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Summary

Breast cancer is regarded as the most common form of cancer in women and it comprises of

approximately 23 % of female cancers, while affecting women at any age range. For

oestrogen receptor positive patients, tamoxifen is used as a prescribed medication for breast

cancer therapy. However, tamoxifen in its natural form is not active to achieve the required

treatment and prevention of breast cells proliferation. Since tamoxifen is a prodrug, it need to

be converted into its active form, endoxifen, for which it is achieved by the action of the

cytochrome P450 enzymes. Cytochrome P450 2D6 (CYP2D6) is a member of cytochrome

P450 enzymes for which are superfamily of heme enzymes characterised by their ability to

catalyse the oxidative reactions of compounds, including the pathway of tamoxifen

metabolism. However, due to polymorphism that lead to inactive phenotypes of CYP2D6 in

this gene, there is a challenge of diagnosing if a patient can metabolise tamoxifen or not. The

current diagnostic tool, Amplichip® CYP450, for CYP2D6 is based on genotypes, and it lead

to uncertainness as to whether the presence of functionalCYP2D6 alleles of CYP2D6 may

lead to coding of active protein, thus leading to wrong treatment measures and overdose of

tamoxifen. Electrochemical techniques have provided reliable, simple, quick, and sensitive

methods for the determination of drug metabolism by enzymes. Therefore, it is important to

develop a CYP2D6 phenotype-based sensor to detect and tell whether a particular individual

can metabolise the drug or not.

This study was designed with the aim to clone the human CYP2D6, express and purify the

recombinant protein in large quantities and at a cheaper way. Lastly, to design CYP2D6

based sensor and conduct electrochemical characterisation of tamoxifen metabolism. To

achieve this aim, in silico studies have characterised CYP2D6 as a 50.05397 kDa molecular

weight and insoluble transmembrane protein, with isoelectric point of pI = 6.21. A 1375 bp
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amplicon of CYP2D6 was successfully cloned to generate pTrcHis-TOPO-CYP2D6

expression construct that was expressed as a 6x His fusion protein of ~ 68 kDa (including the

Xpress TOPO and 6x His-tag). The protein was then purified under denaturing conditions

using the Ni-NTA affinity system followed by its refolding. Finally, the activity of the protein

was tested using the P450-GLOTM CYP2D6 assay, which indicated that the enzyme was

successfully refolded and active to be used for post-expression applications. Analysis of the

absorbances using UV-Vis spectroscopy, indicated that CYP2D6 has a sorbet absorbance

band at 216 nm, and it shifted upon the additions of tamoxifen, which implied the binding of

tamoxifen to CYP2D6. Analysis of emission using fluorescence spectroscopy showed

undefined fluctuation shifts upon the addition of tamoxifen with emission characteristics. The

binding of tamoxifen to the heme site of CYP2D6 was also monitored electrochemically by

detecting shifts in the potential that occurred upon addition of tamoxifen. The observed shifts

in both unfolded and folded proteins correlate to the differential binding of the tamoxifen

molecules to the reduced states of the heme (redox active site). Further, it was observed that

the electrochemical response of both proteins was also influenced by the structure

conformation (folded or unfolded). Cloning and electrochemical characterisation of the

CYP2D6 gene provides a promising means to study and develop a CYP based biosensor for

breast cancer therapy at low cost. However, there is a need to study more and to use a

molecular linker when immobilising the protein on gold electrode in order to improve the

electron transfer in the electrochemical system.

http://etd.uwc.ac.za/
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CHAPTER 1: LITERATURE REVIEW

1.1 Introduction

Breast cancer is globally health challenge and the most common one in females, comprising

approximately 23% of female cancers (Parkins and Fernández, 2006; Ramathuba et al., 2015).

It is the second most common cancer behind skin cancer (Ferlay et al, 2012), affecting

women in any age range (Omotara et al, 2012). However, breast cancer risk increases with

age and it has been the main cause of mortality in women aged over 40 years (Omotara et al.,

2012; Ramathuba et al., 2015). Based on the recent breast cancer statistics by the

International Agency for Research on Cancer (IARC) (2012), there were approximately 14.1

million new cancer cases and 8.2 million cancer deaths worldwide. It was also estimated that

by 2030, there will be about 21.7 million global new cancer cases and about 13 million

cancer deaths, for which will be influenced mainly by population growth and aging (Torre et

al., 2016). The oestrogen hormone is responsible for stimulation and progression of breast

cancer proliferation (Chang, 2012). The hormone binds to the breast cells through oestrogen

receptors, thus stimulating nuclear DNA to proliferate the breast cells into cancerous cells

(Travis and Key, 2003). The biological action of oestrogen is mediated by the presence of

oestrogen receptors for which nearly 70 % of breast tumours expresses the oestrogen

receptors and also progesterone receptors (Chang, 2012; Roy and Vadlamudi, 2012).

Breast cancer treatment depends on the patient’s specific type of breast cancer, whether is

oestrogen dependent or non-oestrogen dependent (ACS, 2017). There are 5 types of breast

cancer treatment namely; hormonal therapy, aromatase inhibitors, lumpectomy, radiation, and

chemotherapy. Selective oestrogen-receptor modulators (SERMs: Tamoxifen or Raloxifene)

and aromatase inhibitors (anastrozole, exemestane, and letrozole) are also used after surgery,

radiation or chemotherapy in order to decrease the possibility of breast cancer recurrence.

http://etd.uwc.ac.za/
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Hormonal therapy by the use of tamoxifen is the most common prescribed measure for

oestrogen receptor positive breast cancer (NCCN, 2013).

Liver cytochrome P450s are involved in metabolism of tamoxifen into its active form,

endoxifen, necessary for prevention or stopping breast cancer proliferation (Cronin-Fenton et

al., 2014). CYP2D6 and CYP3A4/5 enzymes are the main enzymes in the conversion of

tamoxifen into its more active metabolites (Lee et al., 2005; Borges et al. 2006; Dean, 2016).

However, CYP2D6 is of more significance since it is highly polymorphic with alleles that are

metabolically inactive (Ingelman-Sundberg et al., 2007; Pinto and Dolan 2011). Therefore, it

is believed that there is an association between CYP2D6 genotyping and phenotyping for

drug metabolism purpose (Fleeman et al., 2010). Since CYP2D6 is a heme containing

enzyme and it confers electron exchange in association to drugs, this has brought interest in

designing a CYP2D6 based electrochemical biosensor which will focus on the phenotypic

function of CYP2D6. This review will focus on breast cancer, its treatment with tamoxifen,

brief discussion on the enzymes responsible for tamoxifen metabolism, and finally

electrochemical biosensor used for testing tamoxifen metabolism.

1.2 Breast cancer and its development

Breast cancer is regarded as a clonal disease that occurs when somatic cells undergo the

process of abnormal growth and to express full malignant potential (Balmain et al., 2003;

Mohanty et al., 2012). Most breast cancers begin to develop in breast tissues, milk glands

such as lobules, and ducts that connect the lobules to the nipple (ACS, 2016). According to

Mohanty et al., (2012), breast cancer was originally a single disease of the breast, for which

through extensive research and clinical studies it was then defined as a breast tumour. Hence,

it is important that patients receive therapy that is specific to the breast cancer type. Breast

cancer is known to be a hormone responsive type of cancer (Folkerd and Dowsett, 2010).

http://etd.uwc.ac.za/
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Factors such as age, family history, clinical history, a late first pregnancy, prolonged

exposure to hormones, and life style (overweight or obesed after menopause, physical

inactivity, alcohol consumption) can play a role in the development of breast cancer (Roche,

2016).

Breast cancer is regarded as a hormone-dependent tumorous condition by which the hormone

binds to hormone response elements on the nuclear DNA, activating or suppressing specific

sequences in the regulatory regions of breast cancer genes thus causing uncontrolled cell

growth and differentiation (Clemons and Goss, 2001; Travis and Key, 2003). Hormone such

as oestrogen is commonly known to be responsible for stimulation and progression of breast

cancer (Chang, 2012). The biological action of oestrogen is mediated by the presence of

oestrogen receptors for which are expressed on their surfaces (Chang, 2012; Roy and

Vadlamudi, 2012). Therefore, breast cancer cells which express oestrogen receptors are

referred to as oestrogen receptor positive. Oestrogen causes the stimulation of breast cancer

by binding to the oestrogen receptor thus leading to cell proliferation, mutation and

expression of breast cancer gene 1 (BRCA1) and breast cancer gene 2 (BRCA2) which result

to breast cancer (Goetz et al., 2008; Kitagishi et al., 2013). After oestrogen binds to oestrogen

receptors, a quick induction of mitosis takes place with mutations in each generations and

there is a shorter time for DNA to undergo repair processes (BCPI, 2007). The mechanism of

stimulating the development of breast cancer by oestrogen is shown below in Figure 1.1.

Therefore, the reliable therapeutic measure for all stages of the disease in highly susceptible

woman (at pre- and postmenopausal stages) need to target the oestrogen receptors by using

antioestrogens (Chang, 2012).

http://etd.uwc.ac.za/
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Figure 1.1: The development of breast cancer abnormal cells. Through oestrogen binding to the
breast cells, a quick induction of mitosis takes place and DNA synthesis takes place with each mitotic
doubling of cells. A short doubling time may result in more mutations, because the cell has a shorter
resting phase (i.e., a shorter time for DNA repair). (BCPI, 2007).

http://www.bcpinstitute.org/onlinepub.htm.

1.3. Tamoxifen

1.3.1 Tamoxifen as a treatment of breast cancer

Tamoxifen is one of the selective oestrogen receptor modulator (SERM); and a standard care

for many women with oestrogen receptor positive breast cancer (Fleeman et al 2010).

Tamoxifen binds to oestrogen receptors and thus block the oestrogen effect of stimulating the

growth of breast cancer cells. Tamoxifen blocking action occurs by up-regulating the

production of transforming growth factor B (TGFb) for which it inhibits tumour cell growth,

while down-regulating the insulin-like growth factor 1 (IGF-1), that is responsible for the

stimulation of breast cancer cell growth (NCI, 2018). Since it was approved by Food and

Drug Administration (FDA) in 1977 and later years, it has been used for more than 30 years

to treat hormone receptor–positive breast cancer (Lukong, 2017). In 1985, FDA approved its

http://etd.uwc.ac.za/
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use as an adjuvant therapy in postmenopausal women followed by its approval for its use

alone in 1986. In 1989-1990, FDA established the approval of tamoxifen use in

premenopausal women with oestrogen receptor positive breast cancer and for pre and

postmenopausal patients, who had node-positive oestrogen receptor-positive breast cancer. In

1993, FDA approved the indication for tamoxifen use in the treatment of advanced breast

cancer in men (MacGregor and Jordan 1998; Goss et al., 2005). Tamoxifen is administered

orally as a prodrug and it has less effect than its active forms that are formed within the body,

therefore its metabolism is important in order to have an impact during breast cancer therapy.

Depending on the individual state, the recommended length of time that tamoxifen is taken

differs from individual to individual ranging from 5 to 10 years (Sugerman, 2013). The daily

dose that is recommended for tamoxifen is between 20 - 40 mg (FDA, 2006).

1.3.2 Tamoxifen metabolism

The pharmacological active forms of tamoxifen, 4-hydroxytamoxifen,

N-desmethyl-4-hydroxytamoxifen and endoxifen have 30-100 times more affinity to

oestrogen receptors than tamoxifen itself (Cronin-Fenton et al., 2014). Endoxifen as an

antagonist of oestrogen, has more affinity for binding to oestrogen receptors due to its

similarities to oestrogen, both baring methyl (-CH3) and hydroxyl (-OH) groups

(Cronin-Fenton et al., 2014; Kelly et al., 2017). Cytochrome P450 enzymes that are abundant

in the liver such as CYP3A4/5, CYP2C9, CYP2C19, CYP2B6, and CYP2D6, are responsible

for the metabolism of tamoxifen into its active functional form, endoxifen (Cronin-Fenton et

al., 2014). However, the main enzymes in this conversion process are CYP2D6 and

CYP3A4/5 (Lee et al., 2005; Borges et al. 2006; Dean, 2016). Therefore, CYP2D6 is of more

importance since it is highly polymorphic thus leading to alleles that are metabolically

inactive (Desta et al., 2004; Ingelman-Sundberg et al., 2007; Pinto and Dolan 2011). The

http://etd.uwc.ac.za/
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conversion of tamoxifen into its metabolites is shown in Figure 1.2, indicating two pathways

and steps that involve associated cytochrome P450s. Several studies have shown that that

there is a clinical evidence linking CYP2D6 metabolising status to tamoxifen metabolism on

patients. A clinical trial was conducted by North Central Cancer Treatment Group (Trial

89-30-52), and they treated women with oestrogen receptor positive type of cancer at

postmenopausal and thus drew the tamoxifen metabolic statuses in different patients (Goetz

et al., 2005; Ferraldeschi and Newman, 2010).

Figure 1.2: Tamoxifen metabolism to its active metabolites. Tamoxifen conversion involves two pathways
which involves either CYP2D6 or CYP3A4 in a two-step bi-products (N-desmethltamoxifen and
4-hydroxytamoxifen) to endoxifen. However, other cytochrome p450 enzymes are also involved to assist these
main enzymes in converting tamoxifen into endoxifen (Desta et al., 2004).

1.3.3 Variation in tamoxifen metabolism

Interindividual variation in human drug response is a huge challenge in therapy (Samer et al.,

2013). Factors such as age, gender, race/ethnicity, disease states, organ dysfunctions,

smoking, diet, and concomitant medications are known to influence variation in drug

responses (Franceschi et al., 2008; Frere et al., (2008). Genetics is another source of

http://etd.uwc.ac.za/
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interindividual variability known to influence drug response (Samer et al., 2013), hence it is

important to know the genetic expression level of CYP2D6 in breast cancer therapy. There

are different causes of variations that can result in tamoxifen metabolism and these include;

(1) reduction in CYP2D6 activity due to the uptake of inhibitors and (2) polymorphism in the

CYP2D6 gene, for which both have shown to reduce the level of endoxifen (Borges et al.

