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Abstract: 

Cytochrome P450s are a super-family of heme containing proteins that are found in all 

domains of life and are involved in the synthesis and breakdown of steroids, xenobiotics, and 

pharmaceuticals. Using five heterologously expressed zebrafish (Danio rerio) CYP1s, an assay 

was developed for CYP activity in order to monitor the consumption of the cofactor NADPH, 

providing a label-free screening tool to determine function of novel CYP genes. Using well-

established fluorogenic substrates, NADPH and NADP
+
 were separated by capillary 

electrophoresis (CE) from stopped CYP1 reactions and measured with UV absorbance detection 

as a surrogate to assess the rate of substrate metabolism. Product formation was confirmed by 

fluorometric detection of metabolites, giving rates of enzyme activity which could be compared 

to the rates of cofactor turn-over measured by CE. 17β-estradiol, four alkoxyresorufin and two 

coumarin based synthetic fluorogenic CYP substrates were screened for activity with 

recombinant zebrafish CYP1A, 1B1, 1C2, 1C2 and 1D1. Cofactor consumption was generally 

much larger than product formation for the majority of substrates and CYP1 isoforms, suggesting 

that the majority of metabolic events were uncoupled. Large uncoupling was seen in CYP1 when 

metabolizing estradiol, showing that endogenous compounds can also show severe uncoupling. 

Reactive oxygen species (ROS), a product of uncoupled events, were detected with 2,7- 

dichorofluorescein. Attempts for concomitant detection of ROS production and  cofactor 

consumption with CE-UV detection were investigated, however, detection limits for 2,7-

dichlorofluorescein were not adequate for detection of hydrogen peroxide production from CYP1 

mediated reactions.  Future work will be required to develop a single assay to quantitatively 

measure CYP activity by CE for functional determination of CYPs with unknown function.  
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Chapter 1: 

General Introduction 

1.1 Cytochrome P450 enzymes 

1.1.1 P450 Nomenclature 

 

Cytochrome P450’s enzymes (CYPs) are a large family of hemoproteins  found in all 

domains of life. With the advancement of genomics and other disciplines, many previously 

unknown CYP genes are being identified and categorized (Denisov et al., 2005; Nelson et al., 

1996).  A nomenclature system was developed in order to consistently name genes based on 

amino acid identity at the time of discovery, such that genes are placed in the same family and 

subfamily when they have  > 40% and > 55% primary amino acid sequence overlap, 

respectively; individual genes are given numbers in order of discovery (Nelson et al., 1996). For 

example, the enzyme aromatase is encoded by the CYP19A1 gene, the 1
st
 gene in the ‘A’ 

subfamily of the CYP19 family.   

 

1.1.2  Cytochrome P450 Function 

 

CYP proteins play critical roles in the oxidative metabolism of endogenous compounds, 

as well as xenobiotic (exogenous) compounds, including pharmaceuticals and environmental 

toxins.  Some isoforms have very specific functions with a limited number of substrates, such as 

aromatase (CYP19A1) which transforms androgens into estrogens (Diotel et al., 2010). Other 

CYPs have much broader specificity with numerous substrates such as CYP3A4, which is able to 

metabolize approximately 50% of all pharmaceuticals in mammals (Zhang et al., 2006). 
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Cytochrome P450 families 1, 2, and 3 are predominantly expressed in the liver and are known to 

be the main catalysts in xenobiotic metabolism. Many CYPs show very flexible active sites 

which can accommodate various substrates for access to the heme of the protein (Guengerich, 

2001; Martignoni et al., 2006b).  In general, CYP substrates are hydrophobic and become more 

soluble when metabolised by adding oxygen into the molecule (Denisov et al., 2005). Common 

oxidative transformations catalyzed by CYPs include, carbon hydroxylation, heteroatom 

oxidation, dealkylation, and epoxidation, however there are many more reactions possible with 

an extensive review of transformations given by Guengerich (2001).  

Mammalian CYP isoforms in the same subfamily display significant variations in their 

activity and regiospecificity for substrate oxidation  (Martignoni et al., 2006a; Martignoni et al., 

2006b). Furthermore, comparisons of homologous CYP isoforms in mammalian and non-

mammalian vertebrate species have shown large disparity in catalytic function (Scornaienchi et 

al.; Scornaienchi et al., 2010a).  CYP homologs may be found in certain species as pseudogenes 

and yet be functional in evolutionary similar species, such as CYP1D1 which is functional in 

Cynomolgus monkeys and a pseudogene in humans (Uno et al., 2011). While gene sequences 

may give insight into the putative function of a particular CYP, predictions are not always 

correct and may provide little information on its biological role in metabolism.  

 

1.1.3 Cytochrome P450 Reductase and the CYP Catalytic Cycle 

 

The CYP catalytic cycle is a multistep process where electrons are donated from the 

cofactor NADPH to the heme of the CYP in order for oxygen addition to occur on the substrate 

based on the net equation: 
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RH + NADPH + H
+
 + O2  ROH + NADP

+
 + H2O 

where RH is the substrate and ROH is the product.  

The initial steps of the catalytic cycles are the binding of the substrate in the active site of 

the CYP close to the ferric (Fe
3+

) heme centre followed by donation of electrons from NADPH 

through the separate electron transport protein, cytochrome P450 reductase (CPR;Guengerich, 

2001;Figure S1, Chapter 2). The CPR is a ~78 kDa flavoprotein with the electron accepting 

flavin adenine dinucleotide (FAD) and flavin monocucleotide (FMN) moieties which allows for 

electron flow to occur one at a time toward the heme (Hamdane et al., 2009). The electron 

transfer changes the charge on the heme from Fe
3+

 to the ferrous state (Fe
2+

) which can bind a 

molecule of O2 to form a Fe
2+

-O2  complex (Guengerich, 2001). Another electron donation step 

occurs from NADPH via CPR or the cytochrome b5 protein, a ubiquitous electron transporter 

often found in microsomal and mitochondrial systems.   After the second electron transfer, a 

proton is added and the O-O bond is cleaved to form H2O and Fe(OH)
2+ 

complex which can 

selectively add OH to the docked substrate to generate the oxidized product (Denisov et al., 

2005). The iron then returns to its initial Fe
3+

 state, where it can repeat the cycle for additional 

substrate metabolism. The catalytic cycle for CYP oxidative metabolism is depicted in Chapter 

2, Figure S1. Cytochrome b5 is thermodynamically unfavoured compared to CPR for the initial 

electron donation to the heme, however is able to donate for the second electron and can 

potentially increase the rate of substrate metabolism by CYP (Guengerich, 2001; Scornaienchi et 

al., 2010a; Sue Masters and Marohnic, 2006).  
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1.1.4 Coupling efficiency and uncoupling in the P450 catalytic cycle 

 

CYP reactions are not always efficient and electron transfer may be uncoupled to 

substrate binding, causing the consumption of NADPH without product formation. During 

uncoupled reactions, electrons are donated from NADPH to form superoxide (O2
·-), hydrogen 

peroxide (H2O2), or water (Gorsky et al., 1984).  CYP isoforms that are highly regioselective or 

stereoselective in substrate metabolism, such as CYP19A1, are relatively efficient in cofactor 

consumption (Denisov et al., 2005).  These typically include CYPs responsible for the 

production of important biological signalling molecules, such as steroids; reactions that are 

oxidized by CYPs outside families 1-3 in vertebrate species.  Other CYPs, such as CYP3A4, can 

metabolise a large number of structurally different substrates, and are less specific in substrate 

binding (Ansede and Thakker, 2004). Overall, CYPs involved in metabolism of xenobiotics 

show a greater tendency for catalytic uncoupling due to flexibility of the active site (Denisov et 

al., 2005). While some uncoupling can be due to high levels of NADPH used in vitro where 

additional NADPH only adds to peroxide formation (Degregorio et al., 2011), other uncoupling 

events are attributed to successful docking of substrate within the active site of the protein but 

too far from the heme centre to elicit efficient metabolism (Prasad et al., 2007). In its resting 

state, the iron heme of the CYP is Fe
3+

 with a water molecule acting as a ligand to the heme. If a 

substrate is able to enter the active site in close proximity to the heme, the water molecule is 

displaced, causing the heme to go from a low-spin state to a high-spin state, which is 

thermodynamically more favoured to accept an electron from CPR and reduce the heme to Fe
2+

 

(Sligar, 1976). In silico work with theoretical docking of substrates into mammalian and teleost 

CYP1As showed the rate of substrate oxidation was dependant on substrate positioning within 4 

Å from the heme centre for the substrate benzo[a]pyrene (Prasad et al., 2007; Figure 1.1).  The 
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substrate’s ability to bind to the active site with an appropriate orientation is a key step in the 

CYP catalytic cycle, which can later become uncoupled in three different pathways resulting in 

formation of reactive oxygen species (ROS). 

The first potential product during uncoupled reactions is superoxide formation from the 

dissociation of the relatively unstable Fe
2+

·O2 complex formed after O2 binds to the CYP-

substrate complex (Guengerich, 2001). O2
·-
 is rapidly reduced in vivo to H2O2 via superoxide 

dismutase. The second possible product during uncoupling is hydrogen peroxide (H2O2), formed 

from the dissociation of the Fe-OOH complex after the addition of the second electron (Denisov 

et al., 2005). Interestingly,  the reverse reaction, called the peroxide shunt, can occur where H2O2 

can be substituted for an oxygen and a reducing equivalent to continue the cycle (Ansede and 

Thakker, 2004).  Finally, two water molecules can be produced by using two reducing 

equivalents, to restart the cycle without product formation (Gorsky et al., 1984; Zhang et al., 

2008b).  The uncoupled pathways which produce ROS are shown in Chapter 2, Figure S2. The 

implication of formation of ROS from biological systems has been well documented and can 

impact  antioxidant defence mechanisms and cell phenotype via redox signalling  (Groeger et al., 

2009; Winterbourn and Hampton, 2008).  Recently, the role of CPR in ROS formation and 

depletion has suggested an alternative heme-independent mechanism of uncoupling (Manoj et 

al., 2010), adding to the need for a better understanding of the implications of inefficient CYP 

metabolism in organisms.  

1.1.5 CYP1 Evolution and Function  

 

The CYP1 family contains 4 known subfamilies in vertebrate species  (CYP1A, CYP1B, 

CYP1C and CYP1D)  but only CYP1A and CYP1B enzymes appear to be present in all 
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vertebrates and have been the most studied.  Mammalian species contain only the CYP1A and 

1B subfamilies, and the CYP1C subfamily has only been identified in non-mammilian 

vertebrates (Goldstone et al., 2007). CYP1D1 was first identified in fish (Goldstone et al., 2009), 

and recently has been found in cynomolgus monkey (Uno et al., 2011).    

Three CYP1 genes, CYP1A1, CYP1A2, and CYP1B1 are found in humans. CYP1A1 is 

known to metabolise both xenobiotic compounds such as PAHs and PCBs, and can also 

metabolise endogenous compounds, such as estrogens (Nebert et al., 2004). CYP1A2 is known 

to metabolize caffeine (Uno et al., 2011) and aromatic amines (Nebert et al., 2004). Both 

CYP1A1 and CYP1A2 can be classified by the metabolism of the synthetic substrates 7-

ethoxyresorufin and 7-methoxyresorufin, respectively  (Huang and Szklarz, 2010). CYP1B1 is 

the only isoform of the subfamily, and is known to be involved in the metabolism of estradiol, 

PAHs, arylamines, and other carcinogens (Nebert et al., 2004).  

Non-mammalian vertebrates exhibit different CYP1s than those present in mammals. 

