicate that shuffling of methoxy 

groups from positions 3, 4 and 5 (DMU2157) to 2, 3 and 4 (DMU SK10) 

has a profound effect on CYP1A1 inhibition and that methoxy groups at 

positions 2, 3 and 4 greatly favour CYP1B1 inhibition (Table 7.14). 
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Table 7.14: Chemical structure of DMU 2157 and DMU SK10 and their IC50 

values for CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 

CYP1A1 

IC50 value 
CYP1B1 
IC50 value 

CYP1A2 
IC50value 

 
DMU 2157 

72 nM  5200 nM  1167 nM 

N

O

MeO

MeO

OMe

 
DMU SK10 

1400 nM  32 nM  103.6 nM 

 

Comparing the structures of DMU 2157 with DMU S2  

Compound DMU S2 has three ethoxy groups substituted at positions 3, 4, 

and 5 in ring A while DMU 2157 has three methoxy groups substituted at 

the same positions. DMU S2 was found to be a potent inhibitor of the 

CYP1A1 enzyme with an IC50 value of 92nM. DMU S2 was 93-fold 

selective towards CYP1A1 over CYP1B1 and 13 fold selective for 

CYP1A1 over CYP1A2. Thus, increasing the size of the substituents on 

ring A from methoxy to ethoxy has relatively little effect on CYP1 

inhibition (Table 7.15). 
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Table 7.15: Chemical structure of DMU 2157 and DMU S2 and their IC50 

values for CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 
IC50 value  

CYP1B1 
IC50 value 

CYP1A2 
IC50value 

 
DMU 2157 

72 nM  5200 nM  1167 nM 

N

O

EtO

OEt

EtO

 
DMU S2 

92 nM  8600 nM  1200 nM 

 

Comparing the structures of DMU S1, DMU S3 and DMU S4 

These compounds have both ethoxy and methoxy groups substituted on the 

A-ring but differ in the positions of attachment. DMU S1 has two methoxy 

group attached to positions 3 and 5 and an ethoxy group attached to 

position 4 on ring A. DMU S3 has two methoxy groups attached to the 

positions 4 and 5 and an ethoxy group attached to position 3 in ring A. 

DMU S4 has two ethoxy groups attached to positions 4 and 5 and a 

methoxy group attached to position 3 in ring A.  

IC50 values obtained for DMU S1 in CYP1A1, CYP1B1 and CYP1A2 were 

227nM, 698nM and 2600nM respectively. For DMU S3 IC50values of 
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63nM, 3800nM and 1300nM were obtained for the corresponding enzymes 

while DMU S4 gave values of 65nM, 2900nM and 784nM. 

These results show that DMU S1 is an equipotent inhibitor of CYP1A1 and 

CYP1B1 enzymes; while DMU S3 and DMU S4 were found to be potent 

inhibitors of CYP1A1 enzyme. DMU S3 was 60 and 20-fold selective 

towards CYP1A1 over CYP1B1 and CYP1A2 enzymes, while DMU S4 

was 44 and 12-fold selective towards CYP1A1 over CYP1B1 and CYP1A2 

enzymes (Table 7.16).  

Table 7.16: Chemical structure of DMU S1, DMU S3 and DMU S4 and their 

IC50 values for CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 
IC50 value  

CYP1B1 
IC50 value 

CYP1A2 
IC50value 

N

O

OMe

MeO

EtO

 
DMU S1 

227 nM  698 nM  2600 nM 

N

O

EtO

OMe

MeO

 
DMU S3 

63 nM  3800 nM  1300 nM 

N

O

OEt

EtO

MeO

 
DMU S4 

65 nM  2900 nM  784 nM 
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Therefore, from the above inhibition studies and comparative analysis 

results it was evident that the number of methoxy group attached to the 

positions 3, 4, and 5 in the ring A plays an important role in the inhibition 

of CYP1A1 enzyme. Further, replacement of methoxy groups with an 

ethoxy groups in the ring A at positions 3, 4 and 5 also showed selective 

inhibition property towards CYP1A1 enzyme. 

7.11.3 Inhibitory effect and chemical structure comparative  

analysis study of synthesised stilbene derivatives on the 

enzyme activitiesof CYP1A1, CYP1B1 and CYP1A2 

The stilbenes synthesised share a common 3-pyridyl B-ring and ,-

unsaturated nitrile group while differing in the number and attachment of 

methoxy groups in ring A.  

Comparing the structures DMU SB1 and DMU SB2  

DMU SB1 has three methoxy groups attached to positions 3, 4 and 5 in 

ring A while DMU SB2 has three methoxy groups attached to positions 2, 

3 and 4 in ring A. Ring A in DMU SB1 and DMU SB2 are the same as ring 

A in the chalcones DMU 2157 and DMU SK10. The IC50 values of DMU 

SB1 in CYP1A1, CYP1B1 and CYP1A2 enzymes showed that they were 

potent inhibitors of CYP1B1 enzyme. The two compounds showed 8-fold 

selectivity towards CYP1B1 over CYP1A1 and CYP1A2 enzymes (results 

shown in Table 7.17).  
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Table 7.17: Chemical structure of DMU SB1 and DMU SB2 and their IC50 

values for CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 
IC50 value  

CYP1B1 
IC50 value 

CYP1A2 
IC50value 

N

MeO

MeO

MeO

CN

 
DMU SB1 

113.9 nM  60.31 nM  1000 nM 

N

MeO

MeO

CN

MeO

 
DMU SB2 

183 nM  39.68 nM  266 nM 

 