2006). Certain drugs such as selective serotonin reuptake inhibitors (SSRIs) and selective

noradrenaline reuptake inhibitors (SNRIs) are used to combat stress and depression and at the

same time they inhibit the activity of CYP2D6 (Hoskins et al., 2009). SSRIs such as

fluoxetine and paroxetine are known to have negative impact on the formation of tamoxifen

metabolites, therefore negatively impact the efficacy of tamoxifen therapy (Hoskins et al.,

2009). Polymorphisms in genes responsible for tamoxifen metabolising enzymes, drug

receptors, drug transporters production and molecules involved in signal transduction

mechanisms they play a major role on the functional reduction of these molecules and thus

affect efficacy or toxicity of a drug (Johnson and Lima, 2003). The study by Jin et al. (2005)

showed that patients with extensive metabolising genotypes whom were taking such

CYP2D6 inhibitors, developed low concentrations of plasma endoxifen. A follow up study by

Borges et al. (2006) showed that 158 patients with breast cancer who were taking adjuvant

tamoxifen were examined to have 33 alleles of CYP2D6 including many variants.

1.4 Cytochrome P450-2D6

Cytochrome P450 enzymes are large superfamily of enzymes that are abundant in the liver

and are involved in a number of oxidative-reductive reactions of exogenous and endogenous

compounds (Cronin-Fenton et al., 2014). Possible redox reactions of cytochrome P450

enzymes are due to the presence of heme centre (iron protoporphyrin IX ring), which achieve

electron exchange between a compound and a cytochrome P450 protein (Capece et al., 2008).

http://etd.uwc.ac.za/
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Cytochrome P450 enzymes have been identified in all domains of life including animals,

plants, fungi, protists, bacteria, archaea, and even in viruses. However, they have not been

found in Escherichia coli bacterial species (Lamb et al., 2009). Recently, it was discovered

that there are more than 21,000 distinct known CYP proteins (Nelson, 2009). Cytochrome

P450 enzymes are coloured ('"chrome') cellular " (cyto") with a sorbet peak absorbance of

light at wavelengths approximately 450 nm, when the heme iron is reduced and complexed to

carbon monoxide thus the name "Cytochrome P450" (Mathew, 2010).

Figure 1.3: The 3D typical structure of cytochrome p450 enzymes (Matthew, 2010). The heme-porphyrin
ring provides a site where electrochemical electron exchange takes place and it bared in the centre of protein’s
main lobes.

Cytochrome P450 2D6 (CYP2D6) as a member of cytochrome P450 enzymes is involved in

oxidative-reductive reactions of exogenous and endogenous compounds, including tamoxifen

as a drug (Cronin-Fenton et al., 2014). CYP2D6 gene has a number of mutant alleles which

are due to polymorphic insertion or deletion of base pairs in the gene sequence (Meyer and

Zanger, 1997; Singh et al., 2011). Such genetic change causes variation in the tamoxifen

metabolic pathway, thus leading to less or no tamoxifen active metabolites. The allelic

http://etd.uwc.ac.za/
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variant distribution differs among different population ethnic groups (Lewis et al., 2004), and

it influences different drug metabolism. Patients are classified into four (4) groups based on

metabolic activity of CYP2D6 (McGraw et al 2012) including (1) Poor metabolisers (with

variants that result in poor metabolism), (2) Intermediate metabolisers (with moderate

variants), (3) Extensive metabolisers (normal metabolism), and finally (4) Ultra rapid

metabolisers (higher metabolism). It has been observed that Caucasians are of more

considered and there is approximately 6 - 10 % of individuals which are poor metabolisers,

10 - 15 % which are intermediate metabolisers, and up to 10 - 15 % which are ultra-rapid

metabolisers (Horn and Hansten, 2008; Brauch et al. 2009).

To date, the alleles of CYP2D6 are reported to be more than 100 variants (*) in humans

(Pinto and Dolan, 2011). The most significant and commonly studied variants include

CYP2D6*9, CYP2D6*10, CYP2D6*17, CYP2D6*29, and CYP2D6*41, which have reduced

functional activity; CYP2D6*3 through CYP2D6*8 as well as CYP2D6*36, which have no

functional activity; and duplications of CYP2D6*1xN, CYP2D6*2 or CYP2D6*35 which

lead to enhanced functional capacity and the ultra-rapid metaboliser phenotype

(Ingelman-Sundberg et al., 2007; Pinto and Dolan 2011). Table 1 shows a full summary of all

alleles of CYP2D6 gene, duplication of CYP2D6 gene alleles and their associated enzyme

activity in metabolising drugs. Study by Ferraldeschi and Newman (2010) have indicated that

a huge number of lower frequency polymorphisms in CYP2D6, results in a reduced activity,

and may contribute to the extensive inter-individual differences in CYP2D6 metabolic ability.
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Table 1.1: Alleles of CYP2D6 and their associated activity (Zhou, 2009)

CYP2D6 alleles Allele designation Metabolic status Enzyme activity

*1,*2, *33. *35 Normal or wild type Extensive metaboliser Normal

*3, *4, *5-8, *11-16,
*18-21, *36, *38, *42, *44,

*56, *62
Null Poor metaboliser No protein or

inactive

*9, *10, *17, *29, *41 59 Reduced activity Intermediate metaboliser Decreased

*22-28, *30-32, *34, *37,
*43, *45-55 Unknown activity Not applicable Unknown

Duplicated alleles

*2xN, *2xN *35xN Multiplication of normal
alleles Ultra-metaboliser Increased

*10xN, *17xN *29xN
*41xN

Multiplication of reduced
activity alleles Intermediate metaboliser Decreased

*4xN, *6xN, 36xN Multiplication of null
alleles Poor metaboliser No protein or

inactive

*43xN, *45xN Multiplication of alleles
of unknown activity Not applicable Unknown

1.5 Implications of CYP2D6 poor metabolic activity

Human deficiency in CYP2D6 activity has been observed among up to 10% of whites that

may have an altered capacity in processing these drug agents (Zanger et al., 2004; Gonzalez

and Yu, 2006), which is a problem since these patients may be at high risk of incurable

cancer using drugs, particularly tamoxifen in this case. CYP2D6 deficiency is basically

connected to the complete defect of the CYP2D6 gene for which a broad range of DNA

sequence variations may result (Zanger et al., 2004). The breast cancer occurrence can lead to

death with about 1 in 36 chance a woman's death (Omotara et al 2012; ACS, 2016). Although

the death rate has been declining since 1989 (due to the result of earlier detection through

screening, increased awareness and improved treatment) (ACS, 2016), the concern lies on the

increased breast cancer deaths estimated in 2012 by the International Agency for Research on

Cancer that there will be 21.7 million new cases and cancer deaths of about 13 million. Some

patients have mutations in certain genes such as breast cancer gene 1 (BRCA1) and breast

cancer gene 2 (BRCA2) having various high- and low-risk susceptibility to breast cancer
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(Goetz et al., 2008).

1.6 Assessment methods for assaying tamoxifen metabolism

Genetic variants of CYP2D6 have been discovered and studied by a number of cohorts in

recent years (Zhou et al., 2012), not just for breast cancer therapy but also for a number of a

wide range of drugs and diseases. Therefore, it is necessary that each patient must be tested

for the ability to metabolise tamoxifen. Assessment of CYP2D6 gene’s presence and activity

involves collection of different samples that may be taken in vivo or in vitro for CYP 450

tests on blood samples, cheek swab and saliva collections (Roche, 2016). The present study

involves the bio-electrochemical characterisation of CYP2D6 in tamoxifen metabolism for

which it is based on CYP2D6 phenotype itself.

1.6.1 Genotyping of CYP2D6-current method

There was a growing forecast that genotyping of CYP2D6 gene may be used to assist

in treatment decision-making in whether patients should take tamoxifen or not (Fleeman et al.,

2011). According to Honskins et al. (2009) tests for genotyping CYP2D6 were supposed to

quicken the identification for proper administration of medications. Based on literature, most

studies also helped in clarifying the advice to clinical researchers that CYP2D6 genotyping

could guide in selecting the correct anti-oestrogen therapy for postmenopausal women with

early-stage breast cancer, and how to best treat patients that are intermediate or poor

metabolisers (Goetz et al., 2008; Chang, 2012; Rae, 2013). To date, the FDA have approved

the diagnostic tool, Amplichip® CYP450 (the only commercial complete test), which was

successful for screening only 33 variants in the CYP2D6 gene (Roche, 2016). CYP2D6

genotyping can help in determining whether tamoxifen is to be administered to patients or not.

However, studies that established the clinical utility of CYP2D6 genotyping (using

Amplichip® CYP450) in determining treatment choice or dose, in relation to tamoxifen
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therapy have not yet been published (Honskins et al., 2009). In addition, the presence of

CYP2D6 genes that are of functional metabolic activity is not always associated with the

expression of protein itself (Isozymes, 2009). A rapid diagnostic tool that will achieve the

detection of CYP2D6 activity in metabolising tamoxifen at a phenotypic level is required,

such that it will detect if the enzyme is active based on its availability on the blood samples.

1.6.2 Bio-electrochemical testing using biosensors

A biosensor is defined as a device that detects biochemical interaction by generating signals

proportional to the amount of an analyte in question (Bhalla et al., 2016). According to

Sassolas et al. (2011), biosensor is composed of two elements, namely: (1) bioreceptor, a

sensitive attached biological element such as enzyme, DNA probe, antibody recognising the

analyte (e.g. enzyme substrate, complementary DNA, antigen), (2) transducer which is used

to convert biochemical signal that occurs due to interaction of analyte with the bioreceptor

(Asturias-Arribas et al 2014). Electrochemical transducers are used to develop biosensors and

have advantageous characteristics such as cost effective and easiness to design.

Electrochemical biosensor are characterised by the use of electrochemical cell usually

containing three electrodes (working, reference and counter electrodes) (Asturias-Arribas et

al 2014). The electrochemical cell set up is connected to the potentiostat for electron

exchange and the results are monitored in the computer system as shown in Figure 1.4. The

reference electrode is used to maintain a known redox potential and is usually made of

basically made of Ag/AgCl. The working electrode function as an element in which a

reaction in question is focused, while the counter electrode provide a current in and to the

electrolytic solution to the working electrode. In order for this setup to be functional, the

three electrodes should both be conductive and chemically stable at a pH that favours both

elements (Koyun et al., 2012). The advantages of electroanalytical sensors are that they
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permit the analysis of species with great specificity, they are very rapid, sensitive, highly

selective and cost effective. According to literature, it is already implemented for clinical

analysis, particularly for glucose level in diabetic patients (Dixon et al., 2002; Koyun et al.,

2012). Good results in the determination of some drugs in vitro have been obtained by

electrochemical methods and its application has greatly increased over the last few years

(Álvarez-Lueje et al., 2012; Siddiqui et al., 2017).

Figure 1.4: The electrochemical analysis set up. The electrochemical cell contains three electrodes (working,
counter, and reference) connected to the potentiostat to generate the data and computer system for data
monitoring (computed on Microsoft office power point).

The transfer of electrons between proteins and drug is an essential feature, and it is therefore

of importance in the mechanism of electron transfer of cytochrome P450 enzymes, where

electrons are transferred to and from their substrates (Bistolas et al., 2005), Recent

researchers have measured tamoxifen and endoxifen plasma in vivo concentrations following

the administration of tamoxifen in breast cancer therapy (Honskins et al., 2009). In this study,
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the selective determination of tamoxifen metabolism by CYP2D6 was performed using

electrochemical biosensor.

1.7 Study rationale

Breast cancer is the leading cause of most fatal incidences in women and men worldwide, and

the most prescribed drug is tamoxifen. However, there is an inter-individual differences in

response to tamoxifen treatment for which is linked to drug metabolism classification due to

associated polymorphism in the CYP2D6 gene. Tamoxifen metabolism by patients is

categorised into four metabolic profile due to CYP2D6 polymorphism and it results in

non-active phenotypes of CYP2D6, which cannot metabolise tamoxifen. Therefore, there are

challenges with the current diagnostic tool, Amplichip® CYP450, which is genotypic based

since it is time consuming, expensive and has inconclusive drug metabolic results. It is

therefore important to develop new procedures which will be easy to use at a low cost. In this

study, it will be the first time that this gene is cloned, expressed and purified with the purpose

to develop a rapid biosensor for screening the metabolic status of patient’s tamoxifen

metabolism.

1.8 Aim and objectives

The present study was designed with the purpose to develop a simple, low cost CYP2D6

biosensor which will test the tamoxifen metabolism in breast cancer patients, with the

specific objectives:

 To conduct In-Silico characterisation of CYP2D6.

 To produce a highly purified active recombinant CYP2D6 protein.

 To prepare a biosensor and conduct electrochemical analysis in order to measure the

redox potential of recombinant CYP2D6 in metabolising tamoxifen in vitro.
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 To conduct electrochemical analysis to measure the redox potential in breast cancer cells

in response to tamoxifen treatment (Future work).

 And lastly, to develop a prototype, for rapid and simple detection of tamoxifen

metabolism in breast cancer patients (Fututre work).
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CHAPTER 2: In silico characterisation, cloning and recombinant
expression of cytochrome P450 2D6 (CYP2D6)

ABSTRACT

Cytochrome P450 2D6 (CYP2D6) is a member of the cytochrome P450 enzymes, which

catalyse oxidative reactions of exogenous and endogenous compounds, including various

drugs. CYP2D6 is one of the main enzymes together with other cytochrome P450 enzymes

that are responsible for tamoxifen metabolism. However, it has been observed that not all

tamoxifen treated patients are able to metabolise tamoxifen and this is due to the polymorphic

behaviour of these enzymes. It is of importance to develop a simple mechanism that will

detect and tell whether a particular individual can metabolise tamoxifen or not before given a

drug. Enzyme biosensors are an effective and quick way that have been used to study redox

reactions and drug metabolism, however due to the high cost of commercial enzymes,

thorough investigations are limited. Therefore, this chapter aimed at generating a CYP2D6

expression construct for high throughput expression of recombinant protein at an affordable

manner. In silico characterisation indicated that CYP2D6 is a 50.05397 kDa insoluble,

transmembrane protein that is located mainly in the endoplasmic reticulum and the

extracellular space. Its 3D structure is characterised by an iron porphyrin IX ring that is

located in the centre. CYP2D6 was cloned successfully into pTrcHis-TOPO® vector,

over-expressed as a ~68 kDa protein (including ~4 kDa Xpress TOPO epitope and ~4 kDa 6x

His tag and TOPO priming sequences of ~10 kDa), and further purified under denaturing

conditions using the Ni-NTA affinity system followed by refolding. Finally the activity of the

protein was assayed using P450-GLO CYP2D6 kit, which indicated that the enzyme was

successfully refolded and active for post-expression applications.