Most notably, the CYP1C subfamily is not present in mammals but has been identified in frogs 

(Jonsson et al., 2011), birds (Goldstone et al., 2007), and fish (Zanette et al., 2009).  There is 

only one isoform in the CYP1A family in fish and this gene (CYP1A) has the rare nomenclature 

such that the CYP has not been provided a gene number.  The function of teleost CYP1A appears 

to be closer to CYP1A1 in mammals, than CYP1A2, and it is able to metabolise both 7-

ethoxyresorufin and 7-methoxyresorufin (Scornaienchi et al., 2010b).  Teleost CYP1A appears to 

have higher activity for estradiol than CYP1B1 but CYP1B1 can metabolize traditional 

mammalian CYP1 substrates including 7-ethoxyresorufin (Scornaienchi et al., 2010a).   There 

were differences between metabolism of CYP1C1 and CYP1C2 with regards to estrogen and 

PAH metabolism, yet there appears to be great overlap in function of CYP1A, CYP1B1 and both 
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CYP1C genes in zebrafish (Scornaienchi et al., 2010a; Scornaienchi et al., 2010b).  Zebrafish 

CYP1D1 showed minimal metabolism for alkoxyresorufin –O – dealkylation (AROD) 

substrates, and showed little product formation for benzo[a]pyrene or estradiol metabolism, 

leaving CYP1D1 as the only expressed isoform for which a well metabolised substrate has yet to 

be identified, suggesting a very different function from other CYP1 genes in spite of the shared 

evolutionary homology and sequence similarity (Scornaienchi et al., 2010b). A functional 

CYP1D1 has been found in several mammalian genomes, yet it is a pseudogene in several 

mammalian species including human, indicating that this isoform is not restricted to non-

mammalian vertebrates as first thought (Kawai et al., 2010).  The identification of CYP1C and 

CYP1D genes through genomics highlights that the number of CYPs being discovered through 

genomics is increasing, providing a large number of CYP sequences that have not been 

functionally characterized. As many CYPs contribute to the health and cellular defence of the 

organisms, a method to measure and identify CYP function is needed to ascertain the function of 

novel CYPs. 

 

1.1.6 Measurement of CYP1 Activity and ROS production 

 

The most common way to measure CYP activity is to monitor the rate of substrate 

consumption, and/or the metabolites generated. This is often done with separation techniques, 

such as gas chromatography (GC), liquid chromatography (LC), or capillary electrophoresis 

(CE) coupled with a detector such as UV absorbance or mass spectrometry (MS)  (Ansede and 

Thakker, 2004; Scornaienchi et al., 2010a; Zhang et al., 2008b). However, with each substrate 

and metabolite of interest, a new method selecting for compounds is needed. This extra step of 

method development for each substrate of interest slows down the analysis and increases the cost 
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needed for CYP screening. Alternatively, high-throughput screening of CYP activity can also be 

performed using fluorescence technology based on fluorescent product formation from a 

synthetic fluorogenic substrate.  A series of fluorogenic substrates with high specificity for 

particular mammalian CYP isoforms are then used to probe the activity of test analytes based on 

fluorescence inhibition, such as drugs and environmental toxins (Smith and Wilson, 2010)  

Typically, the substrates have been designed for mammalian CYP isoforms belonging to the 

CYP1A, CYP2C, CYP2D, or CYP3A subfamilies (Lewis et al., 2004; Renwick et al., 2000) .  

However, fluorescence based screening methods suffer from potential spectral/quenching 

interferences while also requiring that a substrate or products for a specific CYP isoform to be 

known in advance.  Unfortunately, an understanding of the function might not be known if the 

only information available is genomic since conservation of function across homologous CYP 

isoforms cannot be presumed.  In fact, the available substrates have been carefully characterized 

only for mammalian CYP isoforms and the applicability of these substrates as selective markers 

of non-mammalian CYP isoform activity has not been as widely tested.  In fish systems, these 

synthetic probes do not appear to have the same selectivity as mammalian systems (Smith and 

Wilson 2010). 

Other possible ways to measure CYP activity include monitoring other reagents or products 

in the reaction, namely NADPH/NADP
+
, O2, or ROS formation.  A common way to measure 

cofactor consumption is to monitor depletion of NADPH at 340 nm using UV absorbance, giving 

a general rate of the reaction (Degregorio et al., 2011; Gorsky et al., 1984; Schlezinger et al., 

1999). More recently, CE –UV has been used to monitor NADPH and NADP
+
 consumption in 

CYP reactions in order to determine rate of pharmaceutical metabolism (Zhang et al., 2008b; 

Zhang et al., 2006) However, these methods have often been criticized for having inadequate 
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blanks from homogenized tissue and cannot correct for individual CYP activity or CPR activity 

in formation of ROS,  leading to large errors in measurement (Ansede and Thakker, 2004).  The 

measurement of O2 consumption in a CYP mediated reaction has been used previously, however 

some studies have showed little success due to the low sensitivity of O2 monitoring (Dike et al., 

2000).  

Finally, ROS measurements have been attempted in order to understand cofactor 

consumption and uncoupling. The most common methods are to use probes that produce a 

fluorescent product when reacted with ROS. The most common probes are dihydroethidium 

(HE) and dichlorofluorescein (DCF) which are selective for superoxide and hydrogen peroxide, 

respectively (Afri et al., 2004; Xu and Arriaga, 2009) . Some groups have used these probes to 

investigate ROS in CYP reactions (Ramadass et al., 2003; Schlezinger et al., 2006; Viswanathan 

et al., 2003), to investigate toxin-induced oxidative stress and CYP inhibition. There has been 

controversy with each probe as the mechanisms of product formation is not fully known, and 

appear less selective for specific a ROS species than previously thought (Chen et al., 2010; 

Papapostolou et al., 2004; Zhao et al., 2003). Other groups have used colorometric assays to 

measure CYP-induced ROS production  as a means to correct for excessive cofactor 

consumption (Degregorio et al., 2011; Huang and Szklarz, 2010), however these methods 

involve complicated sample handling, low sample throughput and lower sensitivity than 

fluorescence methods.  
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1.2 Capillary Electrophoresis (CE) 

1.2.1 CE Theory 

 

Capillary electrophoresis (CE) is a technique that is able to separate complex mixtures 

based on the charges of the individual molecules. The separations take place in open tubular 

fused-silica capillaries with an inner diameter less than 100 μm, which greatly increases 

separation efficiency, peak capacity and heat dissipation. Two unique electrokinetic factors drive 

the separation process in CE, namely the electrophoretic mobility (μep) and the electroosmotic 

flow (EOF).  

The μep is dependent on the properties of the analyte measured in the separation and is 

described by the ion velocity (v) per unit of electric field strength (E). The mobility of the ion 

can also be described as the ratio of effective charge (zeff) to hydrated radius (Rhyd) of the analyte 

which is in a background electrolyte (BGE) of a particular viscocity (η), giving: 

                       
 

 
 

    

        
 

These variables can be controlled in the separation by altering the properties of the background 

electrolyte (BGE) depending on the intrinsic chemical structure of the analyte.  Zeff is determined 

through the charge on a weakly ionic analyte, which can be altered by changing buffer pH 

conditions of the BGE based on the pKa of the functional group moiety.  The ionic strength of 

the BGE can modulate zeff, where an increased ionic strength can decrease μep by counter-ions 

forming an electric double layer that reduce the effective charge of the ion. Rhyd is  related to the 

hydrated molecular volume of a solvated ion. The ability of CE to separate different analytes is 
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based primarily on differences in their effective charge density or μep. Thus, the composition of 

the BGE plays a critical role in the selectivity of the separation process in CE. 

 The EOF is classified as the bulk flow of solution inside the capillary created by 

application of an external electric field. The surface of the capillary has silanol groups which are 

weakly acidic and undergo ionization in contact with an aqueous electrolyte solution buffers, 

resulting in a negatively charged surface under most pH conditions (pH > 2). The positive ions of 

the electrolyte will thus form a rigid layer of ions adsorbed onto the capillary wall, while also 

forming a diffuse electric double layer from the capillary surface into bulk solution (Yan, 1996; 

Figure 1.3). When an electric field is applied across the capillary, the cations in the diffuse layer 

migrate towards the cathode, creating a natural electrokinetic pumping mechanism referred to as 

the EOF.  Unlike chromatographic separations that require an external pump for solution flow, 

the EOF serves as an intrinsic flow that carries all species (neutral, cation, anion) towards to a 

detector. Since the EOF has a flat flow profile which decreases axial diffusion/band broadening, 

separation efficiency is enhanced in CE relative to parabolic hydrodynamic flow in HPLC. If the 

BGE is highly acidic (pH < 2), then the EOF is highly suppressed because the silanol groups are 

not deprotenated and become predominately neutral without formation of an electric double 

layer.  Similar to μep, the magnitude of the EOF is primarily determined by the buffer pH and 

ionic strength of the BGE, where high pH and low ionic strength conditions favour a strong 

cathodic EOF. 

These two main forces in the CE separation contribute to the overall mobility of the analyte 

in the separation.  The apparent mobility (μ
A

ep) of an analyte is the vector sum of μep and μEOF, 

such that: 
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(2)  μ
A

ep = μep + μEOF     

Determining these parameters, particularly μep, gives intrinsic characteristics of the analyte that 

improves method precision, as EOF can vary with natural changes to the capillary wall, as well 

as with random differences in BGE composition.  In most cases, a neutral EOF marker is added 

to the sample as a way to determine μEOF in order to calculate μep from a typical 

electropherogram, which measures changes in detector response (e.g., UV absorbance) as a 

function of migration time.  In general, separation optimization in CE involves maximizing 

resolution of analyte peaks while reducing analysis times based on changes in the composition of 

the BGE, capillary dimensions and applied voltage.  High external voltages (up to 30 kV) allows 

for fast analysis times with minimal band dispersion in CE due to its linear dependence on both 

μep and μEOF provided that adequate heat dissipation is achieved within the capillary. 

1.2.2 Enzymatic kinetics by CE  

 

The major benefit of CE is its adjustable selectivity that allows for resolution of various 

classes of charged analytes (e.g., metals, metabolites, protein/DNA, intact cells) in complex 

sample mixtures. Neutral analytes can also be separated by CE with the addition of charged 

micelles (e.g., sodium dodecyl sulphate) in the BGE based on their differential partitioning 

during electromigration (Terabe, 2009). Thus, the separation environment can be readily changed 

to modulate analyte migration behaviour via their direct ionization and/or specific biomolecular 

interaction with charged additives in the BGE, such as complexing agents and antibodies. (Yan, 

1996). Because of this flexibility, CE has become increasingly popular in many bio-analytical 

fields, with uses ranging from enzyme kinetics, chiral separations to DNA sequencing  

(Anzenbacher and Hudecek, 2001; Dovichi and Zhang, 2000; Glatz, 2006; Ha et al., 2006; 
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Portmann et al., 2010; Prost and Thormann, 2003; Ptolemy and Britz-McKibbin, 2008; Rabe et 

al., 2008; Suntornsuk).  

  In particular, separation used for monitoring substrate and/or product turn-over rates in 

enzymatic reactions with CE has become increasingly popular.   This is relevant in cases when 

products generated are stereoisomers (e.g., diastereomers, enantiomers) with similar 

spectroscopic properties that excludes conventional absorbance or fluorescence methods (Gavina 

et al., 2010). Many studies have used CE to examine enzymatic activity with off-line stopped 

reactions or on-line using the capillary as a microreactor in electrophoretically mediated 

microanalysis (EMMA; Glatz, 2006; Zhang et al., 2008a). The basic principle behind EMMA is 

the ability of the CE instrument to inject distinct plugs of reactant into the capillary and mix 

them together with pressure or voltage for an in-capillary reaction. The reaction can then be 

stopped by addition of an on-line quenching step (short contact mode), or the reaction is allowed 

to occur during the entire separation if the BGE is compatible with the enzyme reaction 

conditions (long contact mode; Fan and Scriba, 2010). The ability to control mixing of nanolitre 

volumes of reagents directly in capillary for chemical labelling also increases the usefulness of 

the method (Ptolemy and Britz-McKibbin, 2006).  The benefit of using CE for enzyme based 

analysis includes high selectivity, short analysis times, low operating costs, with on-line 

reactions greatly increasing the versatility and automation (Zhang et al., 2008a).  Although there 

have been studies investigating CYP activity using CE (Bhoopathy et al., 2001; Ha et al., 2006; 

Portmann et al., 2010), only a few attempts of measuring CYP activity based on NADPH 

consumption via CE have been reported (Zhang et al., 2008b; Zhang et al., 2006). The results of 

these studies showed promise as a label-free method for assessing CYP activity by measuring 
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apparent turnover rates of NADPH and NADP
+

 for well-characterized substrate probes that do 

not induce significant uncoupling of the catalytic cycle. 