Comparing the structures of DMU SB3 and DMU SB4  

DMU SB3 has a methoxy group attached to position 2 while DMU SB4 

hasa methoxy group attached to position 3 in ring A. DMU SB3 and DMU 

SB4 (both stilbenes) share an identical ring A to the chalcones DMU SK6 

and DMU SK8. Although the functional groups were substituted at 

different positions both compounds were found to be potent inhibitors of 

CYP1B1 with an IC50 value of 30nM for DMU SB3 and 23.72nM for 

DMU SB4.  DMU SB3 was 18 and 8-fold selective towards CYP1B1 

enzyme over CYP1A1 and CYP1A2 enzymes, as shown in Table 7.18. 
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Table 7.18: Chemical structure of DMU SB3 and DMU SB4 and their IC50 

values for CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 
IC50 value  

CYP1B1 
IC50 value 

CYP1A2 
IC50value 

N

CN

MeO

 
DMU SB3 

522.3 nM  30 nM  205 nM 

NMeO

CN
 

DMU SB4 

765.8 nM  23.72 nM  574 nM 

 

Comparing the structures of DMU SB5 and DMU SB6  

DMU SB5 has two methoxy groups attached at positions 3 and 4 while 

SB6 has two methoxy groups attached at positions 2 and 3 in ring A. DMU 

SB5 and DMU SB6 showed potent inhibition towards CYP1B1 enzyme 

with IC50 values of 19.75nM and 10.31nM, respectively. DMU SB5 

showed 10 and 40-fold selectivity towards CYP1B1 over CYP1A1 and 

CYP1A2 enzymes. The selectivity seen in DMU SB6 was far higher; it 

showed 47-fold selectivity towards CYP1B1 over CYP1A1 enzyme and 

61-fold selectively towards CYP1B1 over CYP1A2 enzyme, as shown in 

Table 7.19. 
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Table 7.19: Chemical structure of DMU SB5 and DMU SB6 and their IC50 

values for CYP1A1, CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 
IC50 value  

CYP1B1 
IC50 value 

CYP1A2 
IC50value 

N

MeO

MeO

CN
 

DMU SB5 

191 nM  19.78 nM  769 nM 

NMeO

CN

MeO

 
DMU SB6 

462.8 nM  10.31 nM  612 nM 

 

Further, it was observed that compound DMU SB7 which does not have 

any functional group attached to ring A was found to be more or less an 

equipotent inhibitor of CYP1B1 and CYP1A2 enzymes, while showing far 

less inhibition towards CYP1A1. DMU SB7 was 10-fold selective towards 

CYP1B1 and CYP1A2 over CYP1A1 enzymes, as shown in Table 7.20. 
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Table 7.20: Chemical structure of DMU SB7 with IC50 values for CYP1A1, 

CYP1B1 and CYP1A2 enzymes 

Chemical structure 
CYP1A1 
IC50 value  

CYP1B1 
IC50 value 

CYP1A2 
IC50value 

N

CN
 

DMU SB7 

6400 nM  594 nM  815 nM 

 

Therefore, from comparative analysis studies of the novel stilbene 

compounds, it was evident that addition of acetonitrile group and nitrogen 

at the position 3 in B-ring of the stilbene scaffold does not show any 

significant inhibition towards CYP1A1 enzyme. Instead, these stilbene 

derivatives were found to be potent inhibitors of CYP1B1enzyme.   

7.12  Conclusion  

In conclusion, this thesis has described the establishment of two unique 

CYP assay systems, one microsomal and the other cellular, that allowed 

screening for CYP1A1-specific inhibitors and led to the identification of 

two potent CYP1A1-specific inhibitors, one a natural product (a flavonoid) 

and the other a natural product derivative (a chalcone). CYP1A1-specific 

inhibitors have rarely been described in the literature.   

Both the microsomal and cellular CYP assay systems required a CYP 

reductase which is essential for activity. Three different reductases were 

explored. One of these reductases was genetically engineered and 
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structurally very unusual. It was questioned whether all three of the 

reductases provide the same active sites upon binding to a CYP.  It was 

found using chemical probes that indeed all three reductases create similar 

active sites. 

7.13 Future Work 

This project work proved to be a great learning curve which included the 

synthesis of new compounds (which I had never done before) and 

identifying their inhibitory potential in order to identify lead molecules that 

could be later developed as possible chemo-preventive agents in the 

treatment of cancer.  

Compounds DMU 2157, DMU 110, DMU S2, DMU S3 and DMU S4 were 

identified a potent and selective inhibitors of CYP1A1 enzyme in in vitro 

cellular and microsomal studies. Further, these compounds would have to 

be confirmed in human cell lines that have been engineered to overproduce 

CYP1A1 enzyme (rarely do cancer cells over-expressed CYP1A1) in order 

to confirm their inhibitory potential . Screening of these compound would 

further help in understanding their behaviour towards human cells and their 

possibility being used as potential anticancer agents.  

In addition, future work would also involve synthesising more compounds 

with a bigger alky group (propyl or butyl) and continuing the search for 

CYP1A1 inhibitors which are both highly potent and selective.  
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