Key words: Cloning, CYP2D6, Enzyme activity, In silico, Over-expression, Purification.
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Figure 2.1: Graphical abstract illustrating the In silico and molecular characterisation of CYP2D6 (The abstract
was computed using Microsoft Power Point).
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2.1 Introduction

Cytochrome P450 2D6 (CYP2D6) is a heme-containing enzyme, which is responsible for the

catalysis or removal of exogenous and endogenous compounds, including various drugs

(Subehan et al., 2006). CYP2D6 and CYP3A4/5 are the main and abundant enzymes that are

responsible for tamoxifen metabolism into its final most active product, endoxifen (Mathew,

2010). Therefore, these enzymes are of clinical importance during breast cancer therapy using

tamoxifen (Zanger et al., 2004). CYP2D6 is highly polymorphic thus it leads to many allelic

variants that affects tamoxifen metabolism efficiency (Surekha et al., 2010; Zhou et al., 2012;

Wang et al., 2015). In order to study the metabolism of tamoxifen using the redox reaction,

cytochrome P450 enzymes are required to be used as biosensors. General molecular studies

of recombinant proteins require in silico characterisation of proteins as a starting point, in

order to understand their physico-biochemical behaviour in expression systems especially

bacterial cells (Negi et al., 2017). Therefore, bioinformatics techniques are tools of choice to

provide information on the protein’s characteristics such as protein length, molecular weight,

isoelectric point (pI), solubility, subcellular localisation, structure and functional domains

(Rehm, 2001).

Recombinant protein production involves genetic manipulation in order to produce a

construct of interest to be expressed in a recommended simple expression host such as E. coli

(Rosano and Ceccarelli, 2014). Engineering of proteins usually involves the use of vectors as

expression systems suited to express proteins in different cells (Turanli-Yildiz et al., 2012).

The expression system usually contains sequences that have important functions in several

steps of genetic engineering such as cloning, expression and purification of proteins

(Fakruddin et al., 2013). There are different types of expression systems with different

advantages and disadvantages in the entire protein production process (Liu et al., 2012).
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Therefore, it is of more significance to choose the best expression system which suits the

target protein (Rosano and Ceccarelli, 2014). The pTrcHis-TOPO® TA vector system was

chosen as a vector of choice in this study, due its high efficiency, fast-direct insertional way

of amplified PCR products for expression in E. coli (Yuvaraj, 2007). More advantageously is

that the ligation occurs in the absence of DNA ligase and post PCR procedures such as

digestion of the insert and plasmid are not neccessary. In addition, PCR primers are not likely

to contain specific restriction endonuclease digestion sequences since the plasmid contains its

own restriction sites for screening purposes (Chaudhary et al., 2014). The technique has

adopted the biological activity of DNA topoisomerase I, which cleave and re-join supercoiled

DNA ends to facilitate replication. In order to insert the gene of interest, the topoisomerase is

covalently bounded at each end of un-circular plasmid bearing single 3´-thymidine (T)

overhangs, and it facilitate the joining of single 5´-Adenosine (A) overhangs of insert to form

T-A bonds. Once the gene sequence of interest is inserted into a plasmid, the construct is

transformed and expressed in E. coli.

The pTrcHis-TOPO® vector is designed to achieve successful cloning and expression through

several features. (1) The trc promoter, a hybrid promoter containing the –35 region from the

trpB promoter and the –10 region from the lacUV5 promoter for high-level expression in E.

coli (Brosius et al., 1985; Amann et al., 1983; Mulligan et al., 1985). (2) The lacO sequence

for binding the lac repressor encoded by the lacIq gene. In the absence of IPTG, lac repressor

binds to the lacO sequence, repressing transcription, whereas upon addition of IPTG,

expression is induced (Jacob and Monod, 1961; Müller-Hill et al., 1968). (3) rrnB

antitermination sequence that reduces premature transcription termination (Li et al., 1984). (4)

T7 gene 10 translational enhancer sequence for more efficient translational initiation (Olins et

al., 1988). (5) A minicistron containing nucleotides that are efficiently translated in
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prokaryotic cells for enhanced translational efficiency (Schoner et al., 1986). (6) An

N-terminal peptide containing the HisG epitope, the Xpress™ epitope and a 6x His-tag for

detection and purification of the recombinant protein. (7) An enterokinase recognition site for

removal of the N-terminal peptide. Because of its small size and the simplicity that goes with

its incorporation, the 6x His-tag is widely used for the purification of recombinant proteins

and is less likely to interfere with protein structure and function (Niiranen et al., 2007). All

these features of the pTrcHis-TOPO® plasmid are indicated in Figure 2.2.

Figure 2.2: Circular map of the pTrcHis-TOPO® expression vector. The map shows the T7 lac promoter,
which increases expression of high levels of proteins under induction by IPTG, the 6x His-tag, which facilitate
purification using the Ni-NTA purification system, Xpress epitope for protein detection, and the multiple
cloning site (MCS), which contains different restriction digestion sites (Invitrogen, Life technologies).

The resultant recombinant construct is transformed into bacteria in order to express the

protein of interest (Lodish et al., 2000). During protein expression different expression

conditions such as the concentration of IPTG, temperature and time of induction are screened

in order to produce high amount of proteins (Rosano and Ceccarelli, 2014). Following

expression is the purification of the protein of interest, which is achieved using
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chromatography, particularly affinity chromatography in this case. This is a powerful tool for

purifying recombinant proteins from crude extracts to a nearly homogeneous preparation in a

single step (Kimple, 2013). It allows the biological properties of the sample to be purified

through binding and reverse interaction between affinity ligands (Magdeldin and Moser,

2012). However, most naturally occurring proteins lack tags which would allow purification

by affinity purification, so they require modification through addition of either N- or C-

terminal tags.

After expression of recombinant proteins, the question is raised as whether the target protein

is active or not (Rothbauer et al., 2008). Therefore, enzyme activity assays are employed to

test the functionality before the enzyme is used for future applications (Gräslund et al., 2008).

Enzyme assays work best in that they are specific catalysed reactions, meaning that the

accumulated product is inversely proportional to the enzyme specific-substrate consumed and

directly proportional to the enzyme activity (Bisswanger, 2014). The P450-Glo luminescent

assays are assay of choice for cytochrome P450 enzymes (Inceoglu et al., 2009), and their use

can be enhanced based on individual cytochrome P450 enzyme that is specific to a particular

pro-luciferin substrate (Cali et al., 2012). In this study, the assay that provides a luminescent

method was used for measuring the activity of CYP2D6. It employs a pro-luciferin substrate,

luciferin-ME EGE, for which is converted by the reaction of CYP2D6 into D-luciferin.

D-luciferin thus undergo luciferase catalysis to produce light equivalent to the CYP2D6

enzyme activity (Cali et al., 2006).
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2.2 Material and methods

2.2.1 In silico characterisation of physical and biochemical properties of

CYP2D6

In silico characterisation of CYP2D6 was conducted in order to understand the

physico-biochemical behaviour and structure of CYP2D6 protein using several

bioinformatics tools.

2.2.1.1 CYP2D6 sequence retrieval

The human CYP2D6 amino acid sequence (GenBank accession number: CAK54644.1) that

is encoded by CYP2D6 gene (Genbank: CU013213.1) was retrieved from the National

Centre for Biotechnology Information (NCBI) database in FASTA format. The sequence was

used as an input for any subsequent bioinformatics analysis tool used in this study.

2.2.1.2 Prediction of physico-chemical parameters

The physical properties of CYP2D6 including the number of amino acids, Molecular weight

(Mr), Isoelectric point (pI), instability index (Guruprasad et al., 1990), total number of

negatively (Asp+Glu) and positively (Arg+Lys) charged residues, aliphatic index (Ikai, 1980),

extinction coefficient (Gill and von Hippel, 1989), Grand Average of hydropathicity

(GRAVY), and the protein’s half-life in several organisms were predicted using Expasy

ProtPraram tool (Gasteiger et al., 2005). In order to understand the physical stability of a

protein, the sequence was also submitted to Cys_REC tool from softberry

(http://linux1.softberry.com/berry.phtml) to locate the disulphide bonds between the pairs of

cysteine residues.
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2.2.1.3 Protein solubility and sub cellular localisation

The solubility of CYP2D6 was determined using a web-based protein solubility prediction

online server, SOSUI (Hirokawa et al., 1998). SPPRED was used to predict the percentage

probability of CYP2D6 expression in E. coli. Localisation of the protein was determined

using YLoc online server, which is an interpretable prediction system for protein subcellular

localisation prediction in E. coli, with a confidence value to indicate if the predictions are

trust worthy. It also gives the reason why the predictions were made and which properties of

the protein sequence are associated with these predictions (Briesameister et al., 2010). The

high accuracy YLoc+ was chosen for CYP2D6 in order to predict multiple locations of the

protein with high accuracy.

2.2.1.4 Protein structure and functional analysis of CYP2D6

In order to determine the structure of CYP2D6 and functionally characterise it, the retrieved

sequence was submitted to SWISS model Workspace online server (Arnold et al., 2006) in

order to build the protein model structure. Workspace allows each user to formulate their

personal protein homology models by submitting the protein sequence. The amino acid

sequence was also submitted to NCBI conserved domain check in order to determine the

different biochemical functions that a protein can perform (Marchler-Bauer et al., 2017).

2.2.2 In vitromolecular characterisation of CYP2D6

In vitro characterisation of CYP2D6 was conducted in order to generate the CYP2D6

expression construct and to produce a highly purified CYP2D6 protein for post-expression

applications.
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2.2.2.1. Primer design and polymerase chain reaction

Primers specific for the human cytochrome P450 CYP2D6 genes were designed manually

based on the CYP2D6 sequence retrieved from NCBI (Genbank Accession No. CU

013213.1). The forward and reverse primers were designed such that they include the BamHI

and XhoI sites (as shown in Table 2.1) respectively for the purpose of screening through

restriction double digestion. The pTrcHis forward/reverse and Xpress TOPO forward primers

were provided as part of the TOPO cloning kit (Invitrogen, Life technologies).

Table 2.1: Primer set used for molecular characterisation of CYP2D6

Primer name
Sequence

CYP2D6 forward 5’-GTACGGATCCATGGGGCTAGAAGCACTGGTG-3’

CYP2D6 reverse 5’-GTACCTCGAGCTAGCGGGGCACAGCAC-3’

pTrcHis forward 5’-GAGGTATATATTAATGTATCG-3’

pTrcHis reverse 5’-GATTTAATCTGTATCAGG-3’

Xpress TOPO forward 5’-TATGGCTAGCATGACTGGT-3’

Note: Restriction enzymes are underlined and highlighted in blue and brown for BamHI and XhoI respectively

The pCellFree_G03 plasmid containing CYP2D6 (Cat# 67137) was a gift from Kirill

Alexandrov, Addgene (Gagoski et al., 2015) and it was used as a DNA template for PCR

amplification. The PCR amplification was performed in a final volume of 25 µl and was

carried out using the 2x Dream Taq PCR MasteMix, (Cat#K1081, Thermo Scientific, USA)

as shown in Table 2.2. PCR reaction was conducted according to the following cycles:

pre-denaturation at 96 °C for 3 min followed by 35 cycles of amplification (94 °C for 1 min

denaturation; 65 °C for 2 min annealing; 72 °C for 2 min extension) and the final extension at
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72 °C for 5 min. Samples were then analysed by running on a 1 % agarose gel and viewed

using the Alpha DigiDoc RT 92-12071-00 gel viewer (Innotech Corp, Japan).

Table 2.2: PCR amplification reaction mixture

Initial
concentration Reagents Control Experiments Final

concentration

2X Dream Taq MasterMix 13 µl 13 µl 1X

10 µM CYP2D6 Forward primer 2 µl 2 µl 0.8 µM

10 µM CYP2D6 Reverse primer 2 µl 2 µl 0.8 µM

- dH2O 8 µl 4 µl -

4.480 µg Template CellFree CYP2D6 0 µl 4 µl 0.784 µg

Total 25 µl 25 µl

2.2.2.2 Purification of PCR amplified CYP2D6 fragment

The PCR product was purified from the agarose gel using the GeneJET Gel Extraction Kit

(Cat# K0692, Thermo Fisher Scientific, USA), and all procedures were done according to the

manufacturer’s instructions. The concentration of the purified CYP2D6 was determined using

NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, USA). The purified

CYP2D6 was then analysed by running on a 1 % agarose gel and viewed on the Alpha

DigiDoc RT 92-12071-00 gel viewer (Innotech Corp, Japan).
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2.2.2.3. Generation of the expression construct of CYP2D6

In order to generate the expression construct containing CYP2D6, PCR product purified in

section 2.2.2 was cloned into the pTrcHis-TOPO® vector using the TOPO TA cloning kit

(Cat# K4410-01, Thermo Fisher Scientific, USA), according to the manufacturer’s

instructions. In brief, 20 ng/µl of the PCR sample was ligated with the 20 ng/µl

pTrcHis-TOPO® vector in a final reaction volume of 5 µl as shown in Table 2.3. The ligation

reaction mix was gently mixed and incubated for 5 min at room temperature, followed by

transformation into the TOP10 E. coli competent cells.

Table 2.3: The ligation reaction mix for generating pTrcHis-CYP2D6 construct.

2.2.2.4 Transformation of DNA into competent cells

Competent cells, TOP10 cells, were thawed on ice followed by mixing 2 µl of ligation mix

and 50 µl competent cells in a 1.5 ml Eppendorf tube. The mixture was incubated on ice for

30 min followed by heat-shocking at 42 °C for 45 s. Cells were then placed on ice for 2 min

followed by the addition of 450 µl SOC media (1.5 % yeast extract, 1 % Bacto-Tryptone, 10

mM NaCl, 2 mM KCl, 10 mM MgCl2, 20 mM glucose). The reaction tubes were incubated

with shaking at 37 °C for 1 h. About 100 µl of the transformation mix was plated on LB

plates containing 50 µg/ml ampicillin. The plates were incubated overnight at 37 °C.

Initial concentration Reagents Experiments Final

concentration

20 ng/µl Purified PCR product 1 µl 4 ng/µl

20 ng/µl pTrcHis-TOPO® vector 1 µl 4 ng/µl

- Nuclease free water 3 µl -

Final volume 5 µl
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2.2.2.5 Plasmid DNA isolation

Plasmid DNA isolation was done according to the alkaline lysis method (Birnboim and Doly,

1979). Single colonies from the plate containing E. coli TOP10 cells transformed with the

ligation mixture were selected and inoculated into 15 ml SOC media supplemented with 50

µg/ml ampicillin. The culture was incubated at 37 °C overnight with shaking (200 rpm).