1.3 Research Goals and Questions  

The overarching goal of this project was to develop a method that is able to measure CYP 

activity for any substrate or isoform based on monitoring the turn-over rates of NADPH/NADP
+
 

during enzyme incubation by CE with UV absorbance detection. Because all CYP reactions 

consume and form NADPH and NADP
+
, respectively, this method aims to identify potential 

CYP substrates by determining CYP reactivity for substrates, verified by NADPH consumption.  

This would narrow down the amount of CYPs and substrates needed to be screened for substrate 

and metabolite identification with LC/GC/CE-MS, where method development can be expensive 

and labour intensive for each substrates and metabolite of interest.  This benefits those trying to 

identify novel CYP function by finding substrates for poorly characterized isoforms, as well as 

discovering interaction in CYP mediated drug screening where many novel substrates need to 

have clear CYP activity identified. Because the method aims to be substrate and CYP isoform 

independent, it provides a flexible yet powerful way to identify CYP activity. 

The objective of this project was to use heterologously expressed CYP1s and established 

fluorometric methods to develop a label free method for measuring CYP1 activity using CE. 

Zebrafish CYP1 proteins have been previously expressed and their activity towards several 

typical CYP1 substrates and standard fluorescent based plate assays had been determined 

(Scornaienchi et al., 2010a; Scornaienchi et al., 2010b).  CYP1 activity was determined based on 

NADPH/NADP
+
 in an offline reaction with fluorescent substrates, rates of metabolism from CE 

and established fluorometric plate assays were compared (Chapter 2). The rates of cofactor 

consumption and product formation were used to determine the coupling efficiency with regards 
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to substrate structure and isoform activity. Since poor coupling efficiencies may be expected for 

CYPs involved in xenobiotic metabolism, as the flexibility of their active sites allow various 

substrates to dock and start the catalytic cycle,  the second objective was to develop a CE assay 

to determine if excessive cofactor consumption is due to ROS production using the fluorescent 

probe dichlorofluorescein (DCF, Chapter 3). This assay was developed to separate the 

fluorescent product formed when DCF reacts with ROS, while maintaining clear separation of 

NADPH/NADP
+
. This would allow for a single assay to be used to determine CYP activity, but 

correcting for excessive cofactor consumption based on the extent of ROS production.  

We were able to use NADPH and NADP
+
 as quantitative parameters associated with CYP 

activity and uncoupling, and showed that O-dealkylation of  7-ethoxyresorufin by CYP1A had 

product formation rates similar to NADP+ production (Chapter 2). However, the vast majority of 

CYP mediated reactions showed excessive cofactor consumption, which we hypothesised was 

due to uncoupling. Preliminary data using CE-UV for identification of ROS production was able 

to resolve various dichlorofluorescein (DCF) products, however, the sensitivity was inadequate 

for measuring response changes in a CYP mediated reaction (Chapter 3). ROS production from 

CYP reactions was verified using a fluorometric kinetic assay, where trends of excessive 

cofactor consumption were confirmed with DCF production in uncoupled reactions (Chapter 2).  

Overall, this research aims to gain a better understanding of cofactor consumption in CYP 

reactions, while acquiring a better understanding of CYP1 activity, especially with regards to 

CYP1D1 which has little known function. 
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Figure 1.1: Binding of substrates near the heme of CYP enzymes. A) Binding of α-naphthooflavone (ANF) 

into the active site of human CYP1A (Sansen et al, 2007), and B) probable B[a]P conformation 

into the fish CYP1A active site (Prasad et al., 2007) . Displacement of a water molecule near the 

heme allows for metabolism if the compound in the active site is able to be transformed. 
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Figure 1.2 The general apparatus for capillary electrophoresis (CE).  CE is comprised of a narrow 

fused-silica capillary, two aqueous buffer reservoirs, platinum electrodes connected to a high voltage 

supply and an on-line UV absorbance detector near the distal end of the capillary. 
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Figure 1.3: The migration order of ions and neutral compounds in a fused-silica capillary under 

basic conditions.  A) An electropherogram showing the order of ions migrating through the capillary 

under basic conditions, and  B) The charge distribution inside the capillary with a basic BGE. The 

negative charge on the capillary wall allows for a rigid cation layer to form directly on the capillary wall. 

A diffuse layer of buffer ions beside the rigid layer allows for cations to migrate towards the cation, 

creating a bulk flow analogous to a pump in LC or GC which is the electroosmotic flow (EOF). Adapted 

from (Yan, 1996). 
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ABSTRACT  

Cytochrome P450s (CYPs) are functionally diverse monooxygenases responsible for oxidation 

of endogenous and xenobiotic compounds.  The function of non-mammalian CYPs are largely 

unknown and tools for characterization limited.  CYPs critical for xenobiotic metabolism are 

prone to catalytic cycle uncoupling resulting in reactive oxygen species (ROS) generation that is 

highly dependent on the specific CYP isoform and substrate interaction. This study describes the 

rapid assessment of the activity and coupling efficiency of CYPs using capillary electrophoresis 

with UV detection.  The coupling efficiency of five zebrafish (Danio rerio) CYP1 isoforms with 

a series of fluorogenic substrate probes was determined by the rate of NADP
+
 formation and 

compared with fluorescent product turn-over rates. In most cases, NADP
+
 formation 

significantly overestimated CYP1 catalytic activity for substrate O-dealkylation suggesting 

uncoupling. ROS production was confirmed by elevated hydrogen peroxide generation in poorly 

coupled reactions.  Reactions with β-estradiol confirmed that CYP1A, 1C1 and 1C2 have greater 

catalytic activity and coupling efficiency; CYP1B1 and 1D1 had coupling efficiencies under 4%. 

This work highlights the wide disparity in uncoupling induced by unproductive substrate binding 

among CYP isoforms.   
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2.1 Introduction 

Cytochrome P450 monooxygenases (CYPs) are heme-containing enzymes responsible for 

metabolism of endogenous compounds and xenobiotics (Denisov et al., 2005).  Substrate binding 

triggers activation of molecular oxygen at the heme centre upon electron transfer from NADPH 

as mediated by flavoprotein reductases that result in regio- or stereoselective hydroxylation, 

dealkylation and epoxidation (Guengerich, 2007).  CYPs can transform diverse substrates due to 

structural flexibility of their active site; human CYP3A4 has the most promiscuous active site 

and is responsible for the metabolism ≥50% of known pharmaceuticals (Ekroos and Sjogren, 

2006).  Although CYP-catalyzed reactions are associated with detoxification of non-polar 

substrates, reactive intermediates can induce oxidative stress and cell proliferation, such as β-

estradiol 4-hydroxylation by CYP1B1 (Zhu and Lee, 2005).  In several cases, CYPs have low 

coupling efficiencies in terms of electron flow along the redox chain resulting in loss of NADPH 

reducing equivalents and activated oxygen release without substrate modification (Degregorio et 

al., 2011; Gorsky et al., 1984).  Catalytic uncoupling for CYPs can represent a major source of 

intra-cellular oxidative stress due to generation of reactive oxygen species (ROS; Green et al., 

2008; Schlezinger et al., 2006).  Thus, new methods that allow for rapid assessment of substrate-

induced CYP uncoupling are needed to better understand its importance in enzyme inhibition, 

carcinogenesis and/or cytotoxicity.  

High-throughput screening of CYP activity is performed using fluorogenic substrate 

probes, a cornerstone in drug development for in vitro assessment of therapeutic efficacy and 

drug interactions (Crespi and Stresser, 2000; Xu et al., 2010).  These approaches are not effective 

for non-mammalian CYPs where functional characterizations are lacking and CYP substrate 

selectivity differs.  Liquid chromatography-mass spectrometry (LC-MS) offers a more selective 
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approach for detection of CYP-catalyzed oxidation product(s)(Youdim and Saunders, 2010) yet, 

optimization of separation and ionization conditions are required for each substrate and/or CYP-

derived product(s).  The depletion of NADPH or production of NADP
+ 

may serve as a universal 

assay for CYP activity (Zhang et al., 2006).  Due to background spectral interferences with heme 

protein, fluorescence monitoring of NADPH consumption during CYP-catalyzed reactions is not 

feasible without prior separation. Capillary electrophoresis (CE) offers a convenient micro-

separation platform for enzyme kinetic studies (Fan and Scriba, 2010) that benefits from low 

protein/reagent amounts, short analysis times, minimal sample pre-treatment and high selectivity 

notably for polar metabolites and their stereoisomers. (Portmann et al., 2010; Zhu and Lee, 

2005).   

For instance, the application of CE-based rates of NADP
+
 generation to studies of CYPs 

without well characterized function will require an assessment of uncoupling because specific 

probes are lacking. CYP3A4 activity for testosterone and nifedipine measured by NADP
+
 

generation with CE, provided consistent results relative to conventional fluorescence inhibition 

without uncoupling (Zhang et al., 2008).  However, compounds tested were well-characterized, 

specific CYP3A4 probes. Even in well characterized systems, other substrates and/or CYP 

isoforms can undergo significant uncoupling that can bias the stoichiometric relationship of 

NADP
+
 to product turn-over rates due to release of superoxide anion (O2

-
), hydrogen peroxide 

(H2O2) and/or water (H2O) during the catalytic cycle (Manoj et al., 2010; Figure S1).  Herein, we 

report the first systematic study of activity and coupling efficiency measured by CE among five 

zebrafish CYP1 isoforms (Scornaienchi et al., 2010a; Scornaienchi et al., 2010b) for a series of 

fluorogenic substrates (Table S1) based on comparison of the enzyme activity derived from rates 
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of NADP
+
 and product formation using CE and fluorescence, respectively. The zebrafish 

isoforms include those with well defined (e.g. CYP1A) and no defined (e.g. CYP1D1) function.  

 

2.2 EXPERIMENTAL 

 

2.2.1 Chemicals and Reagents.  

 

Reagents and suppliers used for cloning and protein expression are described by Scornaienchi et 

al. (2010b).  Reagents used for buffers were Tris-HCl, NaCl, Tris-acetate, 

ethylenediaminetetraacetic acid (EDTA), sucrose, and boric acid and were purchased from 

Fischer Scientific Inc. (Ottawa, Ontario). The resorufin fluorometric probes (7-

methoxyresorufin; 7MR, 7-ethoxyresorufin; 7ER, 7-pentoxyresorufin; 7PR, and 7-

benzyloxydresorufin; 7BR) were purchased from Sigma-Aldrich Inc. (Oakville, ON).  7-

benzyloxy-4-(trifluoromethyl)coumarin (BFC) and 3-cyano-7-ethoxycoumarin (CEC) were 

purchased from BD Gentest (Woburn, MA). NADPH, NADP
+
, 3,3,4,4-tetrachlorobiphenyl (PCB 

77), β-estradiol (E2), dichlorodihydrofluorescein diacetate (DCF-DA), dihydroethidium and m-

nitrophenol (m-NO2Ph) were purchased from Sigma. 

 

2.2.2 Preparation of Heterologously Expressed Recombinant Zebrafish CYP1s.  

 

 Five modified zebrafish CYP1 genes (CYP1A, 1B1, 1C1, 1C2 and 1D1) were cloned into 

competent E. coli JM109 cells (Promega, Madison, WI) along with human cytochrome P450 

reductase (CPR), and expressed proteins were harvested as described by Scornaienchi et al. 

(2010b).  Membranes were tested for CYP activity, total P450 content, and total cytochrome c 
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activity using alkoyxresorufin-O-dealkylation assays, a P450 carbon monoxide difference assay, 

and a cytochrome-c reductase assay, respectively (Scornaienchi et al., 2010a).  Membranes were 

stored at -80°C and had small volumes chipped off the frozen preparation for fluorescence and 

CE experiments. Proteins used for enzyme kinetic studies were diluted into a membrane buffer 

(50 mM Tris-acetate, 0.25 mM EDTA, 250 mM sucrose, pH 7.6).  

