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Abstract 

 

High-Throughput In Situ Parametric Studies of Cytochrome P450 Catalysis 

 

by 

 

Matthew John Traylor 

 

Doctor of Philosophy in Chemical Engineering 

University of California, Berkeley 

Professor Douglas S. Clark, Chair 

 

Cytochrome P450 enzymes are the main route of first pass oxidative metabolism 

of prescribed drugs in humans. As such, they are of paramount importance to the 

pharmaceutical industry in the metabolic and toxicity screening of lead compounds. P450 

enzymes function by generating a highly reactive ferryl-oxo species with two electrons 

supplied via NADPH. This reactive species is capable of a wide range of oxidative 

transformations, often on unreactive carbon centers. Consequently, P450 enzymes are of 

general interest to the biotechnology industry due to the variety of enantioselective 

oxidation reactions that they catalyze.  

The effective utilization of P450 enzymes within both industries has yet to be 

realized. In the biotech industry, P450 transformations have not been adopted, except in 

whole cell systems, due to slow reaction rates and an inefficient use of the expensive 

cofactor, NADPH. The P450 reaction mechanism often yields a broad array of coupled 

and uncoupled products from a single substrate. While it is well known that reaction 

conditions can drastically affect the rate of P450 catalysis, their effects on regioselectivity 

and coupling are not well characterized. To investigate such effects, the CYP1A2 

oxidation of 7-ethoxymethoxy-3-cyanocoumarin (EOMCC) was examined as a function 

of buffer type, buffer concentration, pH, and temperature. A high-throughput, optical 

method was developed to simultaneously measure the rate of substrate depletion, 

NADPH depletion, and generation of the O-dealkylated product. Increasing the 

phosphate buffer concentration and temperature increased both the NADPH and EOMCC 

depletion rates by 6-fold, whereas coupling was constant at 7.9% and the regioselectivity 

of O-dealkylation to other coupled pathways was constant at 21.7%. Varying the buffer 

type and pH increased NADPH depletion by 2.5-fold and EOMCC depletion by 3.5-fold; 

however, neither coupling nor regioselectivity was constant, with variations of 14.4% and 

21.6%, respectively. Because the enzyme-substrate binding interaction is a primary 

determinant of both coupling and regioselectivity, it is reasonable to conclude that ionic 

strength, as varied by the buffer concentration, and temperature alter the rate without 

affecting binding while buffer type and pH alter both.  

Although the large effect of ion type and concentration on cytochrome P450 

catalysis is well documented, the full kinetic consequence of this effect has yet to be 

explored. We measured the CYP1A2 and CYP3A4 mediated O-dealkylation of 

alkoxycoumarins as a function of ion type and concentration for twelve salts. We found 

that greatest rate enhancement for both isoforms with potassium fluoride, yielding 

increases of 19 and 2.5 fold for CYP3A4 and CYP1A2, respectively. Moreover, we 
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measured the kinetic parameters and noncompetitive intermolecular isotope effect for the 

O-dealkylation of 7-methoxy-3-cyanocoumarin by CYP1A2 as a function of potassium 

fluoride and P450-reductase content. We found the rate increases seen with potassium 

fluoride were primarily due to increases in kcat. Furthermore, the noncompetitive 

intermolecular isotope effect was large (~6) and constant for all conditions assayed. A 

simplified P450 mechanism was used to support the possibility that the large isotope 

effects seen in this and other P450 systems are due primarily to the large rate of 

uncoupling, which serves to unmask the intrinsic isotope effect.  

In vitro metabolic stability measurements are a critical component of pre-clinical 

drug development in the pharmaceutical industry. Available measurement strategies rely 

on chromatography and mass spectrometry, which are expensive, labor-intensive, and 

low-throughput. Using a reaction engineering approach, we have developed a general 

method to measure metabolic stability by fluorescently quantifying cofactors in the 

mechanisms of cytochrome P450 enzymes. This method combines the accuracy and 

generality of chromatography with the ease and throughput of fluorescence. 
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CHAPTER 1 

 

Introduction 
 

1.1 Overview 
Cytochrome P450 enzymes comprise a superfamily of heme-thiolate 

monooxygenases present in all types of life that catalyze a diverse array of biological 

transformations (1). The full P450 reaction mechanism is shown in Figure 1.1. In this 

general scheme, the P450 enzyme functions as a monooxygenase, wherein one atom of 

oxygen from dissolved dioxygen is incorporated into the substrate and the other produces 

water. The P450 active site is focused at the iron center of a heme cofactor, which is 

anchored to the protein via a cysteine residue. Two electrons are sequentially shuttled to 

the enzyme to activate dioxygen in a series of steps culminating in the generation of a 

highly reactive iron-oxo species that is responsible for substrate oxidation (2).  

The prototypical P450 reaction is the addition of a hydroxyl group at a non-

activated carbon center; however, many other mechanisms are possible (3). In addition to 

the oxidation of substrate, there are several branch points leading to uncoupling pathways, 

where the supply of reducing equivalents to the P450 is not coupled to product generation. 

The autooxidation shunt occurs when superoxide dissociates from the ferric-superoxo 

intermediate formed after the first 1-electron reduction. Following the second 1-electron 

reduction, peroxide species can also dissociate. This is believed to occur when excess 

water in the active site disrupts the series of proton transfer events necessary to transition 

from the ferric-peroxo intermediate to the active iron-oxo species (4). These uncoupling 

pathways drain electrons from the system, decreasing the overall reaction efficiency and 

rate of product formation. In addition, the reactive oxygen species formed can lead to 

protein deactivation (5). 
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Figure 1.1. Overall catalytic mechanism for cytochrome P450 enzymes 
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1.2 P450 Enzymes in Biotechnology 

The diversity of selective oxidation reactions catalyzed by P450 enzymes makes 

them attractive synthetic catalysts in biotechnology (6). The potential usefulness of P450 

enzymes has been hindered by their mechanistic complexity, fragility, and inefficiency 

(7). As such, they are a prime target for groups seeking to develop industrially useful 

biocatalysts. The literature contains many successful examples of the engineering of P450 

enzymes for enhanced stability, regioselectivity, and activity (8-10). Each of these studies 

chose a P450 scaffold to improve by rational or random mutagenesis. While these types 

of investigations can produce impressive results, it is often difficult to translate these 

results to the enhancement of the many thousands of other P450 enzymes in nature. It 

would be advantageous to develop general methods to improve P450 catalysis such that 

each activity or isoform does not need to be individually tailored to the task at hand. The 

identification of generally activating parameters could also, upon further mechanistic 

study, yield insights into the rational design of P450 enzymes. 

The successful recombinant expression of human drug-metabolizing P450 

enzymes in the early to mid nineties spawned a number of papers seeking to optimize the 

in vitro reconstitution of this complicated catalytic system (11-14). These papers resulted 

in general heuristics for conducting P450 reactions such as the inclusion of MgCl2 with 

CYP3A4 or a lowered buffer concentration with CYP2C9 (15). Little is known, however, 

about the molecular origins of these heuristics. The simple manipulation of reaction 

conditions, which can improve catalytic activity by orders of magnitude, is a prime 

starting point for the identification of generally activating parameters. Moreover, from a 

research perspective, the flexibility of medium engineering allows access to a continuum 

of P450 function rather than the discrete mutants available in mutagenesis studies. This 

tunable range of P450 response offers a useful tool for the functional study of this 

complex system. 

 

1.3 P450 Enzymes in the Pharmaceutical Industry 

In humans, P450 enzymes are responsible for the majority of xenobiotic 

metabolism (16). Metabolism is accomplished by modifying lipophilic exogenous 

compounds to be more hydrophilic or to provide a reactive group for further 

functionalization so as to facilitate excretion. The enzymatic product can sometimes be 

more biologically active than the original compound. Codeine, for example, is 

enzymatically transformed into the active form via a P450 dealkylation that generates 

morphine (17). P450 enzymes are also capable of catalyzing the conversion of drug 

compounds into more toxic molecules. For example, the common analgesic, 

acetaminophen is metabolized by P450 enzymes to produce the hepatic toxin, N-acetyl-p-

benzoquinone imine (18).  

Seven P450 isoforms are responsible for the majority of oxidative drug 

metabolism in humans (16). Therefore, the potential for adverse drug-drug interactions is 

high. If two drugs are administered, both of which are metabolized by the same P450, 

each drug can act as an inhibitor for the other, drastically affecting the concentration 

profile seen by the body. It has been estimated that adverse drug-drug interactions are 

within a 95% confidence interval between the fourth and sixth leading cause of death for 

hospital patients in the United States (19). This fact compounded with the potential for 
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more toxic metabolic products clearly highlights the paramount importance of P450 

enzymes to the pharmaceuticals industry in lead compound screening, where it is 

necessary to establish which P450 enzymes are responsible for a drug’s metabolism to 

guide the administration of that drug to patients. 

The rate of metabolism of a drug is, therefore, a key parameter used to evaluate 

potential candidates during drug development. In vitro experiments with P450 enzymes 

are used to estimate the metabolic stability, or rate of degradation, of a drug of interest. 

The standard methodology for metabolic stability measurements uses high-throughput 

liquid chromatography tandem mass spectrometry (LCMS/MS) (20). This technique 

requires expensive equipment and has limited throughput due to the inherently sequential 

nature of the separation and analysis steps. These problems limit the application of this 

technique to later stages of drug development where there are fewer compounds to 

evaluate. 

 

1.4 Thesis Organization 

The broad goal of my thesis is to develop and apply high-throughput methods to 

the study and application of P450 enzymes. I primarily focused on fluorescence intensity 

measurements. Fluorescence spectroscopy is advantageous in that it is highly sensitive 

such that small concentrations of fluorescent products can be selectively quantified 

against a heterogeneous background.  

In the second chapter of this thesis, I investigate the effect of reaction conditions 

on P450 catalysis with the specific goal of determining whether an alteration in P450 

selectivity accounts for the large variations in reaction rates observed in these systems. 

Regioselectivity and coupling as well as overall rates were monitored simultaneously. 

The results indicate that the selectivity of CYP1A2 mediated 3-cyanocoumarin oxidation 

was not significantly affected by temperature or potassium phosphate buffer 

concentration but was affected by pH and buffer type. This work was completed with the 

help of Jack Chai. 

The work presented in the second chapter lead to the investigations in chapter 

three. I sought a more thorough kinetic investigation into the effect of different salt ions 

on P450 catalysis. The oxidation of a 3-cyanocoumarin substrate by CYP1A2 and 

CYP3A4 was measured as a function of concentration and ion type for twelve salts. We 

found that fluoride salts yielded the largest rate enhancements with both P450 isoforms. 

In addition, the kinetic parameters and noncompetitive intermolecular isotope effects 

were determined as a function of potassium fluoride and reductase content for the 

CYP1A2 oxidation of 7-methoxy-3-cyanocoumarin. These indicated the rate 

enhancements observed were primarily due to changes in kcat. This work was completed 

with the help of Larry Gao and Michael Lin. 

The fourth chapter is concerned with developing a more efficient method to 

screen lead compounds for P450 activity during drug development. A general approach is 

presented based on quantifying species in the P450 mechanism and solving the rate 

equation. This method is demonstrated with multiple P450 isoforms and with human liver 

microsomes. This method is anticipated to be generally useful to pharmaceutical 

industries to facilitate pre-clinical testing during drug development. This work was 

completed with the help of Eric Arnon and Jessica Ryan. 
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CHAPTER 2 

 

Simultaneous Measurement of CYP1A2 Activity, Regioselectivity, and 

Coupling: Implications for Environmental Sensitivity of Enzyme-

Substrate Binding 
 

2.1 Abstract 

The cytochrome P450 (CYP) reaction mechanism often yields a broad array of 

coupled and uncoupled products from a single substrate. While it is well known that 

reaction conditions can drastically affect the rate of P450 catalysis, their effects on 

regioselectivity and coupling are not well characterized. To investigate such effects, the 

CYP1A2 oxidation of 7-ethoxymethoxy-3-cyanocoumarin (EOMCC) was examined as a 

function of buffer type, buffer concentration, pH, and temperature. A high-throughput, 

optical method was developed to simultaneously measure the rate of substrate depletion, 

NADPH depletion, and generation of the O-dealkylated product. Increasing the 

phosphate buffer concentration and temperature increased both the NADPH and EOMCC 

depletion rates by 6-fold, whereas coupling was constant at 7.9% and the regioselectivity 

of O-dealkylation to other coupled pathways was constant at 21.7%. Varying the buffer 

type and pH increased NADPH depletion by 2.5-fold and EOMCC depletion by 3.5-fold; 

however, neither coupling nor regioselectivity was constant, with variations of 14.4% and 

21.6%, respectively. Because the enzyme-substrate binding interaction is a primary 

determinant of both coupling and regioselectivity, it is reasonable to conclude that ionic 

strength, as varied by the buffer concentration, and temperature alter the rate without 

affecting binding while buffer type and pH alter both.  