Glycerol stocks were prepared from the overnight culture and stored at -80 °C. The remaining

culture was centrifuged at 5500 rpm for 10 min and the supernatant was discarded. The

plasmid was then isolated from the pellet using GeneJET Plasmid Miniprep Kit (Cat# K0503,

Fermentas, UK) according to the manufacturer’s instruction.

2.2.2.6 Screening colonies carrying CYP2D6 construct

In order to determine the positive clones, restriction double digestion and PCR were used to

determine the presence of the gene of interest. In brief, a double digestion reaction was set up

containing 1 µg of pTrcHis-TOPO® isolated plasmids, 10x Fast Digest Green Buffer®, and

FastDigest® BamHI and XhoI to a final volume of 25 µl as shown in Table 2.4. The PCR was

used to further confirm the positive clones by amplifying the gene of interest using the same

conditions as described in sectionn 2.2.2.1, with slight modifications on the primer sets.

Different primer combinations were used and the set up was as follows: PCR amplification 1

using (X press TOPO forward primer + pTrcHis reverse primer), PCR amplification 2 using

(CYP2D6 forward primer + pTrcHis reverse primer) as recommended by the TOPO TA

cloning kit, and PCR amplification 3 using gene specific primers (CYP2D6 forward and

reverse primers). Sequences of the primers can be found in Table 2.1. Both the double

digested reaction mixtures and the PCR samples were then analysed on 1 % agarose gels and

viewed using the Alpha DigiDoc RT 92-12071-00 gel viewer (Innotech Corp, Japan).
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Table 2.4: Double digest reaction mix.

Initial
concentration

Reagents Volume Final
concentrations

1 µg Plasmid 10 µl 0.2 µg

10X 10x fast Digest Green Buffer® 5 µl (1X)

30 U BamHI 1 µl 0.6 U

20 U XhoI 1 µl 0.4 U

- Nuclease free water 33 µl -

Total 50 µl

2.2.2.7 DNA sequencing

The plasmid DNA extracted in section 2.2.2.5 was sent for sequencing at Inqaba biotech

(Pretoria, South Africa). In brief, 10 µl of 101 ng/µl plasmid was pipetted into PCR tubes,

sealed and stored on ice for transportation. The following primers were used in the entire

sequencing trial and their sequences are already shown in Table 2.1: CYP2D6 forward,

CYP2D6 reverse, pTrcHis forward, pTrcHis reverse, and Xpress TOPO forward.

2.2.2.8 Expression of the recombinant pTrcHis-CYP2D6 construct

The positive clone (pTrcHis-TOPO-CYP2D6 construct) was expressed in E. coli TOP10 cells.

In brief, the construct was transformed as described in section 2.2.3. After transformation, a

single colony of E. coli TOP10 cells transformed with pTrcHis-TOPO-CYP2D6 construct

was inoculated into 10 ml Luria broth supplemented with 0.5% glucose and 50 µg/ml

ampicillin and incubated at 37 °C with shaking overnight. The following day the overnight

culture was then diluted into 1:10 with Luria broth supplemented with the same ingredients as

above and the culture was incubated at 37 °C until the cells reached an optical density

between 0.4 _ 0.6 at a wavelength of 600 nm (OD600). The culture was induced with 2 mM of

isopropyl-1-thio-ᴅ-galactopyranosidase (IPTG) for 2, 4 and 16 h for the time course
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expression at 30 °C and 37 °C. After expression, the best condition for expression was chosen

following large scale expression. In brief, the large scale expression was conducted in a final

volume of 500 ml and the protein was induced at 30 °C for 4 h. The culture was centrifuged

at 5500 rpm for 10 min and the pellet was kept at -20 °C for post-expression procedures.

2.2.2.9 Determination of the solubility of recombinant CYP2D6

The solubility and/or insolubility nature of recombinant CYP2D6 protein was determined as

described below. The large scale extracted pellets were re-suspended in lysis buffer [50 mM

sodium buffer pH 8.0, 1x Triton-X100, 1 mM dithiolthreitol (DTT), 100 µg/ml of lysozyme,

1 mM phenylmethylsulfonyl fluoride (PMSF)] and urea lysis buffer [200 mM NaCl, 50 mM

Tris-Cl; pH 8.0, 500 mM glucose, 0.05 % (w/v) PEG, 20 mM β-mercaptoethanol, 8 M urea,

10 mM imidazole], for soluble and insoluble fractions determination respectively. Firstly the

pellet was re-suspended in the lysis buffer without urea and incubated on ice for 30 min while

shaking. After incubation, cells were sonicated for 4 cycles (30 s pulsing and 30 s chilling

cycles on ice) in order to rupture and solubilise the cell contents. The cellular components

(crude lysate) were then centrifuged at 10 000 g at 4 ºC for 30 min and their supernatant

(soluble fraction) was transferred into an ice-cold 1.5 ml Eppendorf tube. And the pellet was

re-suspended in urea lysis buffer and then lysis was done the same way as described above.

In this case the second supernatant from the urea treated pellet contained the insoluble

fraction. Both the supernatants containing the soluble and the insoluble protein fractions were

then stored at -20 °C until further purification. Portions of both fractions were then analysed

by SDS-PAGE in order to determine the presence and relative proportions of the soluble or

insoluble fractions of the recombinant CYP2D6.
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2.2.2.10 Purification of the recombinant CYP2D6

The Ni-NTA beads were pre-packed into an empty 30 cm XK16 plastic Econo-Column

(Bio-Rad Laboratories Inc., California, USA). The cell lysate previously obtained was then

purified on a Ni-NTA affinity system under denatured conditions. The column was washed

with 3 column volume (CV) of distilled water to remove the ethanol. The affinity gel was

then equilibrated with 3 CV of equilibration buffer [50 mM sodium phosphate pH 8.0, 200

mM NaCl, 500 mM glucose, 0.05 % (w/v) PEG, 20 mM β-mercaptoethanol, 8 M urea, 10

mM imidazole]. The protein lysate was added to the equilibrated column and the flow

through was collected. The column was washed 4 times with wash buffer 1, 2, 3, 4 [50 mM

sodium phosphate buffer, 300 mM NaCl, containing 0, 10, 20, 50 mM imidazole pH 8.0

respectively] and the flow throughs were collected as wash 1, 2, 3, and wash 4. The protein

was then eluted with the elution buffer [50 mM sodium phosphate buffer, 300 mM NaCl, 250

mM imidazole] in two fractions as elution 1 and 2. The column was then washed with 3 CV

of 2 M NaCl and the beads were stored in 20 % ethanol at 4 °C. The collected flow through,

washes and the eluted proteins were then analysed on a 12 % SDS-PAGE. The purified

protein was stored as glycerol stocks (950 µl protein containing 50 µl of 100 % glycerol) at

-20 °C, and at -80 °C for long term storage.

2.2.2.11 Refolding of the denatured purified recombinant CYP2D6 protein

The purified denatured protein was dialysed before it was refolded in order to reduce the

concentration of imidazole, to allow the binding when re-eluted on the column. In brief, 5 ml

of 0.5 mg/ml was poured into Snakeskin Dialysis Tubing clipped tube (Cat# 68700, Thermo

Fisher Scientific, USA) and then placed in 1 000 ml dialysis buffer [8 M urea, 50mM sodium

phoshate pH 8.0, 10 mM Tris-Cl; pH 8.0, 300 mM NaCl, 20 mM β-mercaptoethanol, 5 %

glycerol, and 10 mM imidazole], with magnetic stirring at 80 rpm. The dialysis process was
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allowed to run for 48 h in the cold room. After dialysis, the Ni-NTA column was

pre-equilibrated with 3 CV refolding buffer A [8 M urea, 200 mM NaCl, 50 mM Tris-Cl; pH

8.0, 500 mM glucose, 0.05 % (w/v) PEG, 20 mM β-mercaptoethanol, 10 mM imadazole] and

in preparation for refolding. The dialysed purified recombinant CYP2D6 protein was loaded

into the column followed by washing four times using 0 M urea refolding buffer B [200 mM

NaCl, 50 mM Tris-Cl; pH 8.0, 500 mM glucose, 0.05% (w/v) PEG, 4 mM reduced

glutathione, 0.4 mM oxidized glutathione, and 0.5 mM phenylmethanesulfonylfluoride

(PMSF)]. The refolded protein was eluted as two fractions using elution buffer [300 mM

NaCl, 50 mM sodium phosphate buffer, 250 mM imidazole]. The refolded protein was

further analysed on a 12 % SDS-PAGE and then stored as glycerol stocks (950 µl protein

containing 50 µl of 100 % glycerol) at -20 °C and at -80 °C for long term storage.

2.2.2.12 Determination of CYP2D6 protein concentrations

Protein concentrations of both unfolded and folded CYP2D6 were determined using the

Bradford assay (Bradford, 1976). The Bradford assay depends on the binding of the

Coomassie Blue G-250 dye to proteins thus forming a complex with a detectable absorbance

(Brunelle et al., 2017). The Bradford standards and sample reactions (Table 2 and 3 in

appendix IV) were prepared in a 96 well plate. The absorbances of proteins in reaction with

the dye were measured photometrically at 595 nm using the FLUOstar Omega multi-mode

plate reader (BMG LABTECH, Germany). To determine the protein concentrations of the

original samples a linear regression of the data from the BSA standards (Figure 2 in appendix

IV) was conducted and the concentrations were evaluated using the equation given by the

slope of the graph.

2.2.2.13 Enzyme activity assay of recombinant CYP2D6

The enzyme activity of CYP2D6 was measured using P450-GloTM CYP2D6 assay kit (Cat#
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V8891, Promega Corp), according to the manufacturer’s instructions. In brief, the system

contained a recombinant human cytochrome P450, a luminogenic cytochrome P450 substrate,

an NADPH regeneration system, KPO4 buffer (pH 7.4), luciferin-free water and a luciferin

detection reagent that contained a stabilised recombinant firefly luciferase (UltraGloTM

Luciferase) and ATP. The luminogenic P450-Glo™ substrates, luciferin-ME EGE are

derivatives of beetle luciferin (D-luciferin) for which is specific for CYP2D6 enzyme. The

P450 reactions of 50 μl were performed in 96 well plates containing 10 min pre-incubated

12.5 μl reaction [0.5 pM of recombinant CYP2D6, 30 μM luciferin-ME EGE, 0.1 M KPO4

buffer pH 7.4]. Equal amount of 12.5 μl rifampin was used as a test inducer compound of

CYP2D6. The reaction was initiated by adding 25 μl of 2x NADPH regeneration system

(NADP+, glucose-6-phosphate, (G6PDH)) and incubated for 30 min at room temperature.

After incubation, luciferin detection reagent of 50 μl was to stop the P450 reaction and

initiate the luciferase reaction. In Summary, the enzyme assay reaction mix was conducted as

shown in Table 2.5. The luminescence was read after 20 min incubation at room temperature

in the absence of light. The signal that is dependent on the amount of luciferin was produced

and was equivalent to the amount of luciferin glowing product that was then quantified using

FLUOstar Omega multi-mode plate reader (BMG LABTECH, Germany). The measuring

conditions were 380 nm excitation and 480 nm emission, with an integration time of 1 second

and gain of 150. All experiments were done in triplicates and statistics was determined using

origin software.
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Table 2.5: The CP450-GloTM CYP2D6 enzyme assay reaction mix set up.

Components Control Unfolded protein Folded protein

Enzyme (CYP2D6) - + +

Luciferin-ME EGE + + +

KPO4 buffer + + +

2x NADPH regeneration system + + +

Rifampicin (inducer) -/+ -/+ -/+

Luciferin detection reagent + + +

Note: (+) means added; (-) means not added; and -/+ mean added and not added
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2.3 Results

2.3.1 In silico characterisation of the physical, biochemical and structural

properties of cytochrome P450 2D6 (CYP2D6)

2.3.1.1 Prediction of the physical parameters of CYP2D6

In order to conduct in silico characterisation of CYP2D6, the primary sequence of CYP2D6

(GenBank: CAK54644.1) was obtained from NCBI database. Protein sequence retrieval of

CYP2D6 has shown that the protein of interest consists of 446 amino acids (Figure 2.3) and it

was further confirmed by Expasy Protparam tool (Table 2.6.).

Figure 2.3: NCBI retrieved sequence of CYP2D6. The highlighted and underlined section on the sequence
represent the transmembrane region.

Physical and biochemical parameters of CYP2D6 such as number of amino acids (446),

molecular weight (50.05397 kDa), theoretical pI (6.21) total number of positively (43) and

negatively (49) charged residues, half-life in E. coli cells (>10 h), extinction coefficient

(35200/34950), aliphatic index (96.61), instability index (42.05), and GRAVY (0.001),

values were computed automatically using Expasy ProtPraram tool. All estimated

physico-biochemical parameters of CYP2D6 are represented in Table 2.6 and the entire data

is shown at Appendix II. Cys_REC tool was used to characterise CYP2D6 and locate
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disulphide bonds between the pairs of cysteine residues for physical stability of the protein.

About five cysteines were identified in the CYP2D6 sequence and none of them are

SS-bonded as shown in Figure 2.4.

Table 2.6: Predicted physico-chemical parameters of CYP2D6

Parameter Prediction value

Number of amino acids 446

Molecular Weight 50.05397 kDa

Theoretical pI 6.21
Number of positive residues 43

Number of negative residues 49
Estimated half-life in E. coli >10 h

Extinction coefficient 35200/34950
Aliphatic index 96.61
Instability Index 42.05

GRAVY 0.001

Figure 2.4: Number of cysteine residues and possible disulphide bonds on CYP2D6. Five cysteins were
predicted at the protein sequence position 57, 140, 245, 392, and 442, but not are SS _ bonded (predicted using
CYS-REC tool).
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2.3.1.2 Recombinant Protein solubility and subcellular localisation

SOSUI is a tool that predicts a part of the secondary structure of proteins from a given amino

acid sequence thus discriminate if the protein is a soluble or a transmembrane protein.

SOSUI server predicted that CYP2D6 is an insoluble transmembrane

(GLEALVPLAMIVAIFLLLVDLM; 22 length) protein, with a probability percentage 0.0 %

(predictred by SPPRED) as highlighted and underlined in Figure 2.3. The YLoc+ parameter

was used for subcellular localisation prediction of CYP2D6 as it allows for prediction at

multiple cellular locations. The distribution of CYP2D6 in E. coli was predicted to be 48 % in

the endoplasmic reticulum (ER), 41.3 % in the extracellular space, 5.1 % in the lysosome, 4.5

% in the plasma membrane, 0.8 % in the Golgi apparatus, and 0 % in the rest of the cell

locations (Figure 2.5).