 

2.2.3 CYP1 Activity Measurements Based on Product Turn-over Rates by Fluorescence.  

 

Six synthetic fluorescent substrates were chosen based on known CYP1 activity (7-

methoxyresorufin (MR), 7-ethoxyresorufin (ER), 7-pentoxyresorufin (PR), 7-benzyloxyresorufin 

(BR), 3-cyano-7-ethoxycoumarin (CEC) and 7-benzyloxy-4-(trifluoromethyl)coumarin (BFC) as 

shown in Table S1.(Scornaienchi et al., 2010b) The 7-ER used for kinetic assays was prepared 

using a saturated stock, using the extinction coefficient 22.5 M
-1

cm
-1

 at 482 nm to determine 

final solution concentration. The 7-MR, 7-PR, 7-BR, BFC, and CEC solutions were prepared 

from methanol or acetonitrile stock solutions and stored light protected at -20 °C. Substrates 

were prepared in assay buffer (50 mM Tris, 0.1 M NaCl, pH 7.8), where initial substrate 

concentrations for were 3, 2, 3, 4, 10, 1000 μM for 7-MR, 7-ER, 7-PR, 7-BR, CEC, and BFC 

respectively, optimized for multiwell plate fluorescence. CYP reactions with fluorescent 

substrates were initiated by adding freshly prepared (daily) NADPH to diluted CYP protein and 

substrate in buffer. The final [NADPH] was 20 μM.  It should be noted that CYP and NADPH 

concentrations were 50 times lower than commonly used techniques, so that when measuring 

NADPH/NADP
+
, excessive amounts of NADPH did not degrade due to auto-oxidation thereby  

increasing assay sensitivity (Zhang et al., 2006).  Samples in duplicate had fluorescent product 
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formation measured every 1.5 min by a fluorescence microplate reader (Synergy 2, Biotek Inc., 

VT, USA)  directly after addition of NADPH at 28°C for 10 min.  Samples prepared for CE 

analysis followed the above procedure, however 12.5μL reaction aliquots were taken at 0, 2.5, 5, 

7.5, and 10 min for alkoxyresorufin substrates, and 0, 30, 60, 90, and 120 min for CEC, BFC 

and17β-estradiol (E2) as rates were smaller for these latter substrates. These aliquots were then 

quenched in ice-cold methanol in a 1:1 ratio and kept on ice until CE analysis.   

 

2.2.4 CYP1 Activity Measurements Based on Rate of NADP+ Production by CE.   

 

Samples were kept on ice in the dark until moved to the sample tray which was kept at 4 °C. All 

samples had m-nitrophenol as an internal standard added and were diluted to 100 μL with a final 

Tris, m-nitrophenol and methanol concentration of 5 mM, 35 μM and 12.5% v/v, respectively.  

Diluted methanol in samples used for enzyme quenching served as the neutral EOF marker. A 40 

cm long fused-silica capillary (75 μm inner diameter, 11 cm effective length to detector) was 

used for separations at 25°C by CE (P/ACE MDQ, Beckman-Coulter Inc. Brea, CA, USA). The 

background electrolyte (BGE) was 100 mM borate buffer, pH 9.2. Prior to each analysis, 

capillaries were flushed using a high pressure rinse (20 psi) for 1 min with 1M NaOH followed 

by a 2 min flush with alkaline BGE.  A 10 s hydrodynamic sample injection (0.5 psi) loaded the 

sample into the short-end of the capillary outlet followed by application of voltage at 20 kV 

under reverse polarity (outlet as cathode) together with an applied forward pressure (0.1 psi). 

This pressure-assisted reversed polarity separation format was developed to achieve short 

analysis times with adequate resolution under 3 min when using CE with UV detection at 254 

nm as depicted in Figure S2. Peak integration was performed using 32 Karat Software 
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(Beckman Coulter, Inc.), where measured NADPH or NADP
+
 responses were quantified relative 

to the internal standard.  In all cases, the measured rates of NADP
+ 

formation used to assess CYP 

activity by CE was blank subtracted using a bacterial membrane containing only expressed CPR 

(no CYP1) to correct for background reductase activity that can both release and/or quench 

hydrogen peroxide with concomitant NADPH depletion (Manoj et al., 2010) as highlighted in 

Figure S1. All enzyme kinetic studies were performed independently as inter-day biological 

replicates over 3 days with mean normalized NADP
+
 responses measured as triplicate runs by 

CE. 

 

2.2.5 Fluorogenic Probes for ROS Detection.  

 

Detection of ROS for substrates 17β -estradiol (E2) and 3,3,4,4-tetrachlorobiphenyl (PCB 77) 

was performed by using the fluorescent probes dihydroethidium (H2E) and dichlorofluorescein 

(DCF). ROS production was measured in E2 reactions with all CYP1 isoforms and reductase 

blanks (CPR); reactions with PCB 77 were only performed with CYP1A and CYP1D1 as a 

positive control.  PCB 77 is a known uncoupler for fish CYP1A (Schlezinger et al., 2006) and 

CYP1D1 is the closest CYP1 homolog to CYP1A (Goldstone et al., 2009).  A 200 μM DCF 

working solution was prepared in 1.5 mM NaOH with a modified method described by Lebal et 

al. (1992). HE reaction solution was 10 μM HE made up from an ethanol stock. A 50 μM E2 with 

DCF (10 μM final reaction concentration)  or H2E (10 μM final reaction concentration) solution 

was made in reaction buffer (50 mM tris, 0.1 M NaCl, pH 7.8).  Samples had CYP1 membranes 

diluted in membrane buffer (50 mM Tris-acetate, 0.25 mM EDTA, 250 mM sucrose, pH 7.6) 

added to the substrate, and the reactions were initiated with 1.4 mM NADPH. Fluorescent 
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product formation for DCF or HE was measured in a 96 well plate with an excitation/emission 

wavelength of 488 nm/530 nm and 488 nm/590 nm, respectively. 

 

2.3 Results and Discussion 

Figure 1 depicts an overlay of electropherograms that highlights rapid assessment of 

NADP
+
 and NADPH turn-over rates during CYP1A-catalyzed O-dealkylation of 7-

ethoxyresorufin (ER) when using a short-end injection together with pressure-assisted CE under 

reversed polarity with UV detection (Figure S2).  Assay validation demonstrated short analysis 

times (< 3 min), good reproducibility (CV = 3.2%), high linearity (R
2
 > 0.999) over a 100-fold 

range with sub-micromolar detection limits (S/N ≈ 3,  0.2 μM) for simultaneous quantification of 

NADP
+
 and NADPH (Table S2 in Supplemental Information).  An internal standard (m-

nitrophenol) added prior to CE analysis improved assay precision.  Overall, NADP
+
 derived data 

provided more reliable responses than NADPH due to its improved stability and was 

subsequently used for assessing CYP1 coupling efficiency (Figure S3).   

A homologous series of O-alkoxyresorufin substrates with increasing side-chain length 

modulated CYP1A O-dealkylation as reflected by differences in the slopes of the NADP
+
 linear 

response curves during enzyme incubation  (i.e., ethyl > pentyl ≈ methyl > benzoyl: Figure 1, 

inset).  The high activity for 7-ethoxyresorufin (ER) by zebrafish CYP1A is consistent with its 

use as a selective probe for mammalian CYP1A1 with high binding affinity (Km = 0.5 μM; Lewis 

et al., 2007) and its widespread use as a marker of CYP1A activity and expression in fish. Recent 

studies on wild-type and mutant CYP1A1 variants have demonstrated the importance of aromatic 

π-π interactions for ER docking in a catalytically favorable orientation for optimum product turn-

over (Lewis et al., 2007).  In contrast, 7-methoxyresorufin (MR), 7-pentoxyresorufin (PR) and 7-
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benzoylresorufin (BR) are used as substrate probes for mammalian CYP1A2, CYP2B and/or 

CYP3A enzymes, respectively (Lewis et al., 2004).   The two coumarin-based probes, 3-cyano-

7-ethoxycoumarin (CEC) and notably 7-benzyloxy-4-(trifluoromethyl)coumarin (BFC) with 

selectivity for mammalian CYP1A2, 3A4 and 2C9/19 (Renwick et al., 2000),  had lower O-

dealkylation activities by most zebrafish CYP1 isoforms thus requiring higher substrate 

concentrations and longer incubation times.   

Zebrafish CYP1 activity based on product turn-over (fluorescence) relative to rates of 

NADP
+
 generation (CE) reflected a range of uncoupling among the fluorogenic substrates 

(Table 1). CYP coupling efficiency, estimated based on the mean rate of NADP
+
 to product 

turn-over ratio (Traylor et al., 2011),  ranged from 2-100% (Figure 2).  NADP
+
 generation often 

greatly overestimated actual product formation (Table 1) due to the significant CYP uncoupling 

in xenobiotic metabolism (Zangar et al., 2004). Overall, only four CYP isoform/substrate 

combinations had a coupling efficiency over 80%; most reactions exhibited poor coupling 

(<20%).  CYP1A had ~100% coupling efficiency for ER O-dealkylation and the highest product 

formation among all substrates. Zebrafish CYP1C2, a CYP1 isoform lacking in mammals, had 

~100% coupling efficiency for ER, but at a two-fold lower product turn-over rate relative to 

CYP1A.  Unexpectedly, the closely related CYP1C1 had much lower coupling efficiency for ER 

than CYP1C2 and high coupling efficiency for CEC.  In general, CYP1A showed broad and 

higher activity with good coupling for nearly all fluorogenic substrates with the exception of 

CEC and PR. The bulky yet conformational mobile long-chain alkoxyresorufin, PR displayed the 

lowest coupling efficiency for most CYP1 isoforms yet was the only substrate with appreciable 

catalytic activity for CYP1D1. CYP1D1, a pseudogene in humans, is functional in non-

mammalian vertebrates (Goldstone et al., 2009; Zanette et al., 2009) and cynomolgus monkey 
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(Uno et al., 2011).  Zebrafish CYP1D1 had low activity for benzo[a]pyrene metabolism yet with 

distinct regioselectivity for hydroxylation unlike other CYP1 isoforms (Scornaienchi et al., 

2010b). Cynomolgus monkey CYP1D1 had low activity for ER and caffeine 8-hydroxylation 

(Uno et al., 2011).  MR, a mammalian CYP1A2 substrate, exhibited uncoupling for all CYP1s, 

including CYP1A; CYP1C2 had the highest coupling efficiency (43%). The catalytic activity of 

all CYP isoforms for O-dealkylation of BR was low except for CYP1A, where high coupling 

efficiency was seen (86%, Figure 2.)  This work highlights the distinct selectivity, catalytic 

activity and coupling efficiency among zebrafish CYPs.  To the best of our knowledge, this is the 

first study to have investigated the large disparity in coupling efficiency among various CYP 

isoforms for multiple substrates, which is difficult to model in silico due to the lack of available 

X-ray crystal structures and the wide statistical distributions of substrate binding configurations 

in the active site that impact metabolism (Prasad et al., 2007).  

The catalytic activity and coupling efficiency of 17β-estradiol (E2) hydroxylation, an 

endogenous substrate, with the CYP1 isoforms was examined using GC/MS data (Scornaienchi 

et al., 2010a) and CE.  Previous studies have demonstrated that several hydroxylated 

regioisomers (i.e., 2-OH, 4-OH, α-16-OH) are generated by zebrafish CYP1s (Scornaienchi et 

al., 2010a); E2 hydroxylated regioisomers have widely different cellular activities in mammals 

including tumor inhibition and genotoxicity (Takemura et al., 2010; Zhu and Lee, 2005). Large 

variations in uncoupling were also found with E2 (Figure 3).  Only CYP1A and CYP1C2 had 

high coupling efficiencies (89 and 97%, respectively) although CYP1A had a 4-fold greater 

catalytic activity.  CYP1D1 and CYP1B1 had the lowest hydroxylation rates with poor coupling 

(2.3 and 3.7%, respectively).  The excessive reducing equivalents of NADPH not utilized for 

product formation upon substrate binding was attributed largely to H2O2 release, based on 
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dichlorofluorescein (DCF) as a H2O2-selective fluorogenic probe (Chen et al., 2010; Figure 3). 