 

2.2 Introduction 

Human cytochrome P450 enzymes are important to the pharmaceutical and 

biotechnology industries due to their central role in drug metabolism, ability to generate 

and optimize lead compounds, and specialized oxidative abilities (1). The use of P450 

enzymes in these capacities is complicated, however, by the wide variability of reaction 

rates observed in reconstituted in vitro systems (2, 3). This variability has been linked to 

the composition of the reaction medium (4-7). Because the P450 reaction mechanism is 

capable of generating multiple products, it is not known whether the variability in rates as 

a function of medium composition is accompanied by significant changes in selectivity.  

Multiple P450 reaction products comprise two classes: coupled products where 

the electrons supplied by NADPH are coupled to substrate oxidation, and uncoupled 

products where the supplied electrons are lost to reduced oxygen species (8). Thus, there 

are two relevant reaction selectivities in P450 systems: the electron selectivity, commonly 

referred to as the coupling efficiency, which is the ratio of coupled to uncoupled product-

generation rates; and the regioselectivity, which is the ratio of two different possible 

coupled product-generation rates. While it is well known that reaction conditions can 

affect P450 activity over orders of magnitude (6), it is currently unclear how P450 

enzymes interact with environmental parameters such as pH, ionic strength, temperature, 

and small molecule additives to modulate these two selectivities. An improved 

understanding of these interactions could lead to more accurate in vitro – in vivo 
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metabolic correlations facilitating drug development (3), and assist in the development 

and optimization of synthetic schemes in the biotechnology sector (2, 9). 

P450 regioselectivity is thought to be controlled by a combination of substrate 

positioning with respect to the active oxidant and the relative reactivity of different 

potential oxidation sites on the substrate (10). Regioselectivity of a very mobile substrate, 

one able to bind in many orientations, is likely governed primarily by the relative 

reactivity of the different chemical moieties in proximity to the heme. In contrast, 

regioselectivity of a tightly-bound substrate, one able to bind in only a few orientations, is 

presumably determined primarily by the relative occupancy of the different binding 

orientations (11, 12). Thus, an experimental parameter that alters regioselectivity would 

be expected to modify the occupancy or orientation of different binding modes of the 

substrate or differentially modify the reactivity of the substrate. The latter has been 

clearly demonstrated in kinetic isotope effect studies where the substitution of a heavy 

atom at one oxidation site of a mobile substrate can alter the regioselectivity toward 

reaction at other sites (13). Although previous studies have investigated the effect of 

buffer concentration, pH, and magnesium concentration on the regioselectivity of P450 

reactions, the regulation of P450 selectivity by reaction conditions remains poorly 

understood. Buffer and magnesium concentrations have been found to alter catalytic 

activity but not regioselectivity, while pH has been shown to alter both (14-17).  

Electron selectivity, or coupling, has also been linked to substrate-enzyme binding 

interactions. The structural complementarity of the substrate and P450 active site has 

been shown to be an important determinant of coupling (18, 19), where 

noncomplementarity results in improperly positioned water in the active site. These water 

molecules are thought to disrupt the proton delivery machinery required for the 

successive protonation of the ferric-peroxo intermediate, leading to a decrease in 

coupling efficiency (20). Guengerich points out that substrate dissociation rates can be 

large compared to catalytic rates, and coupling efficiency can be decreased by substrate 

dissociation after initiation of catalysis but before oxidation (21). Thus, a parameter that 

modifies the substrate-enzyme interaction and alters the off-rate or the packing of the 

active site is expected to affect coupling. Notably, an increase in buffer concentration was 

shown to increase coupling in the benzphetamine N-demethylation activity of CYP2B4 

enriched rabbit liver microsomes (22); however, there are few studies in the literature 

examining the effect of reaction conditions on uncoupling. 

In general, very little has been published on the relationship between environment 

and P450 selectivity. In particular, no previous studies have investigated the effect of 

reaction conditions on CYP1A2 regioselectivity or coupling. This void in the literature 

can be partially attributed to the large number of measurements needed to calculate these 

selectivities. To address this limitation, we developed a “one pot” method utilizing a 

single experimental technique, fluorescence intensity measurements, to simultaneously 

quantify activity, regioselectivity, and coupling. Depletion rates of NADPH and of an 

optically active substrate are analyzed in concert with the generation rate of at least one 

product. This method should be generally applicable to any substrate that is optically 

distinguishable from NADPH and one or more of its products. Here the method is 

demonstrated with the CYP1A2 oxidation of EOMCC to 7-hydroxy-3-cyanocoumarin 

(7HCC), which is a particularly challenging case study because the substrate’s 

fluorescence spectrum overlaps with the spectrum of NADPH. In addition, due to the 
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broad reactivity of cyanocoumarins (23), this model reaction can be used for many 

human drug metabolizing P450 enzymes allowing for a more direct comparison of 

selectivity data between isozymes. 

To explore the relationship between environment and selectivity, the rates of 

NADPH depletion, EOMCC depletion, and 7HCC generation were measured as a 

function of buffer type, buffer concentration, pH, and temperature in the CYP1A2 

oxidation of EOMCC, and the regioselectivity and coupling were compared under these 

conditions. The results indicate that both regioselectivity and coupling remain constant 

when temperature and buffer concentration are varied but are altered when buffer type 

and pH are varied. This indicates that temperature and ionic strength, as varied by buffer 

concentration, affect the rate of catalysis independent of the substrate-enzyme binding 

interaction while pH and buffer type affect both the rates and the binding interaction. 

 

2.3 Materials and Methods 

 

2.3.1 Materials 
Piperonyl butoxide (PBO), potassium phosphate, nicotinamide adenine 

dinucleotide phosphate (NADPH), and acetonitrile were purchased from Sigma (St. Louis, 

MO). Microsomes from baculovirus-infected insect cells (Baculosomes) expressing 

human CYP1A2 and rabbit cytochrome P450 reductase (Lot 484429C), EOMCC, and 

7HCC were purchased from Invitrogen (Carlsbad, Ca). All chemicals were used as 

received. All fluorescence data were acquired on a Spectramax M2 plate reader 

(Molecular Devices, Sunnyvale, CA). 

 

2.3.2 Liquid Chromatography Mass Spectrometry 

EOMCC oxidation reactions were conducted in 120 mM pH 8 potassium 

phosphate buffer with 25 nM CYP1A2 Baculosomes with or without the inhibitor PBO. 

Reactions were initiated with the simultaneous addition of NADPH and EOMCC to a 

concentration of 450 µM and 100 µM, respectively, to a final volume of 200 µL. 

Reactions were prepared and conducted at ambient temperature for 1 h and were 

quenched with 100 µL ice cold acetonitrile then centrifuged at 4°C for 10 min at 14000 g. 

Products were resolved using a reverse-phase Alltech Prevail C18 3µm 3.0x150 mm 

column with a 0.4 ml/min flow rate and a gradient of 10 – 80% acetonitrile over 40 min 

with a constant 0.05% concentration of formic acid. LCMS data were collected on an 

Agilent 1100 LC/MSD equipped with an electrospray ion source. Injections of inhibited, 

uninhibited, and no-protein control reactions were conducted separately in positive and 

negative mode. The quadrupole ion analyzer MS was operated with a fragmentor setting 

of 70 V, 3 kV capillary, 35 psig nebulizer pressure, and with N2 drying gas set to 300°C 

and 9.5 L/min. LCMS/MS spectra were acquired using a ThermoFisher Scietific LTQ 

Orbitrap XL mass spectrometer in positive and negative modes. The flow rate was 0.2 

mL/min and the mass spectrometer source parameters were used as follows: spray 

voltage, 3.0 kV; capillary temperature, 275°C; capillary voltage, 44 V (positive mode) 

and -50 V (negative mode); tube lens, 125 V (positive mode) and -120 V (negative mode). 
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2.3.3 Activity and Selectivity Assays 
Six replicates were prepared with 25 nM CYP1A2 Baculosomes at the buffer 

condition noted in Figure 2.4 with and without 1 mM PBO. NADPH solutions were 

prepared fresh daily and the concentration was checked via absorbance using a molar 

extinction coefficient of 6.22 mM
-1

cm
-1

. Reactions were incubated for 20 min at the 

required temperature before initiation with the simultaneous addition of NADPH and 

EOMCC to 250 µM and 10 µM, respectively to a final volume of 100 µL.  

The reaction was followed via fluorescence intensity measurements in a 

Spectramax M2 plate reader. Fluorescence intensity was simultaneously recorded at three 

excitation/emission wavelengths: 340 nm/460 nm, 340 nm/520 nm, 409 nm/460 nm. 

Models correlating fluorescence intensity with the concentration of EOMCC, NADPH, 

and 7HCC (Eqs. 1-3) were generated in JMP 5.1 using least-squares regression. The 

coefficients of Eqs. 1-3 were determined using on-plate standards at each reaction 

condition tested. The on-plate standards included a three-level, full factorial array of 

mixtures of NADPH and EOMCC to quantify fluorescence interactions. Significant 

model parameters were identified with the Backward Elimination method using a 

threshold P-value of 5%. Correlations typically took the form shown below. 

 

RFU340 / 460 = a1 EOMCC[ ]+ b1 EOMCC[ ] NADPH[ ]+ c1 NADPH[ ]+ d1 7HCC[ ] (1)

RFU340 /520 = a2 NADPH[ ]+ b2 NADPH[ ]
2

+ c2 EOMCC[ ]+ d2 NADPH[ ] 7HCC[ ]+ e2 7HCC[ ] (2)

RFU409 / 460 = a3 7HCC[ ] (3)  
 

The three coupled algebraic equations representing the dependence of 

fluorescence intensity on fluorophore concentration at each wavelength were solved for 

each data point in Matlab to yield concentration trajectories with time. The background 

reactions including PBO were subtracted out at each condition. The corrected time 

trajectory data were fit with a monoexponential function from which initial rates were 

calculated. 

 

2.4 Results 
 

2.4.1 Simultaneous In Situ Monitoring of EOMCC, 7HCC, and NADPH 

The quantification of NADPH, EOMCC, and 7HCC via fluorescence intensity 

measurements is complicated in this system by the overlap of the fluorescence spectra of 

EOMCC and NADPH. While the emission of 7HCC is not affected by the presence of the 

other fluorophores, the emission maximum of NADPH (460 nm) overlaps with a strong 

signal from EOMCC (Fig. 2.1). However, at longer emission wavelengths, the NADPH 

signal is more distinct from that of the other fluorophores. The incorporation of emission 

data from both 460 nm and 520 nm upon excitation at 340 nm into a standard least-

squares regression algorithm allowed for the generation of models correlating 

fluorescence intensity with fluorophore concentration. Correlation parameters were 

determined using on-plate standards at each condition tested and were validated by 

comparing the predicted and measured fluorescence intensities for mixtures of known 

concentrations of fluorophores, each yielding R
2
 values greater than 0.98 indicating 

accurate fluorophore quantification (data not shown). 
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Figure 2.1. Fluorescence emission spectra of 250 µM NADPH, 10 µM EOMCC, and 1.2 

µM 7HCC in 100 mM potassium phosphate at pH 7.5 upon excitation at (a) 340 nm and 

(b) 409 nm. 