Figure 2.5: Subcellular distribution of CYP2D6 as predicted by YLoc+. Predictions indicate that CYP2D6 is
mainly located in the endoplasmic reticulum and extracellular space.
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2.3.1.3 Protein structure and functional analysis of CYP2D6

The structure of CYP2D6 was formulated using SWISS model workspace by inserting the

FASTA sequence (GenBank: CAK54644.1). Figure 2.6 shows the 3D model structure of

CYP2D6 consisting of 4 main protein chains surrounding the porphyrin ring containing the

site of the heme and the direction arrangement of terminals (C- and N- terminals). The

FASTA sequence was also used to determine the functional conserved domains of CYP2D6

using conserved domain server (Figure 2.7). The protein was observed that it falls within the

P450 Superfamily. Within the sequence, there were 4 main functional domains (two specific

and two non-specific hits) including the P450, which categorises CYP2D6 as a protein that

perform oxidative degradation of various compounds; CypX, which gives the protein a

secondary metabolites biosynthesis, transport and catabolism, and defence mechanisms

abilities; PLN02687, for flavonoid 3'-monooxygenase; and CYP450 TxtE, for enzymes that

convert L-tryptophan into L-4-nitrotryptophan. The other non-specific views are given in full

view as shown in Figure 1 in Appendix III.

Figure 2.6: 3D model protein structure of CYP2D6 (formulated from SWISS model work space:
https://swissmodel.expasy.org/interactive)
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Figure 2.7: Conserved domains and the associated descriptions of CYP2D6 (formulated from NCBI
conserved domain server: https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)

2.3.2 In vitromolecular characterisation of CYP2D6

The main aim of this chapter was to generate CYP2D6 expression construct in order to

express large amounts of proteins for the future development of a biosensor, which will test

the metabolism of tamoxifen in breast cancer patients at a low and effective cost as compared

to commercial CYP2D6. This is due to the reason that commercial enzymes are available at

small amounts/concentrations and are purchased at high cost contributing to the whole

biosensor development as not cost effective.

2.3.2.1 CYP2D6 gene amplification

The amplification of CYP2D6 was done using gene specific primers as shown in Table 2.1,

the successful results of PCR amplification are represented by lane 2 in Figure 2.8a, with the

expected size of 1375 bp (represented by the black arrow). The amplified DNA of CYP2D6

was purified and further analysed on a 1 % agarose gel electrophoresis (Figure 2.8b).
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Figure 2.8: 1 % agarose gel electrophoresis analysis of CYP2D6 PCR product. (A) PCR amplification:
Lane 1 _ 1 Kb Kplus ladder RTU (Cat# DM011-R500, GeneDireX,Inc.); lane 2 _ control and lane 3 _ PCR
amplification of CYP2D6 (B) purified CYP2D6 PRC product.

2.3.2.2 Cloning and screening of CYP2D6

In order to produce CYP2D6 expression construct, cloning was done as described in section

2.2.2.3. The cloning ligation mix was transformed into TOP10 competent cells and plated in

LB agar plate containing 50 µg/ml (Figure 2.9a). In order to determine the positive clones, 5

colonies were screened using restriction double digestion as represented by the arrow in

Figure 2.9b (in lane 5 and 6) that the gene of interest was released. In order to confirm the

success of cloning, PCR amplification was also done with different combination of primers

and the results are represented by lane 5 in Figure 2.9c, using CYP2D6 forward and pTrcHis

reverse vector primers.
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Figure 2.9: Confirmation of cloning using transformation, double digest, and PCR screening: (A) LB agar
plate representing the TOP10 cells transformed with the ligation mixture. (B) Restriction doluble digest of
pTrcHis-CYP2D6 with BamHI and XhoI: Lane 1 _ Kplus ladder (1Kb); Lane-undigested TOPO plasmid
(pTrcHis vector); Lane 3, 4 and _ insert negative colonies; Lane 5 and 6 _ insert positive colonies for pTrcHis
vector + CYP2D6. (C) PCR screening: Lane 1 _ Kplus ladder (1Kb); lane 2 _ control and lane 3 _ PCR
amplification (using X press TOPO forward primer + pTrcHis reverse primer), lane 4 _ control and lane 5 _ PCR
amplification (using CYP2D6 forward primer + pTrcHis reverse primer), and Lane 6 _ negative amplification
(using CYP2D6 forward primer + CYP2D6 reverse primers).

2.3.2.3 DNA sequencing

The clones were sent for sequencing at Inqaba Biotech laboratory (Pretoria, South Africa).

According to their technicians, they were unable to amplify the 1450 bp CYP2D6 fragment;

but a 300 bp fragment was always present. We also re-digested the CYP2D6 construct

(Figure 2.10a) and reamplified the fragment using the combination of primers that target

CYP2D6 and pTrcHis-TOPO® vector (Figure 2.10b). For PCR reamplification, there was a

very clear band at 300 bp in all amplifications as it is shown by the black arrow. Lane 5 and 7

shows a positive amplification band at a correct size of 1450 bp, which is similar to the one

observed during screening in section 2.3.2.2., although there were extra bands. For

publication purposes, the sequencing process will be repeated.
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Figure 2.10: 1 % agarose gels indicating the 2nd screening of the pTrcHis-CYP2D6 positive clone (A)
Repeated double digest of CYP2D6 screening: Lane 1 _Kplus ladder (1Kb); Lane 2 _ undigested TOPO plasmid
(pTrcHis vector); Lane 3 _ positive release of CYP2D6 (black arrow). (B) PCR sequencing screening: Lane 1 _

Kplus ladder (1Kb); lane 2, 4 and 6 _ control of each primer set. Lane 3 _ negative amplification (using X press
TOPO forward primer + pTrcHis reverse primer), and lane 5 _ PCR amplification (using CYP2D6 forward
primer + pTrcHis reverse primer), and Lane 6 _ PCR amplification (using CYP2D6 reverse primer + pTrcHis
forward primer).

2.3.2.4 Expression of the recombinant pTrcHis-CYP2D6 construct

The expression of CYP2D6 was done under two different temperature conditions (30 ºC and

37 ºC) for the time course expression. Over-expression of the protein of interest was obtained

at an expected size of ~68 kDa using pTrcHis-TOPO® vector (given that 50.05397 kDa

correspond to CYP2D6 as predicted by physico-chemical parameters plus ~18 kDa of the

plasmid sequence (~10 kDa), ~4 kDa 6x His-tag and ~4 kDa TOPO Xpress epitope), as

shown in Figure 2.11a on lane 2, 4, 5, 8 in (black arrow). Large scale expression was done in

order to obtain high amounts of recombinant CYP2D6 protein and this is represented in

Figure 2.11b, lane 3 (black arrow). Proteins were extracted as described in section 2.2.2.7,

lane 4 represent soluble fraction and lane 5 represent insoluble fraction.
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Figure 2.11: The 12 % SDS-PAGE analysis of the expression screen of CYP2D6. (A) Time course
expression of CYP2D6 induction (small scale); Lane 1 _ 250 kDa protein marker (Thermo Scientific, USA),
Lane 2 _ non-induced, Lane 3 to 5 represent 2, ,4, and 16 h (overnight) induction at 37 ºC respectively. Lane 6 _

non-induced, Lane 7 to 9 represent 2, 4, and 16 h induction at 30 ºC respectively. (B) Large scale expression and
protein extraction of CYP2D6. Lane 1 _ 250 kDa protein marker; Lane 2 _ uninduced; Lane 3 _ induced, lane 4
_soluble faction (native conditions proteins) Lane 5 _ Insoluble fraction (denatured proteins).

2.3.2.5 Purification of recombinant CYP2D6

Both the expression screens and the large scale expression indicated that CYP2D6 is highly

expressed in the insoluble fraction as a transmembrane protein, and it was therefore purified

under denaturation conditions (in the presence of 8 M urea) using affinity chromatography as

described in section 2.2.2.8. The purified protein is represented by a visible band of ~68 kDa

(black arrow) in Figure 2.12.
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Figure 2.12: The 12 % SDS-PAGE analysis of the purification of CYP2D6 under denatured state. Lane 1 _

250 KDa protein marker, Lane 2 _ uninduced, Lane 3 _ induced, Lane 4 _ flow through, Lane 5 _wash 1, Lane 6 _

wash 2, Lane 7 _wash 3, Lane 8 _wash 4, Lane 9 _Elution 1, Lane 10 _ elution 2.

2.3.2.5 Refolding of the Denatured Purified Recombinant CYP2D6 Protein

The CYP2D6 protein that was purified under denatured state was further purified with

affinity chromatography, under renaturation state using the refolding buffer as described in

section 2.2.2.9. The purified protein is represented by lanes 8 and 9 (Figure 2.13), for which it

correspond to the protein band at ~68 kDa as shown by the black arrow.

Figure 2.13: The 12 % SDS-PAGE purification gel of CYP2D6 under refolding state. Lane 1 _ 250 KDa
protein marker, Lane 2 _ flow through 1, Lane 3 _ flow through 2, Lane 4 to 7 _ Washes using refolding buffer
with zero urea. 4, Lane 8 to 9 _Elution 1 and 2, Lane 10 _NaCl wash.
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2.3.2.6 Enzyme activity assay of CYP2D6 proteins.

The concentration of unfolded and folded CYP2D6 proteins were determined to be 505.7

µg/ml and 93.7 µg/ml by Bradford assay respectively. The activity of both unfolded and

folded CYP2D6 was determined in the presence and absence of rifampicin as an inducer

compound of CYP2D6 (Rae et al., 2001), using P450-GloTM CYP2D6 assay as described in

section 2.2.2.10. As shown in Figure 2.14, the luminescence signal measured was 20104

RLU and 19643 RLU controls (1 and 2) in the absence and presence of Rifampicin

respectively. About 20336.6 RLU and 20046.3 RLU were measured for the unfolded and

folded CYP2D6 proteins. When rifampicin was added, an increase of 21776.67 RLU and

23333 RLU were observed for unfolded and folded CYP2D6 respectively

Figure 2.14: P450-GLO CYP2D6 activity assay. The controls had all the reagents except CYP2D6 proteins
with or without rifampicin. The test assays were done in the presence CYP2D6 proteins with or without
rifampicin as an inducer test compound of CYP2D6. n = 5, *Different from control P < 0.05, with a value
P-value of 0,03355 (statistics computed using Origin software 7.0).
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2.4 Discussion

The main aim of this chapter was to produce an expression construct in order to express large

amounts of active recombinant CYP2D6 at a cheaper way. To achieve this goal, in silico

characterisation of CYP2D6 gene was conducted using several bioinformatics tools in order

to know the sequence and other parameters that might affect or influence expression,

purification and enzyme activity assays. The physical properties of CYP2D6 were computed

using Expasy ProtParam tool as represented in Table 2.6 and indicated that human CYP2D6

is composed of 446 amino acid residues with a molecular weight of 50.05397 kDa, and an

isoelectric point (pI) of 6.21 for which is less than 7 and characterising the protein to be

acidic. Therefore, it is important to consider pH or buffering condition of CYP2D6 during

expression and post-expression use. The stability of the protein was studied by checking the

instability index, aliphatic index and GRAVY. The instability index of 42.05 classified the

protein as unstable in the test tube, since the value is above 40 (Guruprasad et al., 1990), this

finding is supported by the Soft berry results (Figure 2.7), which indicated that although five

cysteines were identified in CYP2D6, none of them are SS-bonded meaning that the protein

is unstable. The aliphatic index (AI) of 96.61 (between 44.47 and 104.88) means that

CYP2D6 has a high volume that is occupied by aliphatic side chains and has increased

thermal stability over a wide range of temperatures (Avci et al., 2016). The positive GRAVY

value of CYP2D6 indicates that it has no more surface accessibility to interact with water

(Kramer et al., 2012), and this character is in agreement with the SOSUI and SPPRED

findings which predicted the protein as an insoluble transmembrane with a probability

solubility percentage of 0.0% when over-expressed in E. coli (Figure 2.4). The half-life of

CYP2D6 in the bacterial cell such as E. coli was estimated to be greater than 10 h, meaning

protein synthesis will still be greater than protein degradation and stable in the bacterial

system during expression after 10 h (Laalami et al.,2014).
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Subcellular localisation of CYP2D6 prediction was conducted to determine all the locations

where the protein is expressed in E. coli. The location of protein is important as it correlate

with the protein function and understanding of its possibility in interacting with other proteins

(Emanuelsson et al., 2002). The results have indicated that CYP2D6 is largely located in the

endoplasmic reticulum (48%), followed by the extracellular space (41.3%), lysosome (51%),

and small portions are located in the plasma membrane (4.5%) and Golgi apparatus (0.8%),

however it is not found in the rest of the cell locations, including the cytoplasm. Taken

together these results indicated that the expression of CYP2D6 in the prokaryotic system is

possible however the protein will be expressed in the inclusion bodies as an insoluble fraction

(Wang et al., 2014).

The sequence was also submitted into SWISS model workspace and NCBI conserved domain

server to predict the protein model and identify the protein functional domains (Arnold et al.,

2006; Marchler-Bauer et al., 2007). The results indicated that the structure of CYP2D6

(Figure 2.5) has a proper orientation running from the N-terminal to the C-terminal and it is

characterised by 4 supercoiled lobes that forms a quaternary structure with the porphyrin ring

bared at the centre. There were 4 main functional domains observed (2 specific and 2

non-specific hits) as shown in Figure 2.6: P450, for which categorises CYP2D6 as a member

of the P450 Superfamily proteins that perform oxidative degradation of various compounds

(Barnaba et al., 2017) and CypX which gives the protein secondary metabolites biosynthesis,

transport and catabolism, and defence mechanisms abilities. None specific hits include

PLN02687 for flavonoid 3'-monooxygenase; and CYP450 TxtE for enzymes that convert

L-tryptophan into L-4-nitrotryptophan. Even though only the main non-specific hits are

discussed in this section other non-specific hits domains are shown in full view at Appendix

II. These results strongly suggest that CYP2D6 is indeed a redox protein and the presence of
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the porphyrin ring with the heme bound in the structure strongly indicate that the metabolism

of tamoxifen is possible.