Relative to CPR blanks (no CYP1), significantly higher peroxide responses were measured for 

poorly coupled enzyme reactions (i.e., CYP1D1 > 1C1 > 1B1) unlike CYP1A and CYP1C2.  1 

mM ascorbic acid (AA) or ascorbic acid palmitate (AAP) as a hydrophilic and lipophilic 

antioxidant, respectively, attenuated H2O2 release during CYP1-catalyzed E2 hydroxylation, 

notably in the case of AA (Figure S4). Substrate-induced H2O2 generation via uncoupling of the 

catalytic cycle was confirmed using 3, 3′, 4, 4′-tetrachlorobiphenyl (PCB77; Figure S5), which 

induces deleterious uncoupling of fish CYP1A (Schlezinger et al., 2006).  Over a 230 and 13-

fold increase in the rate of peroxide generation was found with zebrafish CYP1A incubated with 

PCB77 (10 μM) and E2 (50 μM), respectively relative to the CPR blank (no CYP1A). The 

primary ROS during PCB77 and E2-induced uncoupling was H2O2.  No significant increase in 

O2
-
 was found with dihydroethidium, a fluorogenic indicator  of superoxide (Zhao et al., 2003; 

Figure S5). CPR has been reported to generate diffusable ROS while also functioning as an 

intrinsic H2O2 quencher in the absence of heme-containing CYP (Manoj et al., 2010), this effect 

was corrected in our studies by subtracting all responses with a CPR blank.  Our work 

demonstrates that both endogenous compounds (E2) and xenobiotics (PCB77) can promote 

oxidative stress via enhanced H2O2 production whose magnitude is dependent on the specific 

CYP isoform and the degree of electron transfer uncoupling.  Indeed, amplification of ROS 

production may occur when persistent organic pollutants with low coupling efficiency induce 

CYP expression causing long-term oxidative stress that compromises intra-cellular antioxidant 

defence mechanisms (Gunawickrama et al., 2008).  For instance, PCB77 binding of extra-hepatic 

CYP1B1 stimulated uncoupling with increased parameters of oxidative stress related to 

genotoxicity, including lipid peroxidation and DNA oxidation (Green et al., 2008).  
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In summary, a systematic comparison of the catalytic activity and coupling efficiency of 

zebrafish CYP1 isoforms was performed with a series of non-fluorogenic and fluorogenic 

substrates.  A selective yet rapid assay was developed for measuring NADP
+
 or NADPH turn-

over rates in CYP-catalyzed reactions by CE and was used to determine the coupling efficiency 

for CYP1 isoforms.  Substrate-induced uncoupling stimulated H2O2 release in most reactions, 

which was highly dependent on the substrate structure and CYP isoform. There is growing 

recognition that CYP uncoupling represents a major source of oxidative stress in the cell.  

Zebrafish CYP1A displayed broad selectivity, high activity and low uncoupling in contrast to 

CYP1D1, a CYP isoform with limited functional characterization (Scornaienchi et al., 2010a; 

Scornaienchi et al., 2010b; Uno et al., 2011).  The measurement of NADP
+
 production by CE 

provides a label-free approach to screen novel CYP isoforms for function although ROS 

production, specifically H2O2, must be measured concomitantly to prevent overestimation of 

catalytic activity. A fully quantitative model that corrects for all non-productive CYP uncoupling 

events was not feasible based on NADP
+
 responses since a fraction of activated oxygen can lead 

to H2O release (undetected by ROS probes) that consumes two extra equivalents of NADPH 

relative to O2
- 
or H2O2 without substrate modification (Gorsky et al., 1984).  Future studies will 

develop an integrated CE method that can simultaneously monitor both cofactor and ROS during 

CYP-catalyzed reactions. Measurement of oxygen consumption in CYP-catalyzed reactions 

using selective electrodes (Huang and Szklarz, 2010) would allow for accurate assessment of 

catalytic activity and coupling efficiency in conjunction with CE. The application of multiplexed 

capillary arrays together with electrophoretically mediated microanalysis (Fan and Scriba, 2010) 

offers an automated yet high-throughput screening platform for functional screening of CYPs 

while consuming low amounts (pmol) of recombinant enzymes and chemical reagents.  
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Figure 1.  Assessment of zebrafish CYP1A activity for O-dealkylation of a homologous 

series of resorufin substrates (inset) using CE based on the rate of NADP
+
 production 

relative to reductase blank (CPR at 10 min).All CE runs were performed using a pressure-

assisted separation under reversed polarity with a short-end injection using 100 mM borate, pH 

9.2 with UV detection at 254 nm. Enzyme kinetic studies were performed off-line at 28°C using 

recombinant CYP isoforms (~50 nM) in 50 mM Tris, 100 mM NaCl, pH 7.8 , which was 

initiated by NADPH (20 mM) and quenched in ice-cold methanol. Peak numbering on 

electropherograms correspond to 1: EOF (methanol), 2: m-nitrophenol (internal standard), 3: 

NADP
+
 and 4: NADPH. Linear increase in NADP

+
 responses (R

2
 > 0.900) with enzyme 

incubation time reflects both coupled (productive) and uncoupled (non-productive) reaction 

pathways that is dependent both on substrate structure and specific CYP1 isoform. 
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Table 1.  Comparison of the catalytic activity of zebrafish CYP1s1 for six different fluorogenic substrates as measured by 

fluorescence and CE, respectively. 

Substrate
2 

Conc.
3
 (μM) CYP1A CYP1B1 CYP1C1 CYP1C2 CYP1D1 

  Product NADP
+
 Product NADP

+
 Product NADP

+
 Product NADP

+
 Product NADP

+
 

MR
 

3 10 ± 1 34 ± 4 0.7 ± 0.1 25 ± 5 1.4 ± 1.1 3.4 ± 1.1 2.3 ± 0.8 5 ± 3 0.1 ± 0.1 48 ± 17 

ER
 

2 61 ± 22 61 ± 11 12 ± 1 94 ± 17 1.0 ± 0.3 5.3 ± 2.7 29 ± 15 29 ± 13 nd 11 ± 6 

PR 3 1.1 ± 0.1 46 ± 6 0.2 ± 0.1 68 ± 26 4.1 ± 0.6 nd 0.3 ± 0.1 1.6 ± 5.9 1.3 ± 0.1 46 ± 8 

BR 4 7.7 ± 0.5 9 ± 2 1.8 ± 0.1 13 ± 2 0.3 ± 0.1 35 ± 12 nd nd 0.1± 0.05 17 ± 4 

CEC 10 0.07 ± 0.04 0.5 ± 0.2 nd nd 4.9 ± 0.1 4.9 ± 0.1 0.46 ± 0.13 2.00 ± 0.12 nd nd 

BFC 1000 0.74 ± 0.03 1.6 ± 0.2 0.2 ± 0.1 1.6 ± 0.1 0.2 ± 0.01 1.90 ± 0.03 0.49 ± 0.01 2.97 ± 0.05 0.16 ± 0.01 1.90 ± 0.06 

1 CYP1 activity in 50 mM Tris, 100 mM NaCl, pH 7 at 28ºC in terms of rate of product or NADP+ formation as nmol/min/nmol CYP with mean and standard error (± 1s) based on 

three biological replicates (n=3), whereas non-detectable responses are denoted as nd. Data in bold highlights substrate with highest turnover for a specific CYP isoform. 
2 Enzyme kinetic studies were performed at five time intervals over 10 min for resorufin analogs and 2 hrs for courmarin substrates due to their lower turn-over rates. 
3 Substrate concentrations were selected based on optimum conditions reported by Scornaienchi et al. (2010)18.   
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Figure 2.  Substrate-dependence on apparent coupling efficiency (≈ 0.3-100%) for 

recombinant CYP1 isoforms. Coupling efficiency is a ratio of measured rates of NADP
+
 

generation (CE) relative to product formation (fluorescence) as summarized in Table 1. In 

general, electron transfer for CYP1A was efficiently coupled for O-dealkylation of most 

resorufin/coumarin substrates (except PR), whereas CYP1D1 overall had the lowest catalytic 

activity and coupling efficiency (< 3%). CYP1 isoforms with non-detectable activity for 

substrate conversion and/or NADP
+
 generation under these conditions are denoted by arrows. 
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Figure 3. Activity of zebrafish CYP1 isoforms for 17β-estradiol (50 mM) as a non-

fluorogenic substrate when measuring rates of product formation by GC/MS,
19

 NADP
+
 

production by CE and H2O2 generation using dichlorofluorecein (DCF).  Coupling 

efficiencies ranged from 2-96%.  In general, high coupling efficiencies were associated with 

lower levels of H2O2 (e.g., CYP1A, 1C2), whereas uncoupling resulted in greater rates of H2O2 

production (e.g., CYP1C1, 1B1, 1D1). Regioselective oxidation of 17β-estradiol is denoted by 

numbers on the structure with hydroxylation at 2- and 4- positions being most common for 

zebrafish CYP1s. 
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Figure S1.  Multi-step redox cycle associated with enzyme-catalyzed oxidation of substrates 

by CYPs highlighting both coupled and uncoupled pathways that result in product 

formation or peroxide production, respectively. Equations describing NADPH consumption 

and ROS formation are linked to the catalytic cycle via the roman numerals assigned to them as 

modified from Guengerich.
8
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Table S1. Structures and properties of synthetic fluorogenic probes used for assessment of CYP1 activity and coupling efficiency 

Substrate Chemical structure Product Excitation
a
 

(nm) 

Emission
a
  

(nm) 

Mammalian CYP 

Specificity
b 

 MR 

O

N

OO
CH3

 

Resorufin 530/20 590/20 1A2 

 ER 

O

N

OO
C2H5

 

Resorufin 530/20 590/20 1A1 > 1A2 

 PR 

O

N

OO
C5H11

 

Resorufin 530/20 590/20 2B6 

 BR 

O

N

OO  

Resorufin 530/20 590/20 2B, 3A4  

CEC 

 

3-Cyano-7-hydroxycoumarin 400/30 460/40 1A1 > 1A2  2C6, 2C11 

BFC 

O

O

CF3

O  

7-Hydroxy-4-(trifluoromethyl) 

coumarin 

400/30 530/20 3A4, 1A2, 2C19 

a Excitation and emission values displayed as wavelength/bandwidth based on specific filters used in assay; these are within 10 nm of the optimal excitation and emission of the 

fluorescent compound. 
b Mammalian CYP substrate selectivity for homologous series of alkoxyresorufins reported by Lewis et al.9 and coumarins by Renwick et al.10 

O

CN

C2H5O O
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Figure S2. Scheme of rapid separation of cofactor (NADPH/NADP
+
) turn-over rates in a CYP 

mediated reaction by pressure-assisted CE under reverse polarity. Samples were injected at the short-

end of the fused-silica capillary with an 11 cm effective length for on-line UV absorbance detection (254 

nm). Reverse polarity allows anionic analytes to travel towards the detector, while a 0.1 psi forward 

pressure (counter to EOF) aids in optimizing resolution and analysis times due to the strong EOF under 

alkaline buffer conditions (100 mM borate, pH 9.2). In this case, NADP
+
 and NADPH have larger 

negative electrophoretic mobilities (μep) than the internal standard (m-nitrophenol, m-NO2Ph) due to their 

high anionic charge density that is further increased by dynamic borate complexation during 

electromigration. 
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Table S2. CE-UV detection assay parameters for NADPH and NADP
+
 quantification  

CPR Cofactors Measured  

RMT
a
   

LOD            

(μM, S/N=3)  

LOQ            

(μM, 

S/N=10)  

Linearity
b
          

(R
2
)            

 
Precision

c
       

(% CV)   