 

These correlation equations were solved to yield each fluorophore concentration 

as a function of time. Representative time trajectories of the three fluorophore 

concentrations are shown in Figure 2.2 for reactions with and without the P450 suicide 

inhibitor, PBO. Inhibition by PBO is hypothesized to occur via the formation of a stable 

carbene linkage to the heme iron blocking further catalysis by the P450 (24). Degradation 

of EOMCC and NADPH occurs in the presence of PBO, which can be attributed to both 

the instability of these molecules and to reactions with other components of the 

heterogeneous baculosome mixture. The background response of the inhibited system, 

which contains all components except functional P450, is thus crucial to isolate the 

contribution of only CYP1A2 from other reactions occurring in the system, such as the 

background oxidation of NADPH by the reductase. The absence of any 7HCC generation 

in the presence of PBO also indicates that, within the reaction mixture, only functional 

CYP1A2 can catalyze the conversion of EOMCC to 7HCC. Monoexponential fits were 

applied to the corrected time trace data and initial rates were calculated for the 

degradation of EOMCC, the generation of 7HCC, and the degradation of NADPH. The 
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exponential fit does not imply a mechanistic interpretation and was used because it 

closely reproduces the observed data (Fig. 2.2). Coupling is reported as the ratio of 

EOMCC depletion to NADPH depletion, and regioselectivity is indicated by the ratio of 

7HCC generation to EOMCC depletion.  
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Figure 2.2. Representative data for the depletion of EOMCC (a) and NADPH (b), and 

the  generation of 7HCC (c), in the presence (○) and absence (●) of the inhibitor PBO. 

The data with inhibition are subtracted from the data without inhibition to yield the 

corrected depletion of EOMCC (d), NADPH (e), and generation of 7HCC (f). A 

monoexponential curve is fit to the data and used to obtain an initial rate. 

 

2.4.2 Multiple Coupled Products in the CYP1A2 Oxidation of EOMCC 

To verify that the measured regioselectivity is governed by an enzyme-mediated 

process and not simply the rearrangement of a common intermediate into multiple 

products (25), the product profile was investigated with mass spectrometry. The reaction 

products of the CYP1A2 oxidation of EOMCC were analyzed with LCMS in the 

presence and absence of PBO. Product peaks were identifiable from background peaks as 

the product peaks disappeared in the presence of PBO. This was seen in three peaks 

eluting at 18.9 min, 23.6 min, and 30.5 min, which yielded major ions at m/z +236, -186, 

and -207 respectively (Fig. 2.3). Although the peak at 30.5 min exhibited a base peak at 

m/z -207, another product ion was present in this peak at a much lower abundance at m/z -
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234. EOMCC eluted at 33.4 min and as expected exhibited a larger peak with PBO than 

in its absence. The substrate peak co-eluted with an EOMCC standard while the product 

at 23.6 min co-eluted with a 7HCC standard (data not shown). The small peak at 33.4 

min in the m/z -186 chromatogram (Fig. 2.3B) arises from fragmentation of the substrate 

EOMCC during ionization. 

To determine whether CYP1A2 oxidizes EOMCC at multiple sites, LCMS/MS 

analysis was conducted on EOMCC, 7HCC, and the unknown m/z +236 product (Fig. 

2.4). Exact mass data and chemical formula predictions are given in Appendix 2.1. 

Unfortunately, the m/z -234 product could not be captured with LCMS/MS. The MS/MS 

fragmentation pattern of 7HCC (Fig. 2.4A) is characterized by the successive loss of 

either CO or CO2 fragments as is common with coumarins (26, 27). The fragmentation of 

EOMCC exhibited a molecular ion at m/z +246 with a base peak at m/z +216 

corresponding to a loss of 30 amu and a minor peak at m/z +188 corresponding to an 

overall loss of 56 amu. A comparison of the secondary fragmentation of the base peak 

from EOMCC and fragmentation of the molecular ion of 7-ethoxy-3-cyanocoumarin 

(EOCC) is shown in Figure 2.5. The similarities in the relative abundance and m/z of the 

fragments indicate that the molecular ion of EOMCC initially fragments with a loss of 

formaldehyde to generate the base peak at m/z +216 followed by a loss of ethylene to 

form the minor peak at m/z +188 (Fig. 2.6). The motif of a loss of 30 amu followed by a 

loss of 26 amu occurs via fragmentation in the 7-ethoxymethoxy moiety of the 

cyanocoumarin substrate. This motif is also seen in the MS/MS fragmentation of the 

unknown product ion m/z +236 (Fig. 2.4C) indicating that this product still contains an 

intact 7-ethoxymethoxy moiety and is generated from the oxidation of EOMCC at a 

different site than 7HCC. Thus, EOMCC occupies at least two binding orientations in the 

CYP1A2 active site with at least two sites of oxidation on the substrate. 

 

 
 

Figure 2.3. LCMS analysis of the reaction products of the CYP1A2 oxidation of 

EOMCC with single ion monitoring in negative mode of (a) m/z -207 and (b) m/z -186 

and in positive mode of (c) m/z +236 and (d) m/z +246.  The filled peaks are data from 

reactions including the suicide inhibitor, PBO, while the empty peaks are the response 

without inhibitor. 
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Figure 2.4. ESI-MS/MS fragmentations of (a) 7HCC and (b) EOMCC and (c) the 

product ion m/z +236 

 



 14 

80 100 120 140 160 180 200 220 240
0

25

50

75

100

0

25

50

75

100

m/z

EOMCC 246 MSMS 216 ES+

R
e
la

ti
v
e
 A

b
u
n

d
a
n

c
e

EOCC MSMS 216 ES+

OO O

CN

EOCC

a

b

89.0382
104.0491

116.0491
132.0439

144.0439

160.0388 162.0545

188.0338

216.0650

89.0381

116.0490
132.0438

144.0444

160.0393 162.0550

188.0336

216.0649

 
Figure 2.5. Positive mode ESI-MS/MS of (a) EOMCC with secondary ion fragmentation 

of the major peak at m/z +216 and of (b) EOCC.  

 

 
Figure 2.6. Proposed fragmentation pattern for EOMCC 

 

2.4.3 Effect of Reaction Conditions on Activity and Selectivity 

The initial rates of 7HCC generation (r7HCC), EOMCC depletion (-rEOMCC), and 

NADPH depletion (-rNADPH) were measured in the reaction of CYP1A2 on EOMCC as a 

function of buffer type, buffer concentration, pH, and temperature (Fig. 2.7). Each rate 

increased with temperature, and appeared to be approaching a maximum at the highest 

achievable temperature of 45°C. Each rate also exhibited a maximum at a phosphate 

buffer concentration between 250 and 375 mM. A notable difference in rate was apparent, 

however, when varying the buffer type and pH, where -rEOMCC and -rNADPH both showed 

qualitatively similar behavior in Tris and phosphate buffers, yielding maxima at pH 6.7, 

while r7HCC exhibited clearly distinct behavior in Tris and phosphate buffers. In Tris 

buffered systems, r7HCC increased with decreasing pH down to the lowest assayed pH of 

7.1. In phosphate buffered systems, r7HCC exhibited a maximum at pH 7.7.  
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Figure 2.7. Initial rates of (a) 7HCC generation, (b) EOMCC depletion, and (c) NADPH 

depletion as a function of (□) pH in 100 mM Tris buffer at 25 °C, (■) pH in 100 mM 

phosphate buffer at 25 °C, (○) phosphate buffer concentration at pH 6.7 and 25 °C, and 

(●) temperature in 250 mM phosphate buffer at pH 6.7. A table of these rates can be 

found in Appendix 2.2. 
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Figure 2.8. Correlation of the initial rate of EOMCC depletion, -rEOMCC, with the initial 

rate of NADPH depletion, -rNADPH, depicting the coupling efficiency (a,b), and of the 

initial rate of 7HCC generation, r7HCC, with the initial rate of EOMCC depletion, rEOMCC, 

depicting the regioselectivity (c,d). The data are from reactions varying the temperature 

(●) and phosphate buffer concentration (○), and the phosphate pH (■) and Tris pH (□). A 

table of these selectivity data can be found in Appendix 2.2. 
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A strong correlation was observed between -rNADPH and -rEOMCC as a function of 

both temperature and buffer concentration, indicating that coupling was not significantly 

changed by these parameters (Fig. 2.8A). Similarly, the correlation between -rEOMCC and 

r7HCC indicates that these parameters also did not alter regioselectivity (Fig. 2.8C). These 

correlations, showing constant selectivity, contrast with the 6-fold change in activity 

observed with a variation in temperature and buffer concentration at pH 6.7. The 

selectivity results are illustrated in scheme 2.1 where 7.9% of the reducing equivalents 

from NADPH were used for coupled catalysis and 1.7% of the overall reducing 

equivalents or 21.7% of the depleted EOMCC was used to generate 7HCC via O-

dealkylation. Conversely, despite the qualitatively similar behavior of -rEOMCC and -

rNADPH as a function of buffer type and pH, much weaker correlations were observed for 

both coupling and regioselectivity as a function of these parameters (Fig. 2.8B,D). 

Coupling and regioselectivity varied by 14.4% and 21.6%, respectively. It is important to 

mention that standard assays containing known amounts of all three fluorophores 

indicated that the fluorescence responses are not inherently correlated (data not shown). 

Thus the selectivity trends found in this study are not a result of spurious correlations. 

 

 
 

Scheme 2.1. Selectivity of electron (upper) and substrate (lower) utilization in the 

oxidation of EOMCC by CYP1A2 in pH 6.7 phosphate buffer 

 

2.5 Discussion 
Medium engineering offers a useful tool for the investigation of P450 function 

because a tunable range of P450 responses can be accessed by simply varying the 

reaction conditions. The practical utility and potential generality of medium engineering 

has been demonstrated by the large rate increases achieved with optimized P450 

reconstitution procedures (6). The current study seeks to investigate the connection 

between environment and P450 selectivity using a novel method to simultaneously 

measure activity, coupling, and regioselectivity. 

LCMS analysis verified the presence of multiple coupled products and identified 

three product peaks. MS/MS analysis revealed an intact ethoxymethoxy moiety on the 

product eluting at 18.9 min indicating this product is generated via a distinct mechanism 

from the O-dealkylation product, 7HCC. Furthermore, the mass and formula of the m/z 

+236 product are consistent with a P450 mediated 3,4-epoxidation followed by a ring 

opening and decarboxylation similar to the reaction of CYP1A2 with coumarin (28, 29). 

Interestingly, another product eluting over 11 minutes later at 30.5 min was identified 
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with a major peak in negative mode LCMS at m/z -207 and a minor peak at m/z -234. 

This product could not be captured in LCMS/MS analysis; nonetheless, the mass is also 

consistent with an epoxidation and decarboxylation reaction generating the m/z -234 

product that presumably fragments during ionization to form the major m/z -207 peak. 

Although, the +236 and -234 products exhibit different elution times and different 

ionization behavior, their similar masses suggest that they may arise from the 

decarboxylation of a common intermediate generated from a common substrate-binding 

mode. Overall, however, the MS/MS data indicate the presence of two distinct products 

that are produced from at least two catalytically relevant binding modes for EOMCC in 

the CYP1A2 active site. Thus, the regioselectivity determined in this system reflects the 

relative binding of EOMCC in multiple orientations and the oxidation of multiple sites on 

the substrate. The presence of multiple binding orientations, indicated by the oxidation of 

multiple sites on the molecule, is typical of CYP1A2 substrates with caffeine (30) and 

phenacetin (31)  being well-studied examples. 

By varying the buffer type, buffer concentration, pH, and temperature in the 

CYP1A2 oxidation of EOMCC, a 10-fold range of rates was accessed with the highest 

activity found at pH 6.7 in 250 mM phosphate buffer at 45 °C. Ionic strength is typically 

varied by varying the buffer concentration, with maximum product generation rates 

occurring between 50 and 300 mM (5, 6). Although exceptions have been found for this 

trend (5), all measured rates in the present study increased with increasing phosphate 

buffer concentration to a maximum between 250 and 375 mM potassium phosphate. An 

increase in the measured rates was also observed with temperature between 25°C and 

45°C, the highest temperature setting available on the instrument. The denaturation 

temperature of human CYP1A2 in reconstituted membranes reportedly varied with 

membrane composition between 40°C and 50°C (32). This matched the behavior 

observed in the present work where the measured rates showed signs of leveling off at 

45°C. 

The measured r7HCC was higher in phosphate than in Tris-buffered systems. 

Similarly, Mäenpää et al. reported higher product generation rates in phosphate versus 

Tris buffered systems for the midazolam hydroxylation of human liver microsomes (16). 