The human CYP2D6 gene was successfully amplified and purified as indicated in Figure 2.8a

and b, as shown by the expected size of CYP2D6 at 1375 bp. Cloning of CYP2D6 into

pTrcHis-TOPO® vector was successfully achieved as shown by the results in Figure 2.9a,

which shows a plate of recombinant colonies. Most of the colonies in the plate are likely to

carry positive clones since they are said to have recombinant efficiency of 95% (Chaudhary

et al., 2014). To confirm the success of cloning, the insert was verified by restriction double

digestion, re-amplification and DNA sequencing using the recombinant isolated plasmid.

Both double digestion and PCR showed a positive release and amplification of insert at the

correct expected size respectively (Figure 2.9 b and c). Since there was a challenge with the

gene-specific primers, thus the combination of gene specific primers were used and the

successful amplification was obtained when CYP2D6 forward primer was combined with

pTrcHis reverse primer and gave an expected amplicon of ~1450 bp which is the 1375 bp

(CYP2D6 gene) plus the ~ 75 bp region between the insert and the end of the pTrcHis reverse

priming site. There were also extra bands that were observed, which are expected when using

TOPO TA cloning strategy as described previously (Chaudhary et al., 2014). Sequencing

results as obtained from Inqaba indicated that the team were unable to amplify the gene for

sequencing. Due to that challenge, we also reamplified the fragment using the combination of

primers that target CYP2D6 and pTrcHis-TOPO® vector (Figure 2.10b), and there were faint

bands corresponding to the amplicon size of CYP2D6 (1450 bp). This suggest that the faint

bands might have been too low to be picked up by the signal during sequencing. The

presence of very clear 300 bp band, might also have interfered with the analysis of the 1450
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bp CYP2D6 band. However, in future for publication purposes the plasmid DNA samples

will be sent again for re-sequencing.

The recombinant CYP2D6 was successfully over-expressed in E. coli TOP10 strain cells and

the protein was found at the expected size of ~68 kDa on the SDS-PAGE (Figure 2.11a),

corresponding to the 50.05397 kDa in silico predicted size plus ~18 kDa (for sequences that

include the 6x His-tag (~4 kDa) and TOPO Xpress tag (~4 kDa) and ~10 kDa given by vector

sequence) as given by the pTrcHis-TOPO® vector map. The large scale expression of

CYP2D6 was done and the protein was successfully extracted as an insoluble fraction (Figure

2.11b) and purified using the Ni-NTA affinity chromatography under denaturing conditions

(Figure 2.12) following refolding (Figure 2.13) as done by Santos et al., (2012). Refolding of

extracellular proteins is possible (Vincentelli et al., 2004; Willis et al., 2005; Ruzvidzo et al.,

2013), however the protocol impose difficulty in purifying the refolded protein as it allows

recovery of small fraction of the input protein (Gräslund et al., 2008). Although, E. coli

system was not the best system to express CYP2D6 as a soluble fraction, it was chosen due to

its simplicity, reliable and affordability. The protein was successfully purified using the

affinity chromatography since no any other protein bands were observed on the SDS PAGE,

and there was no need for secondary step of purification. The protein concentration was

determined using the Bradford assay and found to be adequate for further characterisation

and functional assays.

To determine whether the recombinant protein was active and adequate for further

application, its activity was determined using the P450-GloTM CYP2D6 assay. The enzyme

activity assay was done on both the unfolded (urea denatured) and folded (renatured) proteins.

The unfolded CYP2D6 was used as a marker (control) in order to determine the level of
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denaturation by urea, and the extent of refolding. The enzyme activities of both unfolded and

folded CYP2D6 are represented by Figure 2.14. The luminescence relative light units (RLUs)

signals measured showed an increase as compared to the negative controls which lacked the

recombinant proteins. In the absence of rifampicin (as an inducer compound of CYP2D6), the

unfolded CYP2D6 (2033.6 RLU) exhibited higher signal than folded CYP2D6 (20104 RLU).

However, in the presence of rifampicin, the RLU signal for both proteins was higher as

compared to that without rifampicin but the folded protein exhibited a higher signal (23333

RLU) than unfolded protein (21776.67 RLU). An increase was expected for induced folded

CYP2D6 since rifampicin is an inducer compound of CYP2D6 (Rae et al., 2001), therefore, it

is likely to be more functional than unfolded CYP2D6. The enzyme activity increase of

CYP2D6 with an addition of rifampicin have proved that the effect of refolding CYP2D6 was

necessary for the activity of CYP2D6 functionality, however, it is not certain that the protein

was completely refolded. With regard to rifampicin-induction of CYP2D6 activity on

compound metabolism, these results are consistent to the increased CYP2D6 activity in the

P-glycoprotein metabolism previously described by Manda et al. (2015). CYP2D6 activity

test in this study has shown that the p-value (p=0,03355) was considered to be statistically

significant (p< 0.05). The enzyme activity results have proven that although sequencing was

not possible, the protein is indeed a CYP2D6 since the substrate is specific for catalysis by

CYP2D6. In addition, for publication purposes a western blot assay will be conducted using

CYP2D6 specific primary antibody to confirm the protein.
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CHAPTER 3: Electrochemical responses of CYP2D6-based sensor for

tamoxifen

Abstract

Cytochrome P450 enzymes are heme-thiolated proteins that accomplish the

reduction-oxidation electron exchange between the enzyme’s active site and the drug.

Cytochrome P450-2D6 (CYP2D6) is regarded to be a major form of cytochrome P450s that

is responsible for tamoxifen (TAM) metabolism during breast cancer therapy.

Ultraviolet-visible, fluorescence and electrochemical techniques such as cyclic and square

wave voltammetry are the simplest, quick, sensitive and reliable methods for the

determination of drug metabolism by enzymes. The main aim of this chapter was to develop

an electrochemical biosensor in order to assay for tamoxifen metabolism. Tamoxifen

metabolism by recombinant CYP2D6 using UV-Visible spectroscopy at ~216 nm for both

unfolded and folded CYP2D6 was observed with a clear shift in wavelength (from 216 nm to

~212 nm) and decrease in absorbances (from 1.722 a.u to ~1.2 a.u) for folded CYP2D6 than

unfolded CYP2D6. There was a shift in fluorescence spectra analysis of both recombinant

CYP2D6 proteins at 432 nm. However, there was fluctuation upon tamoxifen additions of

which might have been due to the redox state of CYP2D6 or high dose of tamoxifen. The

electrochemical binding of tamoxifen to the heme site of CYP2D6 was monitored at a

potential of -0.4 V with a clear shift in current for folded CYP2D6 than unfolded CYP2D6.

The detection limit was 2.1567 x 10-4 ng/ml and 4.004x 10-4 ng/ml for folded and unfolded

CYP2D6 respectively, and is lower than the maximum tamoxifen plasma concentration of 40

ng/ul. The observed shifts were influenced by both tamoxifen binding to the heme and the

CYP2D6 structure conformation (whether folded or unfolded).

Keywords: Biosensor, CYP2D6, Electrochemistry, Spectroscopy, Tamoxifen metabolism.
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Figure 3.1: Graphical abstract of recombinant CYP2D6-tamoxifen metabolism. Metabolism was
characterised using (1) UV-Visible, (2) fluorescence spectroscopy and (3) square wave voltammetry (Computed
in Microsoft Power Point).

http://etd.uwc.ac.za/



52

3.1 Introduction

Electrochemical techniques have been the mostly used methods for determining drug

metabolism through cytochrome P450 enzymes, this is due to their relative simplicity,

sensitivity and reliability amongst other methods (Yang et al., 2009; Wang et al., 2008).

Tamoxifen metabolism by CYP2D6 into its active forms can be determined

electrochemically by the use of redox reactions (Garrido et al 2013; Shumyantseva et al.,

2015), and is of pharmacological importance particularly for oestrogen positive breast cancer

therapy (Garrido et al 2013). Spectroscopy methods such as UV-Visible absorbance and

Fluorescence spectroscopy, have been employed for drug testing and metabolism (Siddiqui et

al., 2013), and are based on natural UV absorption and chemical reactions (Gorog, 1995;

Siddiqui et al., 2013). These methods involve quantitative measurement of the reflection or

transmission properties of a molecule to be tested as a function of wavelength (Siddiqui et al.,

2013). UV-Visible absorption spectroscopy involves measuring the absorbance of light by a

molecule as a function of wavelength. While fluorescence spectroscopy occurs in the same

wavelength range as UV-Visible, therefore it is a complementary technique to UV-Visible

absorption and its results from an excited state are emitted than are absorbed (Penner, 2010;

Abdelhalim et al., 2013).

In an aqueous solution, the redox signal of cytochrome enzymes has been determined in the

presence of drugs in order to test the electrochemical response of enzymes on drugs

(Baj-Rossi et al., 2012). Tamoxifen metabolism with a concern to develop breast cancer

therapy was firstly demonstrated by Yarman and Scheller (2014). The possibility of

cytochrome P450 enzymes to respond electrochemically, is due to the presence of heme (iron

protoporphyrin IX ring) at a centre of the protein. The porphyrin ring is characterised by the

ability to perform reduction and oxidation of organic compounds (Capece et al., 2008). The
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full system for heme protein involves a pathway where by O2 is consumed into the organic

substrate (RH) and converted into water. This reaction allows the enzyme to be reduced in the

presence of NADPH as electron transfer partner and FAD as a reducing power. Due to

gaining of electrons in the heme iron, the iron state changes from Fe3+ to Fe2+ (Banifacio et al.,

2008; Narasimhulu, 2010). The simple catalytic cycle and equation of this process is clearly

represented below in Figure 3.2.

Figure 3.2: The simple catalytic cycle of CYP enzymes. (Adopted from Cederbaum, 2014).

In order to characterise the electrochemical response, cyclic voltammetry (CV) is a very

popular, simple, rapid, and powerful method for characterising the electrochemical behaviour

of analytes that can be electrochemically oxidised or reduced (Bilal, 2014). On the other hand,

square wave voltammetry (SWV) has been widely used in recent years as it has high

selectivity and sensitivity. It has been used for the development of electrochemical sensors

and biosensors for various purposes including food analysis, environmental monitoring,

diagnostics and enzyme sensing (Chen and Shah, 2014). Based on the characteristic features

of CYP2D6 to undergo electron exchange with tamoxifen, this study was set out in order to

develop a biosensor for breast cancer therapy. Furthermore, this study could contribute to

decreasing the cost since the recombinant CYP2D6 is being prepared in the laboratory at a

cheaper rate.
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3.2 Materials and methods

3.2.1 Reagents and sample preparation

In order to characterise and understand the electrochemical metabolism of tamoxifen by

recombinant CYP2D6, the protein was firstly analysed by UV-VIS and fluorescence

spectroscopy to determine its absorbance and emission characteristics. Recombinant

CYP2D6 protein was expressed as described in chapter 2, in preparation for future use in

tamoxifen metabolism. About 50 mM sodium phosphate buffer solution, pH 7.4 was used for

analysing the proteins in all experiments. A stock solution of 1 µM TAM was prepared in

absolute ethanol from which a fresh standard solution of 1.6 nM TAM was prepared by

diluting with 50 mM sodium phosphate buffer solution, pH 7.4. Both stock and standard

TAM solutions were stored at 4 ºC until further use. Millipore ultrapure water (resistivity ≥

18.2 MΩcm) was used throughout the experiments.

3.2.2 UV-Visible absorbance spectroscopy of CYP2D6

Ultraviolet–visible absorption measurements for the recombinant CYP2D6 were obtained

using a Nicolet Evolution 100 UV-Visible spectrophotometer (Thermo Electron, UK), at a

wavelength between 200 and 800 nm. Absorption spectra were determined in a 1 ml cuvette

(1 cm path length) containing 0.0124 µM of each CYP2D6 proteins, 50 mM sodium

phosphate buffer, and in the presence or absence of different concentration of tamoxifen

(0.03 - 0.12 µM) through an optical resolution of 0.1. The baseline given by the PBS buffer

was obtained to standardise the addition of other components and the measurements were

conducted based on tamoxifen concentrations and time dependent manner. The cuvettes were

cleaned before each use by sonication for 5 min in ethanol followed by rinsing with deionized

water. All measurements were recorded at room temperature.
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3.2.3 Fluorescence spectroscopy of CYP2D6

The photoluminescence (PL) spectra were recorded using a Nanolog, Horiba NanoLog™

3-22-TRIAX (USA), with double grating excitation and emission monochromators, plus an

imaging spectrograph for a second emission channel. Fluorescence spectra measurements

were performed in a cuvette containing 1 ml of 50 mM sodium phosphate buffer pH 7.4, 0.03

µM each unfolded and folded CYP2D6 proteins, with the addition of tamoxifen to a final

concentration of 0.04 mM. The measurements were employed for concentration-dependent

and time basis. The cuvette was placed for detection of the tamoxifen metabolism on a

HORIBA Jobin Yvon Fluorolog-3 model FL3 - 22 spectrofluorometer (HORIBA scientific,

USA). Fluorescence measurements were taken over the wavelength of 300 nm and at 2

different excitation values (315 and 585 nm). All measurements were recorded at room

temperature.

3.2.4 Electrochemical analysis of CYP2D6 in tamoxifen metabolism

3.2.4.1 Preparation of CYP2D6 bioelectrode system

The 3 mm diameter gold (Au) disk electrode used in this experiment was polished carefully

with alumina slurry (1 µm, 0.3 µm down to 0.05 µm), on a polishing cloth and rinsed

repeatedly with distilled water to obtain a mirror like surface. The electrode was then

subjected to ultrasonic vibration in both absolute ethanol and Mili-Q water to remove residual

alumina particles that might be trapped on the surface. About 3 µl of 0.03 μM CYP2D6

protein drop-casted on a gold electrode surface and then incubated at 4 ºC for 3 h, to allow

the protein to be adsorbed on the Au electrode. The resulting CYP2D6/Au bioelectrode was

rinsed gently with distilled H2O to remove any physically adsorbed enzyme and was kept at 4

ºC in 50 mM sodium phosphate, pH 7.4 when not in use.
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3.2.4.2 Bioelectrochemical analysis of tamoxifen metabolism using CYP2D6/Au

The electrochemical analysis of tamoxifen metabolism were conducted on a electrochemical

cell consisting of three electrodes, working electrode CYP2D6/Au, Ag/AgCl as a reference

electrode, and a coiled Pt wire as a counter electrode on the electrochemical workstation, CHI

760E (Shanghai CH Instrument Co., China). The electrochemical cell contained 50 mM sodium

phosphate buffer (pH 7.4) as the electrolyte. The potentials were characterised at 800 Hz and

0.15 V amplitude voltage, sweeping from -0.1 V to +0.8V at different scan rates (mV/s) using

cyclic voltammetry (CV) and square wave voltammetry (SWV). The bare electrode was

firstly analysed alone in order to characterise the potentials of gold without the protein as a

control for CVs and SWVs. The CVs and SWVs of both unfolded and folded CYP2D6

proteins were detected. Due to high sensitivity of SWVs than CVs (Lee et al., 2008) and that

the protein redox characteristics were already known to be in the reduction state, tamoxifen

metabolism was further conducted using SWVs at the best scan rate of 15 mV/s. Tamoxifen

metabolism potentials were detected for concentration-dependent (using 0, 0.5, 1, 1.5, 2. 2.5,

3, 3.5, 4, and 4.5 pM) and time basis (0, 5, 10, 15, 20 and 25 min) on both proteins.
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3.3 Results

The main aim of this chapter was to characterise tamoxifen metabolic response by both

unfolded and folded recombinant CYP2D6 proteins using UV-Visible spectroscopy,

florescence spectroscopy and electrochemical techniques, in order to determine the

absorbance, emission spectra and redox potential characteristics respectively.