NADP
+
 2.1 ± 0.1 0.20  0.60  0.9999 3.2 

NADPH 2.3 ± 0.1 0.25 0.70 0.9997 8.8 

a. RMT = relative migration time 

b. Calibration curves derived from linear regression of three inter-day triplicate runs (n=9) over a 100-fold range from 0.25-25 

μM where measured responses were normalized to the internal standard, m-nitrophenol. CV = cofactor of variance 

c. Average reproducibility for cofactor quantification by CE with UV detection at 254 nm for calibration solutions. 
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Figure S3.  Comparison of zebrafish CYP1 activity for O-dealkylation of 7-ethoxyresorufin (ER) as 

a model fluorogenic substrate probe based on rates of NADPH and NADP
+
 (by CE) relative to 

product turn-over (fluorescence). NADPH responses were found to be generally less accurate compared 

to NADP
+
 for estimation of product turn-over rates for highly coupled CYP-catalyzed reactions involving 

ER, such as CYP1A and CYP1C2.   
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Figure S4. Impact of ascorbic acid palmitate (AAP) and ascorbic acid (AA) as hydrogen peroxide 

(H2O2) scavengers in CYP1 mediated reactions with 17β-estradiol (E2). AAP or AA (1 mM) were 

added to reactions for the fluorometric measurement of H2O2 production by dichlorofluorescein (DCF; 10 

μM final reaction concentration) in CYP1 mediated reactions with E2 (50 μM). Decreased rates of H2O2 

were consistently measured when AAP and notably AA were present as a lipophilic and hydrophilic 

antioxidant, respectively. Note that the reductase blank (no CYP1) was found to have significantly higher 

rates of H2O2 production only with AAP, which was in all cases much lower than reactions with heme-

containing CYP1s. 
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Figure S5. Comparison of extent of CYP1 uncoupling induced by PCB 77 as reflected by rates of 

NADP
+
 production and responses of two fluorogenic ROS probes, dihydroethidium (H2E) and 

dichlorofluorescein for superoxide anion (O2
-
) and hydrogen peroxide (H2O2), respectively. CYP1 

isoforms were incubated in reaction buffer (50 mM tris, 0.1 M NaCl, pH 7.8) together with 10 μM PCB 

77 and DCF or HE (10 μM final reaction concentration) prior to initiation of the enzymatic reaction with 

1.4 mM NADPH.  Rates of NADP
+
 production are in nmol NADP

+
/min/nmol CYP, whereas ROS 

response ratios were normalized to reductase blanks.  Overall, H2O2 was the major ROS enhanced over 

230 and 160-fold for CYP1A and CYP1D1, respectively when incubating with PCB 77 relative to only 

minor increases in O2
- 

in comparison to background reductase blank experiments. Similar to previous 

enzymatic kinetic studies with E2 and fluorogenic substrate probes, CYP1A overall had greater catalytic 

activity relative to CYP1D1.
 

NADP
+
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Chapter 3 : 

Dichlorofluorescein product separation with CE-UV 

 

ABSTRACT: 

Cytochrome P450s (CYPs) are functionally diverse monooxygenases that receive their reducing 

equivalents from the cofactor NADPH. The stoichiometry of cofactor consumption and product 

formation is not always 1:1, and excessive NADPH consumption can lead to reactive oxygen 

species (ROS) formation. Previous studies have monitored NADPH consumption with capillary 

electrophoresis as a measure of metabolism of CYP isoforms, however the rates of true 

metabolism based on product formation may not be determined without monitoring ROS 

production. This study describes the method development for CE-UV detection of the ROS 

probe dichlorodihydrofluorescein (DCF). Data showed that UV absorbance detection was not 

adequate for measuring DCF formation in uncoupled CYP reactions, where only peroxide 

concentrations over 100 μm could be consistently measured. 
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3.1 Introduction:  

 

Reactive oxygen species (ROS) are group of chemically reactive neutral or free radical 

molecules formed as a by-product of molecular oxygen metabolism. This group of molecules 

include hydrogen peroxide (H2O2), superoxide anion (O2
·-
), and hydroxyl radical (·OH), and 

have long been of interest to biologists as many biological processes generate ROS under normal 

or pathological conditions. Elevated levels of ROS is often associated with oxidative stress and 

chronic disease, while playing an essential role in redox control of cell signalling (Groeger et al., 

2009)   

Cytochrome P450 (CYP) mediated reactions can produce ROS due to biomolecular 

interactions involving the heme centre and molecular oxygen. Inefficient use of the electrons 

donated from NADPH can cause formation of H2O2 and O2
·-
, which is converted to H2O2 (Huang 

and Szklarz, 2010).  While some CYPs that metabolize endogenous compounds are efficient in 

cofactor consumption, others are involved in xenobiotic metabolism and are more prone to 

uncoupling of the catalytic cycle, resulting in elevated ROS release. This is thought to occur 

because xenobiotic metabolising CYPs have active sites that are more flexible to allow for 

docking of multiple different substrates (Denisov et al., 2005). While there are many methods to 

measure ROS production in vivo or in cell free systems, 2,7-dichlorodihydrofluoroscein 

diacetate (DCFH2-DA) as a fluorescent probe has been one of the most widely used methods to 

measure H2O2 (Chen et al., 2010). DCFH2-DA has been used to measure CYP uncoupling 

(Schlezinger et al., 2006), yet, to our knowledge, it has not been used to measure excessive 

cofactor consumption for correction of CYP rate measurement.. 



MSc Thesis – J.G. Harskamp McMaster University – Biology 

  

53 
 

 Despite its use for almost 50 years, many of the mechanisms for H2O2 measurement 

using DCFH2-DA remains unclear. H2O2 does not directly interact with DCFH2-DA. Two acetate 

groups need to be cleaved either by esterase or with base to produce DCFH2, the molecule 

sensitive to H2O2. An electron transfer from DCFH2 with H2O2 forms the fluorescent product 

DCF (Figure 3.1). Because DCF and its parent molecules have hydroxyl and carboxylic acid 

groups, alkaline buffer conditions will cause the molecule to have a negative charge (mobility) 

due to ionization. The conjugated aromatic moiety of DCF allow for ultra-sensitive fluorescence 

or UV absorbance detection when using CE.  

In Chapter 2, a CE-UV method for measuring cofactor consumption had been developed. 

However, measurement and correction for ROS produced in the CYP reactions was performed as 

a separate fluorometric assay. The goal of this study was to develop a separation for detection of 

DCF using CE-UV with the same general separation conditions from the method described in 

Chapter 2.  If successful, one CE-UV method would be able to monitor NADPH/NADP+ turn-

over rates during CYP1 mediated reactions while also measuring for H2O2 production, giving a 

single integrated microseparation format for determining CYP activity. 

 

3.2 Materials and Methods: 

 

3.2.1 Preparation and separation of DCFH2 by CE 

 

 2,7-dichlorodihydrofluorscein diacetate (DCFH2-DA, 20 mM stock; Sigma) was 

dissolved in ethanol and stored in darkness at -20°C. Acetate cleavage was achieved with 1.5 
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mM NaOH at RT for 10 min, producing a 200 μM DCFH2-DA working solution (modified from 

LeBel et al., 1992). Samples for the standard curve had 10 μM of the hydrolysate DCFH2 and 

were prepared in diluted reaction buffer (5 mM tris 10 mM NaCl, pH 7.8), with 1 μM – 1 mM 

concentrations of H2O2 prepared fresh from a 30% solution. 

 

3.2.2 CYP1A Membrane preparation and CYP reactions 

 

 Bacterial membranes with active zebrafish CYP1A were prepared as described in 

Chapter 2 and by Scornaienchi et al. (2010). Membranes were diluted to 70 nM CYP1A in 

membrane buffer (50 mM Tris-acetate, 0.25 mM EDTA, 250 mM sucrose, pH 7.6) and used for 

kinetic assays. Reactions involving CYP1A had 3 μM 7-pentoxyresorufin (7PR) with 10 μM 

DCFH2 made in reaction buffer (50 mM tris, 0.1 M NaCl, pH 7.8), were initiated with NADPH 

(20 μM) and were incubated 28°C for 10 minutes.  Reactions were quenched with ice-cold 

methanol in a 1:1 ratio. CYP1A with 7PR was chosen as it had a 2.4% coupling efficiency 

(product/cofactor x 100%) with a large cofactor consumption (46 nmol NADP
+
/nmol 

CYP1A/min; Chapter 2), making it an ideal candidate to explore H2O2 production in a CYP 

mediated reaction. 

3.2.3 Separation of Samples by CE-UV 

 

Samples were kept on ice in the dark until transferred to a 4 °C sample tray.  Samples 

were separated in a 40 cm long fused-silica capillary (75 μm inner diameter, 29 cm effective 

length to detector, 25°C) on a Beckman-Coulter P/ACE MDQ CE. The background electrolyte 

(BGE) was 100 mM borate buffer, pH 9.2.  The capillary was rinsed for 2 min with 1M NaOH 
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and 4 min with BGE before each sample at 20 psi. Samples were injected into the capillary at 0.5 

psi for 10 s and run through the capillary to the detector using a 10 kV under normal polarity 

with UV detection at 254 nm.  Peak areas were determined from electropherograms using the 32 

Karat Software (Beckman Coulter, Inc, CA). These separation conditions differ from the CE-UV 

method described in Chapter 2, as they had a normal polarity (as opposed to reverse polarity) 

with sample injection at the inlet, causing the separation path in the capillary to be ~29 cm, 

compared to ~11 cm separation path described in Chapter 2.   

 

3.3 Results and Discussion 

 

 Initial CE-UV separations without protein, containing DCFH2 and H2O2
 
(concentration > 

100 μM; incubated for 10 min, pH 7.8) showed baseline resolution of DCFH2-DA, DCFH2, 

DCF, and an unknown product that is predicted to be an open-ringed DCFH2 hydrolysate (Figure 

3.2). H2O2 concentrations less than 100 μM did not show a detectable peak with UV for DCF 

after a 15 min incubation period. A base concentration of 1.5 mM NaOH produced the maximal 

amount of DCFH2. Higher concentrations of base resulted in lower concentrations of DCFH2-

DA, however it formed excessive amounts of the unknown DCF-hydrolysis product. Similarly, 

lower concentrations of base formed less DCFH2. At H2O2 concentrations > 1 mM, large 

amounts of the DCF-hydrolysis product were formed along with measurable amounts of DCF.   

DCF peak formation was confirmed by taking sample aliquots from reactions after CE-

UV analysis, and measuring fluorescence with a fluorimeter (excitation 488 nm, emission 530 

nm). Peak area measured by CE-UV was compared to fluorescence signal and showed a linear 
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correlation (R
2
 = 0.99; data not shown) for H2O2 additions between 100 μM –1 M. At 

concentrations lower than 100 μM H2O2, the formation of DCF was hard to quantify with CE-

UV, however fluorescent signals were present when measured with a fluorimeter. DCFH2 

appeared to undergo autooxidation over time, which may be due to the presence of tris buffer 

(Chen et al., 2010). The autooxidation to DCF prevented accurate measurement of H2O2 in 

stopped reactions for samples that were awaiting analysis for longer than 2 hours. This made it 

difficult to get a stable and repeatable measurement of H2O2 for samples which could not be 

analyzed immediately. 