Other studies, however, have shown similar P450 activity in different buffers. For 

example, the 7-pentoxyresorufin O-dealkylation activity of rabbit CYP1A2 was 

comparable in sodium phosphate, potassium acetate, and HEPES (33). Interestingly, -

rNADPH and -rEOMCC showed similar behavior in phosphate and Tris buffered systems, 

demonstrating that buffer type can alter both the rate of product generation and of 

substrate depletion independently. Since all three measured rates increased similarly with 

increasing ionic strength, as varied by the phosphate buffer concentration, the inherently 

larger ionic strength of phosphate compared to Tris is not an adequate argument to 

explain the different behavior of r7HCC compared to –rEOMCC and –rNADPH in these two 

buffers. P450 reactions are also known to be differentially affected by pH with different 

product generation optima for different isoform/substrate combinations (14, 34, 35). The 

current study extends this result to show that substrate depletion and product generation 

can exhibit disparate pH optima. 

A strong correlation was observed between -rEOMCC and -rNADPH as a function of 

temperature and phosphate buffer concentration (Fig. 2.8A) indicating that coupling is 

not significantly affected by these variables. CYP1A2 oxidation of EOMCC was 92.1% 



 19 

uncoupled for all buffer concentrations and temperatures at pH 6.7. Similarly high 

uncoupling percentages have been found for the CYP1A2 oxidation of phenacetin (31, 

36) and of 7-ethoxycoumarin (37) and for other human P450 enzymes (38-40). A much 

weaker correlation between -rEOMCC and -rNADPH was found as a function of buffer type 

and pH (Fig 2.8B) indicating that coupling is altered by these variables. To the best of our 

knowledge this is the first investigation of P450 coupling as a function of buffer type, pH, 

or temperature. However Schenkman et al. observed an increase in the coupling of the 

benzphetamine N-demethylation activity of CYP2B4 enriched rabbit liver microsomes 

with increasing phosphate buffer concentration (22). This observation contrasts with our 

own data where buffer concentration did not alter coupling, suggesting that P450 

coupling may be differentially regulated by reaction conditions for different P450 

systems.  

Similarly, regioselectivity was also not significantly altered by temperature or 

phosphate buffer concentration (Fig 2.8C). It was found that 21.7% of the oxidized 

EOMCC was used to generate the O-dealkylation product 7HCC in pH 6.7 phosphate 

solution. While no previous study has investigated the effect of temperature on 

regioselectivity, similar trends with buffer concentration have been observed (14, 16). 

Buffer concentration did not alter the ratio of several testosterone metabolites from 

purified rat CYP2A1, CYP2B1, and CYP2C11 (14) or of midazolam metabolites from 

human liver microsomes (16), consistent with our findings that regioselectivity was 

insensitive to buffer concentration. However, a change in regioselectivity with pH was 

reported for the oxidation of testosterone by rat CYP2A1, CYP2B1, and CYP2C11 (14) 

and for cyclosporine metabolism of human CYP3A4 (15). Likewise, our results revealed 

a change in regioselectivity with pH and additionally with buffer type. In light of 

previous literature on several P450 isoforms and substrates, these data suggest that ionic 

strength, as varied by buffer concentration, may generally affect the activity of a P450 

reaction but not the regioselectivity, while pH may affect both. However, further work 

with additional P450 isoforms and substrates is needed to confirm this conclusion. 

It is relevant to emphasize that 7HCC is a minor product in the overall oxidation 

of EOMCC by CYP1A2. This low regioselectivity toward O-dealkylation suggests that 

studies employing 7-alkoxy-3-cyanocoumarin substrates as convenient fluorescent probes 

for CYP1A2 activity are measuring only a fraction of the reaction products. A further 

elaboration of the product profile of commonly used coumarin substrates would be a 

valuable contribution to the literature, especially in light of our current finding that 7HCC 

accounts for only 21.7% of the substrate depletion. 

Because regioselectivity and coupling are governed by enzyme-substrate binding 

interactions and neither temperature nor buffer concentration altered regioselectivity or 

coupling, it follows that these parameters do not alter the enzyme-substrate binding 

interactions. Variations in P450 function with buffer concentration have been previously 

attributed to the resulting variation in ionic strength and not to specific effects of 

phosphate ions (5, 14, 16, 22, 41). Although ion-specific effects are known in P450 

systems (7, 42, 43), the correlation of phosphate buffer effects with ionic strength effects 

is supported by the similar activity trends observed in the CYP1A2 de-ethylation of 7-

ethoxyresorufin and 7-ethoxycoumarin as a function of phosphate buffer and sodium 

chloride concentration (41). Variations in P450 function with ionic strength have been 

attributed to an alteration of the P450 – reductase interaction (5, 22) or the heteromeric 
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oligomerization state (33, 44), both of which have been shown to be mediated by ionic 

interactions (33, 44-46). In addition, the reduction of cytochrome c by P450 reductase, 

studied as a function of pH and ionic strength, yielded activity maxima at pH 7.5 (47) and 

an ionic strength of 500 mM (48), similar to the behavior observed in the current work. It 

is conceivable that selectivity is regulated by the enzyme-substrate binding interaction, 

which controls substrate positioning, while activity is regulated by the P450-reductase 

interaction, which controls the flow of electrons to the P450. 

Ionic strength, as varied by sodium chloride concentration, has been shown to 

alter the structure of rabbit CYP1A2 as measured by circular dichroism (41). It is 

interesting that this change in structure could accompany a large change in activity 

without also perturbing the active site and altering the substrate binding interactions 

relevant to selectivity. Schrag et al., however, observed constant selectivity in the 

presence of a structural perturbation of the active site in the CYP3A4 metabolism of 

triazolam. Regioselectivity was unaffected by a change in active site topography induced 

by magnesium ions (17). Overall, it is clear that more work is needed to understand the 

complex interactions between environmental parameters and P450 function. 

In conclusion, mass spectrometry was used to confirm the existence of multiple 

coupled catalytic modes for the CYP1A2 oxidation of EOMCC in addition to the 

standard uncoupled modes. An in situ optical method was developed to monitor the 

activity and selectivity of human drug metabolizing enzymes and demonstrated on a 

cyanocoumarin substrate. This method is anticipated to be a useful tool for protein 

engineering studies seeking to understand and control the influence of reaction conditions 

on P450 function. While the activity of CYP1A2 in this work was found to vary over 10-

fold as a function of buffer type, buffer concentration, pH, and temperature, the 

regioselectivity and coupling efficiency were effectively constant with buffer 

concentration and temperature but varied with buffer type and pH. Future work will 

investigate the generality of these results with other P450 isoforms with the aim of 

developing general heuristics relating P450 selectivity and environmental parameters. 
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Appendix 2.1 Exact Mass and Formula Predictions for MS/MS Data 

  

 
 Abundance obsd m/z calcd m/z error (ppm) Formula 

      
6.59 102.0350 102.0349 0.8 C7H4N 

100.00 114.0349 114.0349 -0.2 C8H4N 
7HCC MSMS 

186 ES- 
6.96 120.0454 120.0455 -0.7 C7H5NO 

 4.89 130.0297 130.0298 -1.1 C8H4NO 
 26.11 142.0297 142.0298 -1.0 C9H4NO 
 56.05 158.0246 158.0248 -1.0 C9H4NO2 
 75.92 186.0194 186.0197 -1.4 C10H4NO3 

      
13.34 178.0498 178.0499 -0.4 C9H8NO3 
3.43 190.0498 190.0499 -0.4 C10H8NO3 

MSMS 236 
ES+ 

19.04 206.0812 206.0812 0.2 C11H12NO3 
 100.00 236.0919 236.0917 0.7 C12H14NO4 

      
28.26 188.0337 188.0342 -2.8 C10H6NO3 
100.00 216.0650 216.0655 -2.4 C12H10NO3 

EOMCC 
MSMS 246 

ES+ 21.51 246.0755 246.0761 -2.4 C13H12NO4 
      

  
Table 2.1. Exact mass and formula predictions for the MS/MS data in Figure 2.4. 

 

 
 Abundance obsd m/z calcd m/z error (ppm) Formula 

      
7.68 89.0382 89.0386 -4.2 C7H5 
4.17 104.0491 104.0495 -3.6 C7H6N 

EOCC MSMS 
216 ES+ 

1.92 105.0331 105.0335 -3.7 C7H5O 
 32.99 116.0491 116.0495 -3.2 C8H6N 
 28.08 132.0439 132.0444 -3.7 C8H6NO 
 56.62 144.0439 144.0444 -3.4 C9H6NO 
 11.60 160.0388 160.0393 -3.1 C9H6NO2 
 9.33 162.0545 162.0550 -2.8 C9H8NO2 
 100.00 188.0338 188.0342 -2.2 C10H6NO3 
 0.92 216.0650 216.0655 -2.4 C12H10NO3 
      

1.55 89.0381 89.0386 -5.3 C7H5 
0.82 104.0490 104.0495 -4.6 C7H6N 

EOMCC 246 
MSMS 216 

ES+ 0.34 105.0330 105.0335 -4.7 C7H5O 
 12.55 116.0490 116.0495 -4.1 C8H6N 
 7.50 132.0438 132.0444 -4.5 C8H6NO 
 30.76 144.0438 144.0444 -4.1 C9H6NO 
 4.53 160.0387 160.0393 -3.8 C9H6NO2 
 4.24 162.0544 162.0550 -3.4 C9H8NO2 
 100.00 188.0336 188.0342 -3.3 C10H6NO3 
 2.49 216.0649 216.0655 -2.9 C12H10NO3 
      

  
Table 2.2. Exact mass and formula predictions for the MS/MS data in Figure 2.5. 
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Appendix 2.2 Measured Rates and Selectivities 

 

Buffer 
Type 

pH 
Buffer 

Concentration 
(mM) 

Temperature 
(°C) 

-rNADPH -rEOMCC r7HCC 
Coupling 
(-rEOMCC) /  
(-rNADPH) 

Regioselectivity 
(r7HCC) / (-rEOMCC) 

KPi 6.2 100 25 41.4 ± 6.1 2.9 ± 0.2 0.53 ± 0.02 6.9 ± 1.1 % 18.6 ± 1.2 % 

KPi 6.7 100 25 77.8 ± 7.3 6.1 ± 0.5 1.37 ± 0.04 7.9 ± 1.0 % 22.4 ± 2.0 % 

KPi 7.2 100 25 55.3 ± 18.0 5.9 ± 0.6 1.68 ± 0.04 10.7 ± 3.7 % 28.4 ± 3.1 % 

KPi 7.7 100 25 48.7 ± 7.6 5.6 ± 0.1 1.74 ± 0.05 11.6 ± 1.8 % 30.9 ± 1.1 % 

KPi 8.2 100 25 23.9 ± 8.1 5.1 ± 0.9 0.53 ± 0.01 21.3 ± 8.1 % 10.4 ± 1.8 % 

Tris 7.1 100 25 43.7 ± 6.4 5.9 ± 0.9 1.25 ± 0.07 13.4 ± 2.8 % 21.4 ± 3.5 % 

Tris 7.6 100 25 33.5 ± 4.0 5.9 ± 0.5 0.67 ± 0.04 17.5 ± 2.6 % 11.4 ± 1.2 % 

Tris 8.1 100 25 36.7 ± 7.9 4.0 ± 0.4 0.40 ± 0.01 10.9 ± 2.6 % 10.0 ± 1.1 % 

Tris 8.6 100 25 24.8 ± 7.6 2.4 ± 0.6 0.22 ± 0.02 9.8 ± 3.8 % 9.2 ± 2.4 % 

Tris 9.1 100 25 n.d. n.d. 0.11 ± 0.03 n.d. n.d. 