3.3.1 Optical properties of recombinant CYP2D6

The characteristic features of both unfolded and folded CYP2D6 in the absence and presence

of tamoxifen were measured using the UV-Visible spectroscopy. As can be seen in Figure 3.3,

both proteins exhibited a sorbet band at 216 nm with slight differences in absorbances (1.807

a.u for unfolded CYP2D6 and 1.722 a.u for folded CYP2D6). In the presence of 3 pM of

tamoxifen concentration, the unfolded CYP2D6 protein had a slight shift in the absorbance

band, but there was also a slight shift in wavelength as it is shown in Figure 3.4a and.c.

Compared to the unfolded, folded CYP2D6 revealed a clear shift in wavelength from 216 nm

to 212 nm and a decrease in absorbance from 1.722 a.u to ~1.2 a.u for both time dependent

(0-25 min) and concentration dependent (0-12 pM) as shown in Figure 3.4b and d.

Figure 3.3: UV-Vis absorption spectra of the unfolded and folded CYP2D6 proteins. The absorbance
spectra were measured at wavelength range of 200 - 800 nm.
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Figure 3.4: UV-Visible absorption spectra of CYP2D6-tamoxifen complex recorded in a 200-800 nm
wavelength range in 50 mM sodium phosphate (pH 7.4): (A) Unfolded CYP2D6 and, (B) Folded CYP2D6
with 3 pM TAM at 0 - 25 min time dependent, (C) Unfolded CYP2D6 and (D) Folded CYP2D6 in the presence
of TAM in a concentration dependent (0 - 12 pM).

4.3.2 Emission studies of recombinant CYP2D6

Fluorescence spectroscopy was employed to investigate CYP2D6-TAM interactions and

presence of residues prior for fluorescent properties during tamoxifen metabolism. The

emission spectra showing the optical properties of both unfolded and folded CYP2D6 and

tamoxifen are illustrated in Figure 3.5. When excited at 315 nm, two maximum emission

peaks were observed at 350 nm and 432 nm for unfolded and folded CYP2D6 respectively.

Tamoxifen alone exhibited three emissions at 350 nm, 419 nm and 501 nm. In addition, the

intensity obtained by the folded CYP2D6 was more enhanced than the unfolded CYP2D6.
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Figure 3.5: Fluorescence spectra of the CYP2D6 proteins alone and tamoxifen. Both recombinant CYP2D6
proteins emitted a peak at the wavelength of 432 nm and a drug was emitted at the wavelength of 419 nm and
501 nm. The emission of buffer has shown a peak at 350 nm wave length that depicts a peak of water.

Fluorescence spectra of both unfolded and folded CYP2D6 were further detected in the

presence of TAM in a time and concentration dependent basis as illustrated in Figure 3.6. The

intensity of emission peaks for unfolded and folded CYP2D6 proteins were unstable in the

presence of 0.04 mM tamoxifen. In comparison, the fluorescent intensity of the unfolded

CYP2D6 increased from 2.9479 x 106 CPS to 4.3181 x 106 CPS (Figure 3.6a), whereas that

of folded CYP2D6 increased from 3.0121 x 106 CPS to 4.36148 x 106 CPS (Figure 3.6b).

After the fluorescent intensity shifted, it began to fluctuates for both time and concentration

dependent basis. For folded CYP2D6, the fluorescent intensity increased from 10.2668 x 106

CPS to 11.5820 x 106 CPS for time-dependent and then began to fluctuate (Figure 3.6c) and

decreased from 9.8526 x 106 CPS to 9.2060 x 106 CPS for concentration-dependent and then

began to fluctuates (Figure 3.6d).
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Figure 3.6: Fluorescence spectra of tamoxifen metabolism by recombinant CYP2D6. (A) Time-dependent
tamoxifen metabolism by unfolded CYP2D6. (B) Concentration-dependent tamoxifen metabolism by unfolded
CYP2D6. (C) Time-dependent tamoxifen metabolism by folded CYP2D6. (D) Concentration-dependent
tamoxifen metabolism by folded CYP2D6.

3.3.3 Electrochemical analysis of recombinant CYP2D6

Firstly, the bare gold (Au) electrode was characterised using CV and SWV in order to

determine its redox properties as a control. As shown in Figure 3.7a and b for both CV and

SWV respectively, there was a clear reduction peak that depicts gold at ~0.6 V. For modified

electrode (CYP2D6/Au), there was a clear reduction peak at -0.2 V using both CV and SWV

that depict the reduction of O2 to H2O2, for which it increased with an increase in scan rate up

to 50 mV/s (Figure 3.7 c to f). For both unfolded (Figure 3.7c and d) and folded (Figure 3.7e
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and f) CYP2D6 proteins, there was a peak that depict the recombinant CYP2D6 at

approximately -0.4 V.

Figure 3.7: The CV and Square wave voltammograms of bare electrode and CYP2D6 proteins analysis in
50 mM sodium phosphate. (A) bare Au electrode. (B) SWV analysis of bare Au electrode. (C) CV analysis of
unfolded CYP2D6/Au. (D) SWV analysis of unfolded CYP2D6/Au. (E) CV analysis of folded CYP2D6/Au. (F)
SWV analysis of folded CYP2D6/Au.
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The electro-catalysis of tamoxifen metabolism was further characterised in the presence of

TAM in a concentration and time dependent as in shown in Figure 3.8 and Figure 3.9

respectively. For the concentration dependent studies with addition of (0 - 4.5 pM) TAM, the

unfolded CYP2D6 showed a slight shift in current at a reduction peak of -0.4 V from -144.8 x

10-7 to -153.2 x 10-7 nA (Figure 3.8a) compared to folded CYP2D6 which showed a clear

shift from -143.6 x10-7 to -206.2 x 10-7 nA (Figure 3.8b) A similar trend in current shift was

also observed for time dependent (0-25 min), from -168.9 x 10-7 to -171 x10-7 nA for

unfolded CYP2D6 (Figure 3.9a) compared to a clear shift of -164 x10-7 to -202.8 x 10-7 nA

for folded CYP2D6 (Figure 3.9b).
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Figure 3.8: The concentration-dependent square wave voltammograms of CYP2D6 proteins. (A) SWV
analysis of unfolded CYP2D6/Au in addition of different concentration of tamoxifen in 50 mM sodium
phosphate buffer electrochemical cell. (B) SWV analysis of folded CYP2D6/Au in addition of different
concentration of tamoxifen in 50 mM sodium phosphate buffer electrochemical cell.
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Figure 3.9: The time-dependent square wave voltammograms of CYP2D6 proteins. (A) SWV analysis of
unfolded CYP2D6/Au upon addition of 0.5 pM of tamoxifen, with different time intervals in 50 mM sodium
phosphate buffer. (B) SWV analysis of folded CYP2D6/Au upon addition of 0.5 pM of tamoxifen, with
different time intervals in 50 mM sodium phosphate buffer.

The linear plot was performed in order to determine sensitivity and limit of detection of

tamoxifen catalysis using the protein current values versus different concentrations of

http://etd.uwc.ac.za/



65

tamoxifen used against different current values of the blank protein peaks. The graphs gave

linear calibration curves as shown in Figure 3.10. The sensitivity was determined as the slope

of the calibration line which interpolates experimental data and the detection limit was

calculated using the formula; limit of detection (LOD) = (3*standard deviation/sensitivity

value). The electrochemical binding of tamoxifen and recombinant CYP2D6 proteins were

sensitive up to 1.46667 nA/V with a detection limit of 4.2038 X 10-4 ng/ml (Figure 3.10a) and

1.69667 nA/V with a detection limit of 2.1567 X 10-4 ng/ml (Figure 3.10b) for unfolded and

folded CYP2D6, respectively.

Figure 3.10: The calibration plot of recombinant CYP2D6 with different concentrations of tamoxifen at a
potential of -0.4 V. (A) Unfolded CYP2D6 (current Vs. TAM concentration) (B) folded CYP2D6 (current Vs.
TAM concentration).
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3.3 Discussion

The aim of this chapter was to conduct the electrochemical binding of tamoxifen and

recombinant CYP2D6 in order to develop a cheap and simple biosensor for assaying

tamoxifen metabolism for breast cancer therapy. The UV-Visible absorbance, fluorescence

spectroscopy and electrochemical analysis were conducted on both unfolded and folded

recombinant CYP2D6. The spectroscopic analysis revealed that the absorbance band of both

unfolded and folded recombinant CYP2D6 to be 1.807 a.u and 1.722 a.u at a wavelength of

216 nm (Figure 3.3) respectively. Such slight difference of 0.085 a.u between the two

proteins is due to the presence of urea as a denaturant for unfolded CYP2D6 (Schmid, 2001).

The time dependent results were conducted using constant tamoxifen concentration of 3 pM,

with readings taken at different time intervals (0, 5, 10, 15, 20, and 25 min). The results

showed that there was a slight shift of both the absorbance and wavelength for unfolded

CYP2D6 (Figure 3.4a). Whereas for folded CYP2D6, there was a clear shift in absorbance

from 1.722 a.u to ~1.2 a.u and a shift in wavelength from 216 nm to 212 nm (Figure 3.4b). A

similar trend was observed with the addition of different tamoxifen concentrations of 3 - 12

pM, for both unfolded CYP2D6 (Figure 3.4c) and folded CYP2D6 (Figure 3.4d). The results

suggest that there was an interaction between CYP2D6 and tamoxifen with the folded protein

since a decrease in absorbances has followed a similar trend done by Baj-Rossi et al. (2012)

in an electrochemical detection of anti-breast-cancer agents study.

The emission peaks of both CYP2D6 proteins were obtained at 432 nm with folded CYP2D6

emitted better that unfolded CYP2D6 (Figure 3.5). There was fluctuating fluorescent

intensity of peaks for unfolded and folded CYP2D6 proteins with an addition of 0.04 mM

tamoxifen. For unfolded CYP2D6, the fluorescent intensity increased from 3.0121 x 106CPS

to 4.36148 x 106 CPS and from 2.9479 x 106 CPS to 4.3181 x 106 CPS and then began to
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fluctuates for both time and concentration-dependent respectively (Figure 3.6 a and b). For

folded CYP2D6, the fluorescent intensity, increased from 10.2668 x 106 CPS to 11.5820 x

106 CPS (Figure 3.6c) for time-dependent while decreased from 9.8526 x 106CPS to 9.2060 x

106 CPS (Figure 3.6d) for concentration-dependent, and then began to fluctuates. Such

fluctuations in fluorescence intensity might have been influenced by the redox state of

CYP2D6 as a cytochrome enzyme, upon tamoxifen additions and high dose of tamoxifen

used in order to observe signal differences (Kumar et al., 2005).

The electrochemical analysis was conducted for bare electrode, both unfolded and folded

CYP2D6-modified gold electrodes with different scan rates of 5, 10, 15, 20, 50, 100 mV/s

using CV and SWV electrochemical techniques. The later approach was used alone since the

direction of the redox potential of protein was already known to be in the reduction side and

the fact that it is the most sensitive method than CV (Lee et al., 2008; Bagalkoti et al., 2017).

The SWV was measured on both unfolded and folded CYP2D6 using the single scan rate of

15 mV/s. An electrochemical analysis revealed that there was a different response between

the bare electrode and the recombinant CYP2D6/Au modified gold electrodes as shown in

Figure 3.7. The electrochemical results of bare electrode alone only showed a peak that depict

the peak characteristics of gold in both CV (Figure 3.7a) and SWV (Figure 3.7 b) at a

potential of approximately 0.6 V. Similar results of gold peak characterisation were

previously reported by Rhieu and Reipa (2015) in their study, "Tuning the Size of Gold

Nanoparticles with Repetitive Oxidation-reduction Cycles”. In the immobilised electrodes,

there were three peaks for which one depict the gold peak and the other two depicts the

CYP2D6 protein and oxygen at the potential approximately -0.4 V and -0.18 V respectively.

In the presence of different tamoxifen concentrations of (0-4.5 pM) for concentration

dependent and time dependent analysis (0, 5, 10 , 15 ,20, and 25 min) in the presence of
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constant concentration of 0.5 pM, the SWV results showed an increase in the reduction peak

that depicts CYP2D6. For unfolded CYP2D6 (Figure 3.8a), there was a slight shift in the

current of the peak that depicts CYP2D6 from -168.9 nA to -171.8 nA at -0.4409 V, with

increase in concentration. For folded CYP2D6 there was a clear shift in the current of protein

peak from -164.6 nA to -202.8 nA (Figure 3.8b). For time dependent in the presence of 0.5

pM TAM there was a similar trend of shift in current for both proteins. There was a slight

shift in current peak of unfolded CYP2D6 protein from -144.8 nA to -153.2 nA (Figure 3.9a)

whereas for folded CYP2D6 protein there was a clear shift in current from -143.6 nA to

-206.2 nA (Figure 3.9b). The gold peak with the time-dependent analysis also showed an

increase shift in current for both unfolded and folded CYP2D6 proteins, while for

concentration-dependent there was a decrease. Such a decrease in a concentration dependent

experiment is due to saturation of tamoxifen drug as a substrate on the gold electrode surface

(Shetti et al., 2015). Such shift in current for enzymes implies that the demand of electrons

depends on the activity of the enzyme as seen with the folded CYP2D6 and can be directly

correlated to the tamoxifen at the electrode interface. The results are consistent to the study

reported by Cavallini (2013), which concluded that higher concentrations of tamoxifen as a

substrate increases the electrons demand and therefore generates higher currents. Therefore,

the increase in current is proportional to the amount of active tamoxifen metabolite,

4-hydroxytamoxifen as a product of tamoxifen metabolism by CYP2D6 (Garrido et al., 2011).