When DCFH2 was included in a reaction with CYP1A and 7PR, there was no 

quantifiable DCF formation for reactions with incubations of 10 min and 2 hours.  CYP1A 

reactions with 7PR consumed large amounts of cofactor with little product formation, however, 

there was no measurable DCF formation detected with the CE-UV method. We were unable to 

confirm H2O2 production via fluorescence as spectral interference with resorufin 

(excitation/emission 488 nm/ 530 nm) overlapped with DCF (excitation/emission 488 nm/ 530 

nm), giving artefacts in the data.  This suggests that CYP1A with 7PR reaction was either an 

uncoupled reaction that produced H2O2 which our CE-UV was unable to detect, or that there was 

no H2O2 produced. A fluorometric DCF assay was able to measure ROS production in uncoupled 

reactions with CYP1D1 with 17β- estradiol  and CYP1A with PCB77 (Chapter 2), suggesting 

that the CE-UV method needs sensitivity improvement rather than the CYP1A/7PR reaction not 

forming ROS  

The method can be improved both through instrumentation and through reaction 

conditions. To improve sensitivity in the DCF assay, measuring the product of H2O2 formation 
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with a laser-induced fluorescence (LIF) detector coupled with the CE may give the sensitivity 

needed. A CE-LIF configuration with dual channel fluorescence detection would allow us to 

shorten the length of the separation similar to the < 3 min separation described in Chapter 2 due 

to lack of spectral interferences since one channel measures the fluorescence of DCF while the 

second channel would measure the intrinsic fluorescence of NADPH. The potential for 

measuring NADPH through fluorescence (em 450 nm) is feasible as there is no spectral 

interference with CYP heme that is separated by CE and/or denatured by methanol quenching 

(absorbs at 448 nm).  Overall, this work shows the potential to use CE separations in order to 

monitor NADPH cofactor concomitant to ROS production using DCF as a specific probe. With 

the flexibility, selectivity and sensitivity of  LIF for simultaneous quantification of NADPH 

and/or DCF turn-over rates, this method would be effective as a single-step assay for screening 

of CYP function in terms of catalytic activity and coupling efficiency that corrects for excessive 

NADPH consumption due to uncoupling in CYP mediated reactions for any substrate or CYP.  

 

  



MSc Thesis – J.G. Harskamp McMaster University – Biology 

  

58 
 

References: 

 Chen, X., Zhong, Z., Xu, Z., Chen, L. and Wang, Y. (2010). 2',7'-Dichlorodihydrofluorescein 

as a fluorescent probe for reactive oxygen species measurement: Forty years of application and 

controversy. Free Radic Res 44, 587-604. 

 Denisov, I. G., Makris, T. M., Sligar, S. G. and Schlichting, I. (2005). Structure and chemistry 

of cytochrome P450. Chem Rev 105, 2253-77. 

 Groeger, G., Quiney, C. and Cotter, T. G. (2009). Hydrogen peroxide as a cell-survival 

signaling molecule. Antioxid Redox Signal 11, 2655-71. 

 Huang, Q. and Szklarz, G. D. (2010). Significant increase in phenacetin oxidation on L382V 

substitution in human cytochrome P450 1A2. Drug Metab Dispos 38, 1039-45. 

 LeBel, C. P., Ischiropoulos, H. and Bondy, S. C. (1992). Evaluation of the probe 2',7'-

dichlorofluorescin as an indicator of reactive oxygen species formation and oxidative stress. Chem Res 

Toxicol 5, 227-31. 

 Schlezinger, J. J., Struntz, W. D., Goldstone, J. V. and Stegeman, J. J. (2006). Uncoupling of 

cytochrome P450 1A and stimulation of reactive oxygen species production by co-planar polychlorinated 

biphenyl congeners. Aquat Toxicol 77, 422-32. 

 Scornaienchi, M. L., Thornton, C., Willett, K. L. and Wilson, J. Y. (2010). Functional 

differences in the cytochrome P450 1 family enzymes from zebrafish (Danio rerio) using heterologously 

expressed proteins. Arch Biochem Biophys 502, 17-22. 

 

 

  



MSc Thesis – J.G. Harskamp McMaster University – Biology 

  

59 
 

 

 

Figure 3.1: Reactions needed for the production of the fluorescent probe dichlorofluorescein. The 

initial 2,7-dichlorodihydrofluorescein diacetate (DCFH2-DA) is exposed to base in order to cleave off the 

acetate groups, forming dichlorodihydrofluorescein (DCFH2). DCFH2 is able to react with peroxide or 

other reactive oxygen species in order to form the fluorescent product dichlorofluorescein (DCF). 
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Figure 3.2: Separation of 2,7-dichlorodihydrofluorescein diacetate products with CE. 2,7-

dichlorodihydrofluorescein diacetate (DCFH2-DA) was exposed to 1.5 mM NaOH to cleave off acetyl 

groups, forming dichlorodihydrofluorescein (DCFH2). 100 μM H2O2 was added to the solution and 

allowed to incubate for 15 min before separation, which reacted with the DCFH2 to form 

dichlorofluorescein (DCF). In addition to DCF formation, a DCF-hydrolysis product formed, potentially 

formed through the opening of the central ring. A 40 cm long fused-silica capillary (75 uM inner 

diameter, 29 cm length to detector, 25°C) was used for separation on a Beckman-Coulter P/ACE MDQ 

CE. The background electrolyte (BGE) was 100 mM borate buffer, pH 9.2. 
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Chapter 4: 

General Discussion 

 In this study, a novel method for measuring cytochrome P450 family 1 (CYP1) activity 

with capillary electrophoresis was developed. The cofactor NADPH, the electron donor in CYP 

mediated reactions, was monitored as a means to measure CYP1 activity in reactions with five 

zebrafish (Danio rerio) CYP1s coexpressed with human cytochrome P450 reductase for six 

fluorometric substrates and 17β-estradiol (E2).  CYP1 activity from cofactor consumption was 

compared to fluorescent product formation. Separations showed cofactor consumption for a 

majority of synthetic fluorometric substrates and E2; 4 substrates in CYP reactions had greater 

than 80% coupling efficiency for synthetic substrates, and 2 CYPs showed greater than 90% 

coupling efficiency for E2 when measured by CE and GC-MS. Differences in product formation 

and cofactor consumption were found in the remaining substrate/CYP reactions with coupling 

efficiencies under 50%, suggesting uncoupled reactions and the production of reactive oxygen 

species (ROS).  ROS production was determined with the fluorescent probes dichlorofluorescein 

(DCF) and dihydroethidium (HE); DCF responses indicated that hydrogen peroxide was released 

in uncoupled reactions. To the best of our knowledge, this is the first study that has examined 

differential coupling efficiency of several CYP isoforms with various substrates.  

 

4.1 CE separation of CYP reactions 

 

 CE proved to be an effective separation technique for the detection and quantification of 

CYP activity.  Measuring CYP activity is important in pharmacology and toxicology, with the 
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most well known application being drug development. With a handful of CYPs being responsible 

for metabolism of the majority of pharmaceuticals available (Guengerich, 2001), understanding 

how CYPs interact with a novel drug is imperative in pre-clinical trials. There has been an 

increase of studies investigating CYP metabolism with CE.  A study investigating the chiral 

substrates and metabolites of CYP3A4 mediated verapamil metabolism took advantage of CE to 

separate enantiomers in the reaction (Ha et al., 2006).  CYP3A4 metabolism of quinidine has 

used electrophoretically mediated microanalysis (EMMA) which treats the capillary as an online 

reactor before separation (Bhoopathy et al., 2001). EMMA has been used since the early 1990’s 

and is a technique which benefits CE in its automation of enzyme reactions, further allowing CE 

to be used as a separation technique capable of high through-put screening  (HTS; Bao et al., 

1997). Only a handful of studies have investigated CE as a tool to quantify NADPH consumption 

in CYP mediated reactions to determine CYP activity (Zhang et al., 2008; Zhang et al., 2006).  

For our purposes, CE was used to resolve the intrinsically charged cofactors NADPH and 

NADP
+
. By altering the numerous variables in a CE separation, such as buffer, buffer pH, 

capillary length, voltages settings, sample injection length, and detection wavelength, a method 

was developed that could separate and measure NADPH and NADP+ in under 3 min from 

quenched CYP1 reactions. Initial difficulties arose with developing a short separation of the very 

similar NADPH and NADP
+
. Previous studies had CE separations of NADPH and NADP

+
 

achieved in approximately 15 min (Zhang et al., 2006), however our end goal of a HTS method 

needed a much shorter separation.  A counter pressure against the electroosmotic flow (EOF) 

was used to adjust the migration time needed for adequate resolution within a minimum analysis 

time.  Yet, the separation was sensitive enough for detection of NADP
+
 at 0.2 μM (See Table S2 

in Chapter 2). The UV detection at 254 nm reduced spectral interferences with low background 
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noise for reliable quantification of NADPH and NADP
+
.  An absence of tris buffer in the 

reaction caused an increase in noise of the signal, and any amount over 1 mM in the sample 

greatly reduced the background noise and stabilized the signal. The methanol used to quench the 

reaction acted as the EOF marker in the separation. In general, the final conditions for the CE 

method allowed for a quick separation with little sample handling which can be readily translated 

to a high-throughput format when using a capillary array system. 

 

4.2 ROS detection and separation of DCF and HE by CE 

 

 CYP mediated reactions can form H2O2 and superoxide from the uncoupling of the 

catalytic cycle in which electrons donated from NADPH form unstable intermediates (Gorsky et 

al., 1984). Techniques to measure superoxide and H2O2 have utilized colourmetric, fluorescence, 

and derivitization for both intact or cell free systems (Bohmer et al., 2011; Rhee et al., 2010; Xu 

et al.). Due to the sensitivity of fluorescent probes and the ability to measure ROS production in 

vivo, 2,7-dichlorofluorescein (DCF) and dihydroethidium (HE) have been a very popular choice 

for measuring H2O2 and superoxide, respectively. However, even with their widespread use, 

critics have raised the question of the reliability of these probes, as multiple fluorescent products 

can be formed with HE, and common enzymes such as superoxide dismutase and catalase can 

interfere with DCF measurements. (Chen et al., 2010; Zhao et al., 2003). Superoxide is very 

labile and quickly transmutes to H2O2 via superoxide dismutase (SOD) and has the tendency to 

form more than one fluorescent product with HE when used in intracellular studies. (Zhao et al., 

2003). This complicates analyses in cell free systems where separation techniques are not 

utilized, such that multiple fluorescent products of similar excitation/emission which are not 
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directly associated with superoxide would give an inflated signal and would overestimate 

superoxide formation.  Studies investigating superoxide formation have used separation 

techniques such as HPLC (Zielonka et al., 2009) and CE (Xu et al., 2010) in order to avoid the 

interference of additional fluorescent products, however many studies opt to simply measure 

H2O2 production assuming that much of the superoxide quickly forms H2O2 in a reaction 

catalyzed by SOD.  

Our data confirmed the production of H2O2 in CYP1 mediated reactions with the use of 

DCF and HE, respectively.  Superoxide was not detected in these reactions with the use of HE. 

CYP1D1 mediated E2 metabolism was uncoupled, as evidenced by large NADPH consumption 

and low product formation (Chapter 2). Significant H2O2 production was measured with DCF in 

CYP1D1 reactions with E2 (Chapter 3).  Fluorescent detection of DCF in uncoupled reactions 

involving E2 and CYP1 isoforms were successful using a plate reader (Chapter 2), CE 

approaches were less successful (Chapter 3). 

Initial attempts to detect H2O2 used a CE-UV separation measuring DCF formation in a 

CYP mediated reaction (Chapter 3), however, the method was unsuccessful because the 

sensitivity was too low.  Only 100 μM H2O2 could be detected with CE-UV whereas the limit of 

detection with fluorescence detection was sub micromolar.  The desire to use a CE separation of 

DCF products was based on two factors. First, HTS screening CYP activity requires co-detection 

of ROS and NADPH consumption in a single CE-based assay. Second, our use of fluorescent 

assays for CYP activity resulted in spectral overlap between resorufin (excitation 528 nm, 

emission 590 nm) and DCF (excitation 488 nm, emission 530 nm), complicating plate based 

assays of DCF with the resorufin substrates.  Thus, measurement of both DCF and resorufin 
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product formation by fluorimeter was difficult.  Fluorescent detection of DCF was possible in 

CYP1 reactions with E2 and PCB77 using a plate reader assay, however.  Reactions with E2, a 

non-fluorescent substrate which exhibited uncoupling for CYP1s, had measureable DCF 

formation when measured by a fluorimeter. This supports the notion that uncoupled reactions 

had significant ROS production (Chapter 2). PCB 77 was known to cause significant uncoupling 

with fish CYP1A (Schlezinger et al., 2006) and was used as a positive control.  Reactions of 

CYP1A with PCB77 had large NADPH consumption (12 nmol nmol CYP
-1

 min
-1

), measured by 

CE, and high DCF formation, measured by fluorimeter, which confirmed that the rates of DCF 

formation in CYP mediated reactions were due to H2O2 formation.  Rates of CYP1A mediated 

hydroxylation of PCB77 are quite low with rates under 1 pmol/min/nmol CYP (Prasad et al., 

2007). 