KPi 6.7 15 25 47.9 ± 16.7 3.6 ± 0.3 0.60 ± 0.01 7.4 ± 2.7 % 17.0 ± 1.6 % 

KPi 6.7 50 25 56.9 ± 7.2 3.4 ± 0.2 0.86 ± 0.02 5.9 ± 0.9 % 25.7 ± 2.2 % 

KPi 6.7 100 25 77.8 ± 7.3 6.1 ± 0.5 1.37 ± 0.04 7.9 ± 1.0 % 22.4 ± 2.0 % 

KPi 6.7 150 25 108.2 ± 32.1 8.3 ± 0.6 1.85 ± 0.05 7.7 ± 2.3 % 22.3 ± 1.6 % 

KPi 6.7 250 25 125.7 ± 12.5 11.0 ± 1.1 2.58 ± 0.25 8.7 ± 1.2 % 23.5 ± 3.2 % 

KPi 6.7 375 25 136.6 ± 14.2 13.1 ± 0.5 2.51 ± 0.05 9.6 ± 1.0 % 19.2 ± 0.8 % 

KPi 6.7 675 25 111.6 ± 13.0 7.9 ± 0.8 2.05 ± 0.05 7.1 ± 1.1 % 26.1 ± 2.8 % 

KPi 6.7 250 25 125.7 ± 12.5 11.0 ± 1.1 2.58 ± 0.25 8.7 ± 1.2 % 23.5 ± 3.2 % 

KPi 6.7 250 29 169.5 ± 15.4 11.5 ± 0.7 2.78 ± 0.06 6.8 ± 0.7 % 24.1 ± 1.6 % 

KPi 6.7 250 33 188.5 ± 14.3 15.8 ± 0.4 3.23 ± 0.13 8.4 ± 0.7 % 20.4 ± 1.0 % 

KPi 6.7 250 37 227.4 ± 16.5 18.4 ± 0.4 3.81 ± 0.13 8.1 ± 0.6 % 20.6 ± 0.8 % 

KPi 6.7 250 41 270.8 ± 26.0 21.8 ± 1.2 4.45 ± 0.15 8.0 ± 0.9 % 20.4 ± 1.3 % 

KPi 6.7 250 45 284.7 ± 30.1 20.3 ± 1.2 4.67 ± 0.20 7.1 ± 0.9 % 23.0 ± 1.7 % 

  
Table 2.3. Measured rates and selectivities of the CYP1A2 oxidation of EOMCC under 

different reaction conditions  
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CHAPTER 3 

 

Specific and General Ion Effects on P450 Catalysis 
 

3.1 Abstract 

Although the large effect of ion type and concentration on cytochrome P450 

catalysis is well documented, the full kinetic consequence of this effect has yet to be 

explored. We measured the CYP1A2 and CYP3A4 mediated O-dealkylation of 

alkoxycoumarins as a function of ion type and concentration for twelve salts. We found 

that greatest rate enhancement for both isoforms with potassium fluoride, yielding 

increases of 19 and 2.5 fold for CYP3A4 and CYP1A2, respectively. Moreover, we 

measured the kinetic parameters and noncompetitive intermolecular isotope effect for the 

O-dealkylation of 7-methoxy-3-cyanocoumarin by CYP1A2 as a function of potassium 

fluoride and P450-reductase content. We found the rate increases seen with potassium 

fluoride were primarily due to increases in kcat. Furthermore, the noncompetitive 

intermolecular isotope effect was large (~6) and constant for all conditions assayed. A 

simplified P450 mechanism was used to support the possibility that the large isotope 

effects seen in this and other P450 systems is due primarily to the large rate of 

uncoupling, which serves to unmask the intrinsic isotope effect. 

 

3.2 Introduction 

Cytochrome P450 enzymes are a diverse family of monooxygenases present in all 

types of life (1). P450 catalysis occurs at the iron center of a heme cofactor where two 

electrons, sequentially supplied by cytochrome P450 reductase, activate molecular 

dioxygen to form a highly reactive iron-oxo species (2). This reactive species can 

perform a wide variety of oxidative transformations to accomplish the varied biological 

roles of these enzymes (3). The diversity and specificity of chemical transformations 

catalyzed by P450 enzymes, often on unreactive carbon centers, have made them 

attractive catalysts from a synthetic perspective (4). Human drug-metabolizing P450 

enzymes, as the primary route of first-pass metabolism of exogenous compounds, are 

particularly attractive due to their evolved substrate promiscuity (5). However, the low 

rates characteristic of these enzymes have rendered them currently impractical (6). 

Simple variations in reaction conditions are known to increase P450 reaction rates by 

orders of magnitude. In particular, P450 catalysis is affected by the nature and 

concentration of ionic species present in the reaction medium (7-10), but the kinetic 

implications of this effect are poorly understood. 

In general, P450 reaction rates exhibit an optimum in rate as buffer concentration, 

a proxy for ionic strength, is varied (9). In particular, however, different buffer salts can 

yield diverse results. CYP3A4 testosterone 6β-hydroxylation was stimulated 3-fold by a 

change from potassium phosphate to potassium HEPES buffer at the same concentration 

(8). Additionally, divalent cations increased CYP3A4 mediated nifedipine oxidation by 

2-fold, while the inclusion of monovalent cations yielded only marginal increases (10). 

Furthermore, the CYP1A2 mediated dealkylation of a substituted alkoxycoumarin 

exhibited a 3-fold difference in rate in phosphate versus HEPES buffers (chapter 2). 

The study of ion effects on enzyme behavior often correlates with the Hofmeister 

ion series and is ascribed to the structure-making or structure-breaking character of 
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specific ions with water (11). This strength is quantified in the Jones-Dole B coefficient, 

an empirical parameter describing the change in viscosity of a solution with ion content 

(12). Nitric oxide synthases, which have structural and mechanistic similarities to P450 

enzymes, exhibit ion specific salt effects, both activation and inhibition, that correlate 

with the Hofmeister series (13, 14). To the best of our knowledge, no studies have 

investigated the effect of a series of ions on P450 activity.  

The origin of the effect of ions on P450 catalysis has been previously attributed to 

a modulation of the P450-reductase interaction (15), which has been shown to be 

mediated by ionic interactions. Positively charged amino acids on the proximal face of 

the P450 interact with negatively charged residues on the reductase, and this interaction is 

affected by changes in salt content. This model explains the observable optimum in 

activity with ion content. At low salt concentrations the P450 interacts too strongly with 

the reductase, while at high salt the interaction is not strong enough (16).  

Kinetic isotope effects have been used to probe the catalysis of P450 enzymes for 

several decades. They have been useful in elucidating the kinetic mechanism, probing 

enzyme-substrate binding interactions, and relative active site size of P450 enzymes (17). 

Noncompetitive intermolecular isotope effects are measured by comparing the ratio of 

rates when the enzyme is incubated with a protiated versus a deuterated substrate. This 

value provides a measure of how rate limiting the C-H bond breaking step is in the 

overall mechanism (17). In general, mammalian P450 enzymes exhibit large 

noncompetitive intermolecular isotope effects (18-22). 

This study has two goals. First, to quantify the differential effect of various ions 

on P450 catalysis and, second, to investigate the source of these effects with the hope of 

clarifying the conflicting conclusions that human drug-metabolizing P450 enzymes are 

simultaneously significantly rate-limited by the C-H bond breaking step and by the 

electron supply from the reductase. The former is observed in the large kinetic isotope 

effects measured in these systems and the later is evidenced by the attribution of ion 

effects on reaction rates to an alteration of the P450-reductase binding.  

In this work, we used the CYP1A2 and CYP3A4 mediated O-dealkylation of 

alkoxycoumarins as a model system to investigate the effect of varying the concentration 

and identity of ions in the reaction medium. We found both activation and inhibition of 

product generation by different salts but no correlation with the Hofmeister series. In 

general, varying the anion yielded the greatest variations in rate, and the presence of KF 

gave the largest increase in rates for both isoforms. In addition, we measured the kinetic 

constants and noncompetitive intermolecular kinetic isotope effect in the O-

demethylation of 7-methoxy-3-cyanocoumarin by CYP1A2 as a function of KF and 

reductase content. We found that the kinetic consequence of a variation in KF 

concentration was primarily exhibited in kcat rather than KM. Furthermore, we found that 

the noncompetitive intermolecular isotope effect was large and essentially constant for all 

studied KF concentrations and for systems with high and low concentrations of P450 

reductase. Using a simplified model, we show that the large isotope effects observed in 

this study can be adequately explained by the unmasking effects of alternate pathways in 

the catalytic mechanism, such that no single step is rate-limiting but, rather, several steps 

contribute to the observed rate of O-demethylation.  
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3.3 Materials and Methods 

 

3.3.1 Materials 

Glucose-6-phosphate, glucose-6-phosphate dehydrogenase, nicotinamide adenine 

dinucleotide phosphate (NADP+), 2,4-dihydroxy-benzaldehyde, malonitrile, and both 

protiated and deuterated methyl iodide were purchased from Sigma (St. Louis, MO). 

Microsomes from baculovirus-infected insect cells (Baculosomes) expressing human 

P450 enzymes and rabbit cytochrome P450 reductase, 7-ethoxymethoxy-3-

cyanocoumarin (EOMCC), and 7-benzyloxymethoxy-3-cyanocoumarin (BOMCC) were 

purchased from Invitrogen (Carlsbad, Ca). CYP1A2 Baculosomes were from lot 

484429F, while CYP3A4 Baculosomes were from lot 539756F. Microsomes from 

Escherichia coli expressing human CYP1A2 and human P450-reductase (Bactosomes) 

were purchased from Xenotech (Lenexa, KS). Bactosomes were purchased with higher 

and lower reductase levels (Batch numbers C1A2R007/E and C1A2LR009/A). 

Calculating the reductase content of the Bactosomes with the method of Davydov et. al. 

(23) yields a CPR:P450 ratio of 1:5 and of 1:33 for the higher and lower-reductase 

systems, respectively. All chemicals were used as received. All fluorescence data were 

acquired on a Spectramax M2 plate reader (Molecular Devices, Sunnyvale, CA). 

 

3.3.2 Synthesis of MCC and dMCC 

 The synthesis of protiated 7-methyl-3-cyanocoumarin (MCC) and the deuterated 

analog 7-[
2
H3]methyl-3-cyanocoumarin (dMCC) was conducted in three steps (Fig 3.1). 

The first two steps were conducted as described before (24). Briefly, 1.38 g of 2,4-

dihydroxy-benzaldehyde (10 mmol) and 1.64 g malonitrile (12.5 mmol) were vigorously 

stirred in 100 mL of 50 mM NaHCO3 for 1.5 hr in a round bottom flask equipped with a 

reflux condenser. 2.5 mL of 12 N HCl was added and the mixture was further stirred for 

1 hr in a 90 °C oil bath. The final mixture was vacuum filtered and washed with 50 mL 

0.1 N HCl to obtain 7-hydroxy-3-cyanocoumarin (HCC).  

1.0 g HCC (5.34 mmol) was added to 1.0 g K2CO3 (7.24 mmol) in 100 ml 

acetone. The reaction was initiated with the addition of 661 µL of methyl iodide (10.6 

mmol) and the mixture was stirred under reflux for 7 hr. Deuterated methyl iodide was 

used to generate dMCC. After 7 hr, the mixture was vacuum filtered and the filtrate was 

concentrated under vacuum. The resulting solid was dissolved in chloroform, washed 

three times with NaHCO3 brine, dried with Na2SO4, filtered, then rotavapped to dryness. 

The resulting solid was recrystallized twice with ethyl acetate.  

Characterization with NMR and mass spectrometry confirmed compound identity 

and purity. The mass spectra of purified MCC and dMCC (Fig 3.3) conform to the 

fragmentation pattern shown in Figure 3.2, where ions expected to contain a deuterated 

methyl group exhibit a larger mass by 3 amu. The NMR spectra in Figure 3.3 also 

indicate the successful incorporation of deuterium labels in the 7-methoxy group.  

 

3.3.3 Activity Assays 

 All assays were conducted in duplicate at 25 °C in 25 mM potassium phosphate 

buffer at pH 7.4. The EOMCC and BOMCC dealkylation assays were conducted with 5 

nM CYP1A2 and CYP3A4 Baculosomes, respectively. An NADPH regeneration system 

was included with 1 U/mL glucose-6-phosphate dehydrogenase and 3.3 mM glucose-6-



 30 

phosphate. Reactions were initiated with the simultaneous addition of 200 µM NADP+ 

and 5 µM substrate and monitored at an excitation and emission wavelength of 409 nm 

and 460 nm, respectively. Fluorescent standard curves were generated at each 

concentration of each salt tested to account for the variation in product fluorescence with 

ion content. The O-demethylation of MCC and dMCC was assayed with 10 nM of high 

and low reductase CYP1A2 Bactosomes under the same conditions. 