The electrochemical binding of tamoxifen and recombinant CYP2D6 proteins was sensitive

to 1.46667 nA/V with a detection limit of 4.004 X 10-4 ng/ml (Figure 3.10a) and 1.69667

nA/V with a detection limit of 2.1567 X 10-4 ng/ml (Figure 3.10b) for unfolded and folded

CYP2D6 respectively. The linear calibration curves of tamoxifen determination are

consistence with the results obtained by Reid et al. (2014), where the range was up to

approximately 0.2 pM. The detection limit of tamoxifen metabolism for both recombinant
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CYP2D6 proteins was less than the maximum tamoxifen plasma concentration (Cmax) of 40

ng/ml (Reid et al., 2014). Cmax is defined as the highest concentration of a drug in plasma (blood,

cerebrospinal fluid) or target organ after a dose of drug is administered

(https://medical-dictionary.thefreedictionary.com/Cmax). Low values detection limit implies

that tamoxifen has been converted into a product, 4-hydroxytamixifen, according to the

tamoxifen metabolism pathway with CYP2D6 alone.
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CHAPTER 4: Conclusion and future prospects

The main aim of this study was to generate an expression construct in order to express large

amounts of active recombinant CYP2D6 at a cheaper way in order to develop an

electrochemical biosensor for tamoxifen metabolism test during breast cancer therapy. In

silico characterisation of CYP2D6 gene provided parameters that are necessary for successful

cloning, and purification of CYP2D6, particularly the size of CYP2D6 and its location when

expressed in E. coli system. Cloning of CYP2D6 was much more efficient with the

pTrcHis-TOPO® vector, producing approximately 95% of recombinant clone product

(Yuvaraj, 2007). When CYP2D6 was expressed in E. coli, it needed to be extracted and

purified under urea denaturing state followed by refolding to bring the protein to active

functional state. The enzyme assay revealed that the recombinant CYP2D6 was active after it

was refolded since there were high luminescence signals as expected for folded CYP2D6.

However, the effect of refolding the protein did not reveal at what extent the protein was

refolded or denatured (from or to its quaternary structure). It was also detected with

purification that there is a possibility to purify denatured protein under refolding state,

however the protocol allows small fraction to be recovered (Ruzvidzo et al., 2013; Gräslund

et al., 2008). Our results proved with no doubt that the recombinant CYP2D6 protein that was

expressed and refolded was active and adequate for electrochemical studies.

The tamoxifen metabolism based on the absorbance results showed that the metabolism was

dependent to the structure of the protein whether folded on unfolded, since the folded protein

showed a clear shift compared to unfolded CYP2D6 in the presence of TAM. The

fluorescence results were also consistent with the UV-Visible absorbance spectroscopy,

indicating an interaction between CYP2D6 and tamoxifen, although there were fluctuations.
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These fluctuations might have been due to the redox state upon tamoxifen additions since the

catalytic reaction of cytochrome P450 enzymes is a cycle or high dose of tamoxifen used in order to

observe signal differences (Kumar et al., 2005).

CYP2D6 based electrochemical sensor plays an important role in tamoxifen metabolism into

its active metabolites. However, since the protein was firstly purified under denatured

condition (as unfolded CYP2D6), only renatured protein (as folded CYP2D6) showed a

definable shift in tamoxifen metabolism. Therefore, the phenotypic based sensor pose a

promising application in developing a biosensor for assaying human tamoxifen metabolism

during breast cancer therapy. The electrochemical analysis of tamoxifen metabolism revealed

that the increase in current at the formal potential peak of CYP2D6 proteins was

electrochemically-driven by electron exchange between the porphyrin ring of CYP2D6 and

tamoxifen. According to the results obtained, tamoxifen metabolism was also dependent on

the structural conformation of each protein whether it was unfolded or folded, and the folded

CYP2D6 was able to convert TAM into 4-hydroxytamoxifen.

According to the pathway for tamoxifen metabolism, the catalysed tamoxifen in this study,

did not produce the final product (endoxifen), since it has to work hand to hand with

CYP3A4/5 but it produced 4-hydroxytamoxifen. Therefore, there is a need to characterise

CYP3A4/5 also as the other main enzyme for tamoxifen metabolism, in order to complete the

pathway of tamoxifen metabolism. Though there was a response with direct electrochemical

characterisation of recombinant CYP2D6 in metabolising tamoxifen, there is still a need to

use a molecular linker when immobilising the protein on gold electrode in order to improve

the electron transfer in the electrochemical system. It will also be recommended to further

study other techniques that support the electron exchange transfer detection between the

tamoxifen and CYP2D6. For future work, we will culture and treat breast cancer cell line,
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Michigan Cancer Foundation-7 (MCF-7), and conduct electrochemical analysis of tamoxifen.

Lastly, we are aiming to develop a prototype, for rapid and simple detection of tamoxifen

metabolism in breast cancer patients.
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Appendix

Appendix I: Chemicals, stock solutions, buffers, bacterial strains, and
preparation of gels

A. Stock solutions, buffers and media

2 X SDS sample buffer: 4 % SDS, 0.125 M Tris pH 6.8, 15 % glycerol, 1 mg/ml

Bromophenol Blue, 2 M DTT stored at -20 °C.

Ammonium persulphate (APS): 10 % stock was prepared by dissolving 1g of APS in 10 ml

distilled water.

Ampicillin 50 mg/ml: 50 mg/ml ampicillin in distilled water.

Bacterial strains: TOP10 competent cells

Bovine Serum albumin (BSA)

Coomassie Brilliant Blue staining buffer: 2g Coomassie blue R-250, 45 % methanol and

10 % glacial acetic acid.

Destain solution: 30 % methanol, 10 % glacial acetic acid made up with distilled water.

Dithiothreitol (DTT): 0.5 M DTT was dissolved in distilled water.

Electrophoresis buffer: 10 % stock solution prepared by dissolving 30 g Tris-Cl, 144 g

Glycine, 10 g SDS, made up to 1000 ml with distilled water.

Elution buffer: 50 mM NaH2PO4, 300 mM NaCl, 250 mM Imidazole, and pH adjusted to

8.0 with NaOH.

Glucose 20 %: 20 g of glucose in distilled water.

IPTG (Isopropyl-1-thio- (D-galactoside): 0.1 M stock solution prepared by dissolving 1.19

g IPTG dissolved in 50 ml water. Solution divided into 5 ml aliquots, sterilized by filtration

and stored at -20 °C. Stable for 2 to 4 months.
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Luria Broth (LB) medium: 10 g pancreatic digest, 5 g yeast extract, 5 g NaCl.

LB agar: LB medium containing 15 g/l Bacteriological Agar.

Lysis buffer: 0.1 M sodium buffer (0.1 M sodium monobasic and 0.1 M sodium dibasic), 1x

Triton-X100, 1 mM dithiolthreitol (DTT), 100 µg/ml of lysozyme, 1 mM

phenylmethylsulfonyl fluoride (PMSF).

Phenylmethylsulfonyl fluoride (PMSF): 1 mM PMSF in distilled water.

Primers: 100 µM stock solutions stored at -20 °C.

SDS loading dye 2X: 10 % SDS, 0.2 M Tris, p H 6.8, 20 % glycerol, 0.05 % Bromophenol

Blue, 10 mM DTT.

SDS running buffer 10X: 30 g Tris base, 144 g glycine, and 10 g SDS were in distilled

water, and the volume was filled to 1000 ml.

SDS: 10 % stock solution prepared by dissolving 100 g of SDS was dissolved in 900 ml

water, heated to 68 °C to dissolve the crystals, and the volume made up to 1000 ml. Stored at

room temperature

Separating buffer: 1.5 M Tris pH 8.8, stored at 4 °C.

Sodium phosphate buffer 50 mM: 0.2 M sodium phosphate dibasic anhydrous and 0.2 M

sodium phosphate monobasic anhydrous were dissovled in distilled water to pH 8.0 and the

diluted to 50 mM.

SOC media: 1.5 % yeast extract, 1 % Bacto-Tryptone, 10 mM NaCl, 2 mM KCl, 10mM

MgCl2, 20 mM glucose.

Stacking buffer: 0.5 M Tris pH 6.8, stored at 4 °C.
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Tris/Borate/EDTA (TBE) 10X: 108 g Tris base, 55 g boric acid, and 705 g EDTA were

dissolved in distilled water, and filled into 1000 ml.

Tris-Cl: 1 M stock solution prepared by dissolving 121.4 g in 500 ml of distilled water, pH

adjusted with HCl and the volume made up to 100 ml.

Urea lysis buffer: 200 mM NaCl, 50 mM Tris-Cl; pH 8.0, 500 mM glucose, 0.05 % (w/v)

PEG, 20 mM β-mercaptoethanol, 8 M urea, 10 mM imidazole

Wash buffer 1: 300 mM NaCl, 50 mM sodium buffer, pH 8.

Wash buffer 2: 300 mM NaCl, 50 mM sodium buffer, 10 mM Imidazole, pH 8.0.

Wash buffer 3: 300 mM NaCl, 50 mM sodium buffer, 20 mM Imadazole, pH 8.0.

Wash buffer 4: 300 mM NaCl, 50 mM sodium buffer, 50 mM Imidazole pH 8.0.

B. The preparation of 1 % agarose gel and DNA samples:

In order to prepare a 1 % agarose gel, 1g of agarose was weighed out and dissolved in 100 ml

of 1x TBE. The mixture was microwaved for 1.5 min for the gel to dissolve. After heating, it

was allowed to cool such that it still allows for pouring into the casting tray with the comb for

wells making. The comb was removed once the agarose solidified. About 2 µl of the loading

dye was mixed with 10 µl of the DNA samples each time loading is done . The samples were

then electrophoresed at 100V for 1 h.

C. SDS-PAGE gel preparation

The stacking gel of 5 % and separating gel of 12 % acrylamide were prepared as shown in

Table 1. The separating gel was prepared first, poured between the spacer plates and enough

space was left for the stacking gel. Isopropanol was placed on top the separating gel and the

gel was left to set for 20 min at room temperature. Once solidified the isopropanol was
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thrown off on paper towel and the stacking gel was prepared and loaded on top off the

separating gel. This was followed by immediately placing 1 mm well combs between the

spacer plates to form wells.

Table 1: Preparation of 12 % SDS-PAGE gel

D. Protein sample preparation

The protein lysates or pellets of cells carrying recombinant CYP2D6 were mixed with 2 X

SDS-loading dye (10 % SDS, 0.2 M Tris, p H 6.8, 20 % glycerol, 0.05 % Bromophenol Blue,

10 mM DTT) followed by incubation at 95 °C for 5 min. The samples were then loaded on a

12 % 1D SDS-PAGE gel and ran at the voltage of 100 V in 1X SDS running buffer (25 mM

Tris, 192 mM glycine, 0.1 % glycine, 0.1 % SDS). Following electrophoresis, the gels were

stained with Coomassie Brilliant Blue staining buffer (2g Coomassie blue R-250, 45 %

methanol and 10 % glacial acetic acid) for 20 min and then destained with a destaining

solution (30 % methanol, 10 % glacial acetic acid made up with distilled water).

Gel type Stacking gel Separating gel

Acrylamide % 5% 12%

30 % Polyacrylamide (ml) 0.67 4

0.5 M Tris, pH 6.8 (ml) 1.25 -

1.5 M Tris, pH 8.8 (ml) - 2.6

10 % Ammonium persulfate (ml) 0.05 0.1

10% SDS (ml) 0.05 0.1

TEMED (ml) 0.006 0.01

dH2O (ml) 2.975 3.2

Total volume (ml) 5 10
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Appendix II: Prediction of protein parameters for the CYP2D6 protein
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Figure 1: The full data of CYP2D6 protein parameters. (Computed using ProtParam Expasy tool).
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Appendix III: Prediction of functional domains CYP2D6 protein

Figure 2: The full data of detailed functional domains of CYP2D6 protein. (computed using NCBI
conserved domains server).
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Appendix IV: Data for the determination of protein concentration using
Bradford assay

Bradford assay

In order to determine protein concentration, the Bradford assay (Bradford, 1979) was

performed using a 96 well microplate. The standard protein, Bovine serum albumin (BSA)

was diluted in separate Eppendorf tubes starting with 2 mg/ml as seen in Table 2.

Na-phosphate buffer (300 mM NaCl, 50 mM sodium buffer, 40 mM Imidazole) was used as

the diluent. The various dilutions of BSA along with a 1:5 and 1:10 dilution of the protein

sample were transferred to a 94 well microplate as seen in Table 3. The 1x Bradford reagent

was added to the samples and the plate was placed on a mixer. The plate was then incubated

at room temperature for 5 min and the samples were read at A595nm. A standard curves were

then plotted.in order to determine the concentration of unknown recombinant CYP2D6

protein concentrations (Figure 3).

Table 2: Microplate Bradford standard Assay

Tube number Standard volume (µl) Source of standard
(BSA)

Diluent Buffer 4
(µl)

Final protein conc.
(mg/ml)

1 20 2 mg/ml 0 2

2 30 2 mg/ml 10 1.5
3 20 2 mg/ml 20 1
4 20 Tube 2 20 0.75

5 20 Tube 3 20 0.5
6 20 Tube 5 20 0.25
7 20 Tube 6 20 0.125
8 (blank) - - 20 0

Table 3: Bradford reagent and protein standard volumes to be added to a microplate.

Assay Volume of standard and sample Volume of 1x Dye reagent

Microplate 5 µl 250 µl
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Figure 3: Standard curve of the BSA for the Bradford assay to determine the concentration of
recombinant CYP2D6. A595 values corresponding to different standard (BSA) concentrations are plotted
against concentration (mg/ml). The unknown concentration of CYP2D6 protein was determined using the
measured absorbance values at 1:5 and 1:10 dilution factors. The values corresponding to the concentration are
calculated using the formula corresponding to the straight line fitted to the data. (A) and (B) represent the
standard curve unfolded and folded CYP2D6 respectively.
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