Additional efforts to merge ROS detection with the CE assays (see Chapter 2 and Chapter 

3) would increase the usefulness of CE for detection of CYP activity. The two methods described 

for measuring cofactor consumption and DCF production, respectively, have similar separation 

conditions, except the cofactor separation uses a short-end injection and reverse polarity as a 

longer separation time was needed to resolve the different peaks from the DCF compounds. 

However, because the only analyte of significance in DCF separation had fluorescent properties, 

(Chapter 3), a shortened separation length (from ~13 min to < 3 min) would still yield the same 

fluorescent signal, making the methods compatible.  By measuring NADPH with fluorescence 

(excitation/emission 340 nm/450 nm), a fluorescence detector on the CE would allow 

measurement of both DCF and NADPH. Furthermore, the potential to automate the reaction 

using electrophoretically mediated microanalysis (EMMA) would further increase automation 

and potential of a CE-based HTS assay.  
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4.3 Uncoupling of CYP reactions and inference of CYP function 

 

 Coupling efficiency in CYP mediated reactions has been studied with most human drug 

metabolizing CYPs, however many isoforms still need to be investigated. In a study with human 

1A2, five mutant CYP1A2 and wildtype enzyme were studied to see if catalytic rate and 

coupling efficiency were altered in their metabolism of phenacetin (Huang and Szklarz, 2010).  

The catalytic rate for the wild type enzyme was the highest but the coupling efficiency of the 

wildtype and the mutants was less than 3% (product formed/cofactor consumption x 100%); 

coupling efficiency for CYP1A2 and a synthetic coumarin based substrate was under 8% 

(Traylor et al., 2011). Human CYP3A4, bioengineered with a Bacillus megaterium reductase 

domain showed coupling efficiency of less than 7% for all concentrations of the substrate 

erythromycin (Degregorio et al., 2011). The CYP1 reactions tested appeared to be inefficient in 

cofactor consumption for the majority of substrates. CYP isoforms responsible for xenobiotic 

metabolism are predicted to have lower coupling efficiencies because their active sites 

accommodate multiple substrates and often produce multiple metabolites per substrate (Denisov 

et al., 2005). 

 The most coupled reaction appeared to be CYP1A with 7-ethoxyresorufin (7-ER), which 

is encouraging as it is the preferred method for determining CYP1A1 activity in mammals 

(Ansede and Thakker, 2004) and CYP1A activity in fish (Wang et al., 2008).  While 7-ER is 

metabolized by all CYP1s except CYP1D1 (Scornaienchi et al., 2010), rates of 7-ER metabolism 

are considered indicative of CYP1A protein levels and EROD is a widely used biomarker in fish 

exposed to environmental toxins (Lee and Anderson, 2005) or in studies of CYP induction 
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(Smith and Wilson, 2010). The high coupling efficiency appears to solidify the use of this probe 

and an effective means for identifying CYP1A activity.  Although zebrafish CYP1C1 and 1C2 

metabolized the common alkoxyresorufin substrates, the majority of reactions were uncoupled.   

 CYP1D1, an isoform with unknown function, showed uncoupling for all the synthetic 

fluorometric substrates (except CEC) and for the endogenous hormone E2. This is not surprising 

since catalytic rates of CYP1D1 with these substrates were low.  CYP1D1 mediated 

benzo[a]pyrene metabolism was moderate suggesting the CYP1D1 active site can accommodate 

planar, aromatic substrates (Scornaienchi et al., 2010). While there was no evidence of 

significant metabolite formation with CYP1D1 and the substrates tested, that the substrates were 

able fit into the CYP1D1 active site was indicated by NADPH consumption in the reactions. The 

evolutionary similarity of CYP1A and CYP1D1 in zebrafish has been discussed previously 

(Goldstone et al., 2009), and is functionally confirmed by the similarity of substrates that can 

induce cofactor consumption. It would not be surprising if CYP1A could metabolise endogenous 

or preferred CYP1D1 substrates.  The expression patterns are quite different for CYP1A and 

CYP1D1.  CYP1D1 is more highly expressed in early development, suggesting that CYP1A and 

CYP1D1 have different physiological roles (Goldstone et al., 2009). While caffeine, a 

mammalian CYP1A2 substrate, was not tested as a substrate for zebrafish CYP1D1, cynomolgus 

monkey CYP1D1 showed low rates of caffeine metabolism (less than 50 pmol nmol P450
-1

 min
-

1
) suggesting another potential substrate in which to investigate uncoupling with CYP1D1. 

4.4 Oxidative stress in fish 

 

 Xenobiotics, including polychlorinated biphenyls (PCBs) and polycyclic aromatic 

hydrocarbons (PAHs), have been shown to induce oxidative stress in aquatic organisms. These 
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compounds are inducers and substrates of CYP1s and the oxidative stress is thought to be CYP 

mediated (Billiard et al., 2008; Schlezinger et al., 2006). Toxic metabolites may form from PCBs 

and PAHs; these metabolites may have a causal role in producing ROS.  Our data has shown 

uncoupling for majority of the zebrafish CYP1 reactions tested, suggesting a direct oxidative 

stress from the CYP, independent from the metabolite product.  In a study involving scup 

CYP1A, such high levels of ROS was produced in CYP1A reactions with 3,3,4,4-

tetrachlorobiphenyl (PCB 77) that the protein was inactivated and unable to metabolise 7-

ethoxyresorufin (Schlezinger et al., 2006). Likewise, in reactions run with zebrafish CYP1D1 

with PCB 77, cofactor consumption stopped after 10 minutes during incubation, suggesting it 

became denatured and further suggesting direct oxidative stress to the protein. 

 

4.5 Future work 

 

 While the method described in Chapter 2 was able to measure CYP1 activity and 

uncoupling, the potential of a single assay with little sample handing would allow for increased 

sample throughput and quantitation of CYP activity with any substrate. With the flexibility of 

CE as a separation technique, there is potential to use a variety of techniques for measuring CYP 

activity while keeping analysis time and cost low. The initial steps for combining ROS and 

NADP
+
 measurements in a single CE assay would be to find a stable ROS probe. A selective 

probe for H2O2 would be preferable, as superoxide is very labile and forms H2O2 when 

transformed by superoxide dismutase. The use of a fluorimeter to measure DCF production to 

qualify H2O2 production was effective however the difficulties of measuring DCF in a CE-UV 

separation proved challenging (See Chapter 3). In our experiments, DCF autoxidised when 
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samples sat on ice for over an hour, to the extent that the data was not consistent or repeatable; 

stability of DCF prior to  detection is a challenge for the use of DCF as a ROS probe. The 

fluorescent properties of this probe could be utilized with a proper laser-induced fluorescence 

(LIF) coupled with preconcentration and an EMMA method, such that detection would be 

sensitive, and analysis could be performed  directly in-capillary upon  product formation, 

decreasing error due sample handling of labile ROS probes.  The longer separation times for 

DCF described in Chapter 3 could also be shortened, or selective detection of oxidized DCF 

product, potentially allowing for a dual ROS/CYP assay with the < 3 min separation described in 

Chapter 2. The merger of methods is possible as the majority of CE conditions are the same for 

each method, except for the short-end injection and reverse polarity of the configuration. This 

would give a CE-LIF method sensitive enough for DCF with a fast separation time. 

 Colorimetric/UV methods for detection of H2O2 have been described (Rhee et al., 2010). 

With the use of horseradish peroxidase (Degregorio et al., 2011) and/or ferrous catalysts (Huang 

and Szklarz, 2010), H2O2 can form a coloured product. While maximal absorbance may be at 

higher wavelengths, the conjugated or ring structure of some of the coloured products (e.g. 

xylenol orange or thiocyanate) will absorb at low UV detection allowing for probes which can be 

separated and measured in a CE-UV mediated reaction. The quenching and dilution step of the 

CYP mediated reaction provides a flexible time for derivatization, allowing for integration of 

compounds and incubations within the existing reaction method. In particular, a UV or 

fluorescent method for measuring H2O2 production utilizing the antioxidant qualities of reduced 

glutathione (GSH) and derivitization using o-phthalaldehyde (OPA) could provide the sensitivity 

needed (Bohmer et al., 2011; Kand'ar et al., 2007). H2O2 would react with GSH to form its 

oxidized dimer, GSSG.  A derivatization step involving OPA, a benzene based dialdehyde, 
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would form a stable derivative of GSH and add UV absorbing and fluorometric properties to the 

glutathione molecule (Bohmer et al., 2011).  Reactions would have high concentrations of GSH; 

H2O2 would react with a portion of the GSH to form GSSG and the remaining GSH would react 

with OPA to form GS-OPA.  A decrease in GS-OPA in the reaction would quantify ROS 

formation. The derivatization of GSH would be integrated in the quenching step and stabilize the 

products until they were detected with CE, unlike the unstable DCF product that needed to be 

sampled soon after the reaction.  

 To increase throughput, electrophoretically mediated microanalysis (EMMA) techniques 

could be employed. With the flexibility of CE as a separation platform, EMMA seeks to utilize 

the capillary as a reactor, allowing for online reactions to occur in capillary followed by a 

separation of reactants and metabolites. These on-line reactions greatly increase the automation 

available for the analysis, while decreasing the cost of the reaction as injection volumes may be 

reduced to nL (Fan and Scriba, 2010). The increased automation allows for the potential of high 

through-put screening, which would be useful for determining CYP function and screening novel 

compounds as CYP substrates.  

 A large number of novel CYPs have been identified and many proteins need to be 

characterized for function. While key isoforms in the mammalian CYP catalogue are well known 

and extensively researched, there is a need to investigate non-mammilian CYP function as they 

can differ from similar isoforms in mammals (Scornaienchi et al, 2010). Even in the well studied 

CYP1 family, new CYP1 subfamilies in non-mammals (sea urchin, tunicates, birds) have been 

discovered with no known function (Goldstone et al., 2007). Even more, the new CYP1D 

subfamily has been discovered in more mammilian species (Kawai et al., 2010), and still does 
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not have in depth functional knowledge for cynomolgus monkey (Uno et al., 2011) and zebrafish 

(Scornaienchi et al., 2010). With access to a large chemical library and expressed proteins, small 

amounts of reactants could provide a cost effective way to screen a large number of different 

substrates to identify CYP function for novel isoforms. The coupling efficiency measured for 

these compounds would provide us functional information as to what type of structure can access 

the CYP active site. As an example, zebrafish CYP1D1 had a large uncoupling for aromatic 

planar molecules, most noteable being E2. We could then select a group of aromatic planar 

molecules to test for metabolism in order to decifer function. Additionally, in silico molecular 

modeling as demonstrated by Prasad et al. (2007), would be useful for further understanding how 

particular substrates enter into the CYP active site to elucidate further function. However, an 

initial single method capable of giving qualitative and quantitative measures of CYP activity 

could greatly improve the speed at which significant CYP/substrate combinations could be 

identified.  

Our work showed the ability of a CE-UV method to quickly identify cofactor 

consumption in CYP1 reactions. This method was able to uncover the large discrepancy seen in 

cofactor usage by well established and relatively unknown CYP1s for fluorometric substrates 

that are extensively used. We were able to show that CYP1s displayed a range of coupling 

efficiencies for both xenobiotic and endogenous substrates, with most notably the large 

uncoupling of CYP1D1 with estradiol, giving hints as to which substrates the isoform is able to 

metabolize. With this assay, any CYP from any species can be tested for cofactor consumption 

for any substrate that does not co-migrate with NADP
+
 or NADPH

+
, giving a strong tool for 

determining function for novel CYPs and for the study of CYP mediated ROS production 

through uncoupled reactions. 
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