 

 

 

 
 

Figure 3.1. Synthesis of 7-methyl-3-cyanocoumarin substrates 

 

 

 

 

 
 

Figure 3.2. Proposed fragmentation pattern of MCC and dMCC  

 

 

 

 

 



 31 

 

 
 

 
 

Figure 3.2. Electron impact mass spectrum of (top) MCC and (bottom) dMCC. 
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Figure 3.3. NMR spectra of (inset) MCC and dMCC 

 



 33 

3.4 Results 

 

3.4.1 Effect of Ions on CYP1A2 and CYP3A4 Activity 

To characterize the scope and generality of P450 response to multiple types of 

ions, the O-dealkylation of EOMCC by CYP1A2 and of BOMCC by CYP3A4 to 

generate HCC was assayed in the presence of 12 salts (Fig 3.4, 3.5). With the exception 

of MgCl2 on CYP1A2 and potassium formate on CYP3A4, all data exhibited an initial 

increase then decrease in P450 activity with salt content. In general, CYP3A4 activity 

exhibited the largest variations, with the identity of the anion having the greatest effect. 

Despite the previous literature heuristic that CYP3A4 catalysis is significantly promoted 

by magnesium (9), neither CYP3A4 nor CYP1A2 exhibited considerably increased rates 

in the presence of MgCl2. Instead, fluoride salts increased reaction rates the most. Larger 

rate increases were observed as the cation moved up the periodic table, with the largest 

rates observed in the presence of KF, which increased the rate of CYP3A4 and CYP1A2 

catalysis by 19 and 2.5 fold, respectively. NaF could not be assayed at high enough 

concentrations to observe an optimum due to solubility limits. No observable trend was 

identified with the Jones-Dole B coefficient of the ions (Table 3.1). Additionally, no 

activity was observed in the presence of the irreversible P450 inhibitor piperonyl 

butoxide, indicating that the origin of the salt affect lies in an interaction with the P450 

(data not shown). 

 

Anion B Cation B

Formate -0.052 Cs+ -0.047

Cl- -0.05 Rb+ -0.033

NO3
- -0.045 K+ -0.009

F- 0.127 Na+ 0.085

Acetate 0.246 Mg2+ 0.385

Anion B Cation B

Formate -0.052 Cs+ -0.047

Cl- -0.05 Rb+ -0.033

NO3
- -0.045 K+ -0.009

F- 0.127 Na+ 0.085

Acetate 0.246 Mg2+ 0.385
 

 

Table 3.1. Jones-Dole B coefficients of ions used in this study (25) 
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Figure 3.4. Variation of CYP1A2 dealkylation of EOMCC by (a) fluoride salts, (b) 

chloride salts, and (c) potassium salts. The legend is colored to correlate color with Jones-

Dole B coefficient (i.e. red is the largest while blue is the lowest). 
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Figure 3.5. Variation of CYP3A4 dealkylation of BOMCC by (a) fluoride salts, (b) 

chloride salts, and (c) potassium salts. The legend is colored to correlate color with Jones-

Dole B coefficient (i.e. red is the largest while blue is the lowest). 

 

3.4.2 Kinetic Isotope Effects in CYP1A2 Catalysis 

 The effect of KF and reductase content on CYP1A2 catalysis was assessed in the 

O-demethylation of MCC and dMCC. Substrate-velocity curves were measured for 6 KF 

concentrations and 2 levels of reductase at a constant P450 content. Noncompetitive 

intermolecular isotope effects were calculated at all conditions. The O-demethylation of 

MCC and dMCC by CYP1A2 fit well to the Michaelis-Menten equation and yielded the 

kinetic constants shown in Figures 3.8 - 3.10. An optimum in kcat was observed between 

600 and 800 mM KF with both MCC and dMCC for both high and low reductase 

systems, which varied by roughly an order of magnitude in the high reductase system 

versus low reductase. The Michaelis constant, KM, varied little with KF or with reductase 
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content, except with an increase at 200 mM KF in the low reductase system. Surprisingly, 

the noncompetitive intermolecular isotope effects on kcat and kcat/KM, calculated as 
H
kcat / 

D
kcat and 

H
(kcat/KM) / 

D
(kcat/KM), respectively, were effectively constant as both KF and 

reductase were varied. 
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A simplified P450 reaction mechanism is shown in Equation 1. This model, 

adapted from that of Korzekwa et al (26), encompasses several relevant characteristics of 

the P450 mechanism. Equation 1 contains an activation step where the enzyme-substrate 

complex, ES, is activated to ES*. This step includes both 1-electron reductions by the 

P450 reductase and the necessary rearrangements to generate the active iron-oxo species. 

Equation 1 also contains a reverse step where the activated complex, ES*, reverts to ES. 

This step includes all possible pathways by which the ES* complex does not generate 

fluorescent HCC product, including uncoupled pathways and the oxidation of alternate 

sites on the substrate. Equations describing the kinetic parameters and kinetic isotope 

effects derived from Equation 1 are shown in Equations 2 - 5. These equations were fit to 

the data measured in Figures 3.8 – 3.10 with the assumption that only k23 varied with KF 

or reductase content. All other parameters in Equations 2 – 5 were held constant for all 

conditions. The resulting fits are shown in Figures 3.8 – 3.10 and the fit parameters are in 

Tables 3.2 and 3.3. Except for the increase in KM at 200 mM KF in the low reductase 

system, all major features of the data were captured in this simplified model.  
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Figure 3.6. Velocity curves are plotted as a function of MCC and dMCC concentration 

for the high-reductase CYP1A2 system in the presence of (a, b) 1.6 M KF, (c, d) 1.2 M 

KF, (e, f) 0.8 M KF, (g, h) 0.6 M KF, (i, j) 0.4 M KF, (k, l) 0.2 M KF. Fits are to the 

Michaelis-Menten equation. 



 38 

a b

c d

e f

g h

i j

k l

 
 

Figure 3.7. Velocity curves are plotted as a function of MCC and dMCC concentration 

for the low-reductase CYP1A2 system in the presence of (a, b) 1.6 M KF, (c, d) 1.2 M 

KF, (e, f) 0.8 M KF, (g, h) 0.6 M KF, (i, j) 0.4 M KF, (k, l) 0.2 M KF. Fits are to the 

Michaelis-Menten equation. 
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Figure 3.8. Calculated kcat values for (a) the high-reductase and (b) the low-reductase 

CYP1A2 systems are plotted as a function of KF concentration. Open shapes denote data 

taken with the protiated, MCC substrate, while filled shapes denote data from the 

deuterated, dMCC substrate. The fit lines are plotted using the parameters in Table 3.2 

and Table 3.3 in Equation 2 for (solid red) MCC and (dashed red) dMCC. 
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Figure 3.9. Calculated KM values for (a) the high-reductase and (b) the low-reductase 

CYP1A2 systems are plotted as a function of KF concentration. Open shapes denote data 

taken with the protiated, MCC substrate, while filled shapes denote data from the 

deuterated, dMCC substrate. The fit lines are plotted using the parameters in Table 3.2 

and Table 3.3 in Equation 3 for (solid red) MCC and (dashed red) dMCC. 
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Figure 3.10. Noncompetitive intermolecular isotope effects for (open shapes) the high-

reductase and (filled shapes) the low-reductase CYP1A2 systems are plotted as a function 

of KF concentration. The fit lines are plotted using the parameters in Table 3.2 and Table 

3.3 in Equations 4 and 5 for (solid red) MCC and (dashed red) dMCC. 

 

 

 

 

 

 

 

 

 



 42 

 
Table 3.2. Rate constants used in fitting Equations 2 - 5 to the data in Figures 3.8 – 3.10. 

 

 
 

Table 3.2. Rate constants used in fitting Equations 2 - 5 to the data in Figures 3.8 – 3.10. 
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3.5 Discussion 

 

3.5.1 Effect of Ions on CYP1A2 and CYP3A4 Catalysis 

With the exception of MgCl2 on CYP1A2 and potassium formate on CYP3A4, all 

data exhibited an initial increase then decrease in P450 activity with salt content. The salt 

concentration yielding optimal activity and the magnitude of this optimum varied with 

ion type more with CYP3A4 than with CYP1A2. This suggests that the response of 

CYP3A4 is governed more by specific ion effects while the response of CYP1A2 is 

governed more by general ion effects, such as ionic strength. Additionally, neither 

isoform exhibited responses that correlated with the Jones-Dole B coefficient. Since this 

coefficient describes an ion’s interaction with water and correlates with protein hydration 

(11), these must not be relevant ion parameters in these systems.  

 

3.5.2 Kinetic Isotope Effects in CYP1A2 Catalysis 

Noncompetitive intermolecular isotope effects can provide unique insights into 

the mechanism of enzymatic reactions. The observed isotope effect is dependent on the 

intrinsic isotope effect, the ratio of the rates of the isotopically sensitive reaction step, and 

also on other rates in the overall mechanism. This leads to the general description of 

isotope effects as a measure of how rate-limiting the C-H bond breaking step is in the 

overall mechanism (27). If another, non-isotopically sensitive step is rate-limiting; the 

overall reaction rate is determined by the rate of that step, and the actual difference in 

rates of breaking a C-D bond versus a C-H bond, the intrinsic isotope effect, will be 

masked by the rate of the slower step.  

Alternatively, if a reaction mechanism generates multiple products, the intrinsic 

isotope effect in the isotopically sensitive step will be unmasked (26). This is relevant for 

P450 enzymes which can oxidize a substrate at multiple locations and are also prone to 

uncoupling. The origin and consequence of masking can be more clearly seen in 

equations describing the enzymatic mechanism. The simplified model, shown in Equation 

1, can be used to approximate a P450 system. All steps after substrate binding and before 

oxidation, including the two reduction steps and rearrangements necessary to generate the 

active iron-oxo species, are encompassed in the step with rate k23. All possible pathways 

from an activated enzyme-substrate complex that don’t lead to fluorescent product 

generation by O-demethylation are encompassed in the step with rate k32. This includes 

the oxidation of other sites on the substrate and uncoupling pathways. The CYP1A2 

oxdiation of coumarin substrates is known to be mostly uncoupled (~90%) and to 

produce several products resulting from attacking the substrate at alternate locations 

(chapter 2). It is clear from Equation 4 that if k23 is large, the intrinsic isotope effect will 

be masked and the measured value will be decreased, approaching a limiting value of 1. 

This situation could correspond to an increase in reductase content, where the donation of 

electrons to the P450, and thus k23, would increase. It is also clear that as k32 increases in 

Equation 4, the intrinsic isotope effect would be unmasked and the measured value would 

increase, approaching the intrinsic value. Finally, the isotope effect on kcat/KM, shown in 

Equation 5, approaches the value of the isotope effect on kcat, shown in Equation 4, as the 

value of k21 increases.  

Equations 2 – 5 were fit to the data shown in Figures 3.8 – 3.10. Based on the 

assumption that a variation in the reductase or ion content of the reaction medium will 
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manifest only in an alteration of the P450-reductase interaction, all parameters except k23 

were held constant over all of the conditions tested. Even with so many parameters held 

constant, this is not a unique solution. Rather, it is meant to illustrate that the type of rate 

variations acquired in these experiments are consistent with a model where KF and 

reductase content only affect k23 processes in the P450 mechanism. Furthermore, the high 

and effectively constant noncompetitive intermolecular isotope effects are due primarily 

to the large value of k32. The high amount of uncoupling and alternate product generation 

previously observed in the CYP1A2 oxidation of coumarins (chapter 2) is also seen in 

this high value for k32. The large flux through these non-isotopically sensitive pathways 

serves to unmask the intrinsic isotope effect, and the intrinsic value in this model of 5.8 is 

quite close to the measured and calculated values in Figure 3.10A. 

A previous study investigated the catalysis of several human CYP1A2 mutants 

with catalytic activities spanning 800 fold (22). The authors measured the rates of 

experimentally accessible steps in the P450 mechanism for the mutants, including 

substrate binding, the first 1-electron reduction, O2 binding, autooxidation of the resulting 

ferric-superoxo species, and product binding, and found no significant differences among 

the mutants to explain the large differences in activity. They also measured similar 

noncompetitive intermolecular kinetic isotope effects in the oxidation of phenacetin, 

which led them to conclude that, although the rate varies considerably among the 

mutants, the mechanism must remain similar to explain the constant kinetic isotope 

effects. This result is similar to the current result, where the measured P450 activity spans 

orders of magnitude as the salt and reductase content are varied, but the observed kinetic 

isotope effect is large and constant. Yun et al. also found the majority of reducing 

equivalents from NADPH were lost to uncoupled pathways. The large noncompetitive 

intermolecular isotope effects observed in the CYP1A2 oxidation of MCC in this study, 

of phenacetin in the work of Yun et al., and of several other CYP1A2 substrates (18, 19) 

could be due to the large proportion of reducing equivalents lost to uncoupled pathways 

and alternate oxidations at non-isotopically sensitive sites. Taken in the context of the 

model shown in Equation 1, these alternate pathways increase k32, which will unmask the 

isotope effect (Equation 4). This line of reasoning could be extended to describe the large 

noncompetitive intermolecular isotope effects observed in human drug-metabolizing 

P450 systems in general, because multiple oxidation products and high uncoupling are 

hallmarks of these systems. 

It is important to point out, however, that the current results can be interpreted in 

multiple ways. Alternatively, CYP1A2 could exist in two or more discrete homo-

oligomeric states and the effect of KF and reductase variations could be primarily due to 

an alteration in the ratio of different CYP1A2 states such that the amount of catalyst 

rather than specific catalytic steps are altered. Ion effects have been implicated in altering 

the heteromeric oligomerization of P450 enzymes (28, 29). While the existence and 

functional relevance of homomeric complexes formed by CYP1A2 (30) and CYP3A4 

(31-33) have been established, the effect of ions on this interaction has yet to be 

investigated. It seems unlikely, however, that the active-site mutants studied by Yun et. 

al. could be affecting the oligomerization state. 

In conclusion, CYP1A2 and CYP3A4 mediated O-dealkylation of 

alkoxycoumarins was assayed as function of twelve salt concentrations. Potassium 

fluoride yielded the highest rates in both systems, while neither isoform exhibited a 
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response that correlated with the Hofmeister series. The kinetic parameters and 

noncompetitive intermolecular isotope effect of the O-demethylation of MCC by 

CYP1A2 was measured as a function of KF and reductase concentration. The majority of 

the rate variation due to either parameter was manifested in kcat rather than KM. The 

kinetic isotope effects measured were between 5 – 6 and effectively constant over all 

experiments. A simplified model was used to support the thesis that the large isotope 

effects observed in mammalian P450 enzymes are due to the unmasking effects of the 

high rates of alternate non-isotopically sensitive pathways, such as uncoupling or other 

potential oxidation products. 
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CHAPTER 4 

 

In vitro Metabolic Stability Measurements without Chromatography or 

Mass Spectrometry 
 
4.1 Abstract 

In vitro metabolic stability measurements are a critical component of pre-clinical 
drug development. Available measurement strategies rely on chromatography and mass 
spectrometry, which are expensive, labor-intensive, and low-throughput. Using a reaction 
engineering approach, we have developed a general method to measure metabolic 
stability by fluorescently quantifying cofactors in the mechanisms of cytochrome P450 
enzymes. This method combines the accuracy and generality of chromatography with the 
ease and throughput of fluorescence. 
 
4.2 Introduction 

Cytochrome P450 mediated oxidation is the primary route of first-pass drug 
metabolism in humans, and accounts for the metabolism of the majority of currently 
prescribed drugs (1). P450 enzymes use dissolved dioxygen and electrons from NADPH, 
supplied via a coenzyme reductase, to generate a highly reactive ferryl-oxo species (2). 
This reactive intermediate is used to oxidize a wide variety of exogenous drug 
compounds. Because these enzymes metabolize so many different compounds, there is a 
large risk for drug-drug interactions, where the presence of one drug inhibits the 
metabolism of another. If the drugs have a narrow therapeutic range, in vivo 
concentrations can reach toxic levels (3). As a result, determining which P450 enzymes 
react with a drug in development and the rate of this reaction is a critical part of pre-
clinical testing (4).  

Currently, the favored approach to measuring the rate of P450 oxidation of a 
compound, known as its metabolic stability, is with liquid chromatography coupled mass 
spectrometry (LCMS/MS) (5). This is necessary to successfully quantify a diverse array 
of compounds within the heterogeneous liver cell extracts that most accurately mimic in 

vivo drug metabolism. Although recent advances in high-throughput chromatographic 
systems coupled with liquids handling robots have drastically increased the potential 
throughput of LCMS/MS (6), this approach is limited by the equipment expense, 
difficulty of assay development, and the inherent sequential nature of chromatographic 
measurements. In contrast, fluorescence measurements can be taken in parallel, use 
cheaper equipment, are non-destructive such that time-course data rather than endpoints 
can be acquired, and are also ideally suited to isolate an analyte of interest within a 
heterogeneous system.  

Several fluorogenic substrates have been developed to identify potential P450 
interactions by measuring whether a test compound inhibits P450-mediated fluorophore 
generation (7). Although this method is very high-throughput, due to the complexity of 
the P450-substrate binding interaction, the inhibition data from these substrates do not 
generally correlate with data from traditional substrates (8). As a result, inhibition 
measurements with fluorogenic substrates are often a first test applied to the large 
number of compounds entering pre-clinical testing. As compounds are removed from 
consideration, more accurate and more expensive testing strategies can be applied, 
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culminating in the measurement of metabolic stability with LCMS/MS (1). Clearly, a 
method allowing metabolic stability data to be taken earlier on more compounds would 
greatly improve efficiency in the difficult process of drug development 

To address this problem, we have developed the Metabolizing Enzyme Stability 
Assay Plate (MesaPlate), a simple and general approach to quantifying metabolic stability 
using fluorescence intensity measurements to calculate the concentration of species in the 
P450 reaction mechanism. These concentration measurements are then used to solve the 
overall rate equation for the depletion of substrate. Due to the large number of side 
products generated, it is impractical to measure all of the species that appear in the 
overall P450 rate equation (Fig 4.1A). We, instead, took a reaction engineering approach 
to simplify the rate equation with the addition of superoxide dismutase and catalase. 
These antioxidant enzymes act together to convert two of the side products, superoxide 
and hydrogen peroxide, into the third side product, water, without using additional 
reducing equivalents. This leaves only two effective reaction pathways in the overall 
system: substrate oxidation (Fig 4.1, Reaction 1) and water generation (Fig 4.1, Reaction 
4). Thus, the rate of substrate oxidation (-rRH), or metabolic stability, can be calculated 
from the rates of depletion of NADPH (-rNADPH) and oxygen (-rO2), each of which can be 
quantified with fluorescence intensity measurements using standard techniques (9-11). 
The derivation of these rate equations is shown in Appendix 4.1. 
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Figure 4.1.  Schematic of the P450 system, relevant reactions, and overall rate equation 
for metabolic stability, (-rRH), before (a) and after (b) the addition of the antioxidant 
enzymes superoxide dismutase and catalase. 
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4.3 Materials and Methods 

 
4.3.1 Materials 

The substrates, testosterone, dextromethorphan, amitriptyline, racemic 
metoprolol, diclofenac, tolbutamide, 3-methylindole, and lidocaine; the inhibitors, 1-
aminobenzotriazole and 1-phenylimidazole; the enzymes, catalase from bovine liver and 
superoxide dismutase from bovine erythrocytes; and nicotinamide adenine dinucleotide 
phosphate (NADPH) were purchased from Sigma (St. Louis, MO). PeroxyGreen1 (PG1) 
was a kind gift of Professor Chris Chang. Microsomes from baculovirus-infected insect 
cells (Baculosomes) expressing human P450 isoforms and rabbit cytochrome P450 
reductase were purchased from Invitrogen (Carlsbad, Ca). Pooled human liver 
microsomes (catalog number 452161) were purchased from BD Biosciences (Woburn, 
MA). All chemicals were used as received. 
 
4.3.2 Metabolic Stability Assay 

Metabolic stability assays were prepared in triplicate for each condition tested. 
CYP3A4 containing Baculosomes was assayed at 25 nM, while all other P450 enzymes 
were assayed at 50 nM. CYP2C9 was assayed in 50 mM potassium phosphate, while all 
other P450 enzymes were assayed in 100 mM potassium phosphate. Test compounds for 
CYP2C9 were dissolved in DMSO and added to a final DMSO concentration of 0.5 %, 
while the test compounds for all other enzymes were dissolved in methanol and added to 
a final methanol concentration of 1%. CYP1A2 was assayed at pH 8.0, while all other 
assays were at pH 7.4. Experiments with pooled human liver microsomes were conducted 
at pH 7.4 in 100 mM potassium phosphate and a final methanol concentration of 1%. 
Catalase and superoxide dismutase were included in all assays at 100 U/mL and 50 
U/mL, respectively. The MitoXpress oxygen probe (Luxcell Biosciences, Cork, Ireland) 
was reconstituted in deionized water and added to the reactions at a 15-fold dilution per 
the manufacturer’s instructions. NADPH solutions were prepared fresh daily and the 
concentration was checked via absorbance using a molar extinction coefficient of 6.22 
mM-1cm-1. Reactions were incubated for 20 min at room temperature before initiation 
with NADPH to a final concentration of 350 µM and a final volume of 100 µL in a 96-
well plate. Directly after reaction initiation, samples were transferred to a 384-well quartz 
plate (JNETDirect Biosciences, Herndon, VA) and sealed with aluminum sealing film 
(Nunc, Rochester NY) such that no air bubbles were trapped in the wells. The reactions 
were followed via fluorescence intensity measurements in a Spectramax M5 plate reader 
(Molecular Devices, Sunnyvale CA) at 25 °C. Fluorescence intensity was simultaneously 
recorded at two excitation/emission wavelengths: 385 nm/460 nm for NADPH and 380 
nm/650 nm for the oxygen probe. 

MitoXpress is a fluorescent, platinum porphyrin that is collisionally quenched by 
dissolved oxygen. The relationship between probe fluorescence and oxygen concentration 
follows the well known Stern-Volmer expression as shown in Equation 5, where I0 is the 
fluorescence intensity in the absence of quencher and I is the measured intensity (12). 
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The Stern-Volmer quenching constant, KSV, was calculated from a two-point 
oxygen calibration curve consisting of an air-saturated and a deoxygenated standard. The 
air saturated point was taken as the average of the initial oxygen signal from the assay 
wells while the deoxygenated standard was generated enzymatically with 50 nM 
CYP3A4, 100 µM testosterone, and 350 µM NADPH. Although the maximum 
absorbance of NADPH is at 340 nm, fluorescence excitation at 380 nm was chosen to 
reduce the inner-filter effect and increase standard curve linearity. NADPH standard 
curves fit well to a second order polynomial (R2 > 0.99). On-plate standards for both 
oxygen and NADPH were included in each experiment and exhibited good day to day 
reproducibility (within 10%). 
 
4.3.3 Chromatography 

Chromatographic validation assays were conducted in duplicate at identical 
compositions as the multiwell plate assays, except without the addition of the oxygen 
probe. The CYP1A2 mediated depletion of lidocaine and 3-methylindole was quantified 
with gas chromatography. Reactions were stopped at 5 time points with the addition of an 
equal volume of hexane including internal standard. The organic phase was injected into 

a 25 m, 250 µm (ID) Varian FactorFour VF-5ms capillary column installed in a Varian 
3900 gas chromatograph with an FID detector (Walnut Creek, CA). The injector and 
detector temperatures were 250 and 280 °C, respectively. The samples were injected at a 
split ratio of 20, with helium as the carrier gas at a flowrate of 2.0 mL/min. The column 
temperature was maintained at 60 °C for 2 min, ramped to 120 °C at a rate of 10 °C/min, 
and finally ramped to 250 °C at a rate of 45 °C/min, which was held for 5 min. The 
CYP2D6 mediated depletion of amitriptyline and metoprolol was quantified with high 
performance liquid chromatography (HPLC). Reactions were quenched at 4 time points 
with 100 uL of ice-cold methanol containing internal standard. Samples were analyzed on 
a 1200 series Agilent HPLC with a reverse-phase Alltech Prevail C18 3 µm 3.0x150 mm 
column with a 0.4 ml/min flow rate and a gradient of 40 – 90% methanol over 13 min 
with a constant 0.05% concentration of formic acid.  
 
4.3.4 In Situ H2O2 measurement 

The H2O2 probe, PG1, reacts in a 1:1 stoichiometry with H2O2 to produce the 
highly fluorescent Tokyo Green fluorophore (13). The reaction rate is first order in PG1 
and in H2O2, which yields the rate law shown in Equation 6; however, since the reaction 
is slow on the time scale of the experiment, the concentration of PG changes little over 
the experiment. This allows the rate law to be simplified, as shown in Equation 9, such 
that the rate of change of TG is directly proportional to the concentration of H2O2. The 
rate law can be further simplified because the change in concentration of TG is directly 
proportional to the change in fluorescence in relative fluorescence units (RFU) as shown 
in Equation 7. Using Equation 7, kD” was calculated to be 13.6 ± 0.1 RFU* µM -1. 
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H2O2 was quantified by monitoring the increase in fluorescence signal at an 

excitation and emission wavelength of 490 nm and 520 nm of 5 µM PG1 in a CYP3A4 
metabolic stability assays conducted as described above.  
 
4.4. Results 

Proof of concept experiments were conducted with Baculosomes, a model P450 
system consisting of microsomes isolated from insect cells expressing a single P450 
isoform with P450 reductase. Representative NADPH and oxygen depletion data for the 
CYP3A4 oxidation of testosterone are shown in Figure 4.2. Metabolic stability data for 
several P450 isoforms are shown in Figures 4.3 – 4.6 as a function of substrate 
concentration. The measured rates of NADPH and oxygen depletion are shown in 
Appendix 4.2. Except for the oxidation of amitriptyline by CYP2D6, which is known to 
display substrate inhibition (14), all data sets fit well to the Michaelis-Menten equation as 
shown with Eadie-Hofstee plots in Figure 4.3 – 4.6. In addition, the calculated catalytic 
constants and measured rates compare favorably with traditional chromatographic 
approaches (Table 4.1 - 4.2).  Because the MesaPlate measures the total rate of P450 
mediated oxidations, literature comparisons to substrates with multiple products 
(testosterone and dextromethorphan) are based on the calculated total rate of substrate 
depletion as described in Appendix 4.3.  

To demonstrate the measurement of P450 inhibition, the inhibition of the 
CYP3A4 metabolism of testosterone by two types of inhibitors is shown in Figure 4.7. 
An example of reversible inhibition is seen with 1-phenylimidazole (PIM) (Fig. 4.7A), 
which reversibly binds to the iron center of the heme cofactor (15). Irreversible inhibition 
is seen with 1-aminobenzotriazole (ABT) (Fig. 4.7B), which is activated via P450 
oxidation to alkylate the heme cofactor and prevent further catalysis (16). Interestingly, 
the rate measured at high ABT concentrations appears to level off at 3.7 ± 1.1 
nmol/min/nmol P450, which may represent the catalysis necessary to activate this 

inhibitor. The calculated IC50 values of 2.4 µM and 0.12 µM for PIM and ABT, 

respectively, compare well with literature values of 2.7 µM (17) and 0.58 µM (18). 
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Figure 4.2. Rates of depletion of (a) NADPH and (b) oxygen in the CYP3A4 oxidation 
of testosterone. 
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Figure 4.3. Measured rate of oxidation of (a) testosterone and (b) dextromethorphan by 
CYP3A4 and (c) an Eadie-Hofstee plot of these rates. 
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Figure 4.4. Measured rate of oxidation of (a) amitriptyline and (b) metoprolol by 
CYP2D6 and (c) an Eadie-Hofstee plot of these rates. Note that the metabolism of 
amitriptyline exhibits substrate inhibition. 
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Figure 4.5. Measured rate of oxidation of (a) diclofenac and (b) tolbutamide by CYP2C9 
and (c) an Eadie-Hofstee plot of these rates  
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Figure 4.6. Measured rate of oxidation of (a) 3-methylindole and (b) lidocaine by 
CYP1A2 and (c) an Eadie-Hofstee plot of these rates. 
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Table 4.1. Comparison of the catalytic constants kcat (nmol/min/nmol P450) and KM 
(µM) from the MesaPlate to literature values (19-21). Catalytic constants for testosterone 
and dextromethorphan are calculated as described in Appendix 4.2. 
 

 
 
Table 4.2. Comparison of metabolic stabilities (nmol/min/nmol P450) measured with the 
MesaPlate and with chromatography. 
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Figure 4.7. Inhibition of CYP3A4 testosterone metabolism by (a) 1-phenylimidazole and 
(b) 1-aminobenzotriazole. Data were fit to a four parameter logistic equation. 
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Figure 4.8. Demonstration of the measurement of metabolic stability in human liver 
microsomes showing the inhibition of CYP2D6 metabolism of dextromethorphan (dex), 
CYP2C9 metabolism of diclofenac (dic), CYP1A2 metabolism of phenacetin (phen), and 
CYP3A4 metabolism of testosterone (tst) by the inhibitor, 1-phenylimidazole (pim). 
 

To demonstrate the MesaPlate with a more pharmaceutically relevant system, 
isoform specific substrates were incubated with pooled human liver microsomes in the 
presence or absence of PIM (Fig 4.8). A clear trend is observed where the measured rate 
of P450 oxidation is much lower in the presence of inhibitor. 

The addition of SOD and catalase to the reaction medium insures that superoxide 
and hydrogen peroxide do not significantly accumulate. Thus, the overall rates of change 
of superoxide (rO2•-) and hydrogen peroxide (rH2O2) are much smaller than the rates of 
change of the substrates (-rNADPH, -rO2, -rRH). Because rO2•- and rH2O2 are both negligible 
compared to –rNADPH, -rO2, and –rRH, the overall rate equation is simplified to the final 
form shown in Figure 4.1B. The validity of this pseudo-steady state assumption (PSSA) 
can be verified via measurement and calculation. We measured the in situ concentration 
of H2O2 during the oxidation of testosterone by CYP3A4 with PG1, a fluorogenic 
peroxide probe. PG1 is a protected fluorescent molecule that is specifically deprotected 
by hydrogen peroxide, generating a fluorescent signal (13). The rate of deprotection, and 
thus of fluorescence signal increase, is directly proportional to the concentration of 
hydrogen peroxide (Fig. 4.9A). We found that the rate of increase of signal during the 
CYP3A4 oxidation of testosterone was effectively constant (Fig. 4.9B). This indicates 
that the concentration of H2O2 is also effectively constant. In addition, the calculated 
H2O2 concentrations were quite low, varying between 0.8 and 1.8 µM as a function of 
substrate concentration (Fig. 4.9C). Compared to the large rates of oxygen and NADPH 
depletion observed (Fig 4.2), rH2O2 is negligible, which validates the use of the PSSA. In 
general, though, SOD and catalase are both diffusion-limited enzymes, so the antioxidant 
abilities of SOD and catalase exceed the potential production of oxidants by the P450 and 
neither superoxide nor H2O2 are expected to accumulate. 
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Figure 4.9. In situ hydrogen peroxide measurements were taken with the peroxide probe, 
PG1, which displays (a) first order kinetics yielding a linear relationship between the rate 
of increase of fluorescence in relative fluorescence units (RFU) to the concentration of 
hydrogen peroxide. A linear increase in probe signal (b) for 6 concentrations of 
testosterone (same color scheme as Fig 4.2) metabolized by CYP3A4 yields (c) low 
steady state hydrogen peroxide concentrations. 
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4.5 Discussion 

The value of the MesaPlate can be demonstrated with a simple cost analysis of the 
MesaPlate versus a traditional LCMS/MS approach. This is shown in Table 4.3. The 
equipment costs shown are rough estimates from vendors, while the yearly operating cost 
is assumed to include a maintenance contract at 5% of the initial cost plus the total salary 
and benefits of one person for upkeep and maintenance of an LCMS/MS, which is 
assumed to be roughly $150 k. While these numbers are rough estimates, it is clear that 
the overall cost of the MesaPlate system is much less than that of an LCMS/MS. The 
time estimate for the MesaPlate is conservative based on using 300 wells of a 384 well 
plate, while the estimate for LCMS/MS comes from the literature (6). Again, although 
this is a rough estimate, the MesaPlate system is also much faster than LCMS/MS. This 
overall advantage will only grow with increases in throughput via automation and 
miniaturization of the physical system to higher density multiwell plates or microscale 
chip arrays.  

 

 
 

Table 4.3. Simplified cost and throughput comparison of the MesaPlate with traditional 
high-throughput LCMS/MS 

 
In conclusion, we have developed a high-throughput approach to metabolic 

stability measurements. This technology, based on fluorescently acquired data, represents 
a new approach to metabolic stability measurements and promises to decrease the cost of 
drug development and offer higher quality decision-making information earlier in the 
drug development process. 
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Appendix 4.1 Kinetic Analyses of the P450 Reaction System 

 
Appendix 4.1.1 Kinetic analysis of the P450 system 

 

-
2

-
2

-
2

-
2

-
2

-
22

22222

2

2222

22222

-
2

-
2

2222

22222

-
22

2

222

2

O4O4NADPH

O5OO4O4O

OHO2H2NADPH2O

1NADPH1RH1O

4NADPH2NADPH1NADPHNADPH4O2O1OO

4NADPH2NADPH1NADPHNADPH3NADPH

4O2O1OO3O

4OO

O2HOH

4NADPH3NADPH2NADPH1NADPHNADPH

4O3O2O1OO

4O4NADPH4O

3NADPH3O

O2H2NADPH2O

1ROH1NADPH1O1RH

22

22

222

22

r
2

1
-r

2

1
-r

-rr-r-rr

-r-rrr

rrr

Where

r
2

1
r

2

1
r

2

1
r

2

1
-rrrr-

 two theEquating

r
2

1
r

2

1
r

2

1
r

2

1
-r

2

1
-

rrr-rr-

RatesNet  From

rr

rr

rrrrr

rrrrr

RatesNet 

r-2rr- : 4Reaction 

r
2

1
-r- : 3Reaction 

r-rr- : 2Reaction 

r-r-rr- : 1Reaction 

RatesReaction  Overall

(4)            H
2

1
NADP

2

1
O                          NADPH

2

1
O

(3)                         NADPO2H               2H2NADPHO

       (2)                         NADPOH                   HNADPHO

(1)              OHNADPROH          HNADPHORH

••

••••

••

•

==

=+==

===

==

+++=+++

+++=

+++=

=

=

+++=

+++=

==

=

==

===

++→+

+→++

+→++

++→+++

++−•

++

++

++

 

 
 
 



 67 

( ) ( ) ( ) ( ) ( )-
2222

-
222

-
2222

OOHNADPHORH

RH

OOHRHNADPHOOHRHO

rr-r-r-2r-

quantity positive a is sparenthesiin  each value  where,r-for  Solve

r
2

1
rr

2

1
r

2

1
-rrrr-

Thus

•

••

−−=

−−+=−−+

 

 
Appendix 4.1.2. Kinetic analysis of the P450 system with the Addition of Superoxide 

Dismutase and Catalase 
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Appendix 4.2 Measured NADPH and O2 Depletion Rates 

 

 
 
Figure 4.10. Measured rates of depletion of (blue circles) NADPH and (red circles) 
oxygen in the CYP3A4 oxidation of (a) testosterone and (b) dextromethorphan, the 
CYP2D6 oxidation of (c) amitriptyline and (d) metoprolol, the CYP2C9 oxidation of (e) 
diclofenac and (f) tolbutamide, and the CYP1A2 oxidation of (g) 3-methylindole and (h) 
lidocaine. 
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Appendix 4.3 Modeling Substrate Depletion when Multiple Products are Generated 

 

 
 

Figure 4.11. Modeling the rate of substrate depletion in the CYP3A4 oxidation of 
testosterone with (a) the black curve representing the sum of the rate of generation of the 
major product species, each of which is shown with a colored curve, and (b) the Eadie-
Hofstee plot of testosterone depletion from which catalytic constants were extracted. 
 

 
 

Table 4.4.  Literature values of the catalytic constants for the major products of the 
CYP3A4 oxidation of testosterone and the calculated catalytic constants for testosterone 
depletion. 
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Figure 4.12. Modeling the rate of substrate depletion in the CYP3A4 oxidation of 
dextromethorphan with (a) the black curve representing the sum of the rate of generation 
of the major product species, each of which is shown with a colored curve, and (b) the 
Eadie-Hofstee plot of dextromethorphan depletion from which catalytic constants were 
extracted. 
 

 
 

Table 4.4.  Literature values of the catalytic constants for the major products of the 
CYP3A4 oxidation of dextromethorphan and the calculated catalytic constants for 
dextromethorphan depletion.   
 
 




